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Carbocyclic nucleosides and analogues have been shown to be an important class of antiviral agents, particularly
after the discovery of aristeromycin, neplanocin A, carbovir, abacavir, and carboxetanocin G. The field of spirocyclic
nucleosides started to grow up as well, since the isolation of hydantocidin (a spirocyclic nucleoside with an unnatural
base) from the natural source. This review on the synthetic routes to carbocyclic as well as spirocyclic nucleosides
and analogues from sugar derivatives clearly indicates that a flurry of activities has been going on in this field.
Enantioselective synthesis of this class of nucleosides with varied ring sizes from carbohydrate precursors has made
exciting progress in the last decade. Nevertheless, more new and efficient syntheses of these nucleosides are still
in need because of their pharmaceutical importance. Synthetic strategies involving both linear approach as well as

convergent approach have been developed.
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1 Introduction

Impetus for research activities on nucleoside
analogues has come from different considerations,
particularly for the discovery of effective agents
against cancer,’ human immunodeficiency virus®>
(HIV), herpes simplex virus* (HSV), bronchitis,
hepatitis, influenza and many other diseases. Over
several decades many modified nucleosides with
important biological properties have been
discovered. As for example, AZT (3'-azido-3-
deoxythymidine), ddI (2/, 3’-dideoxyinosine), ddC
(2/, 3/-dideoxycytidine), d4T (2/, 3'-didehydro-3/-
deoxythymidine), and 3TC [B-L-(-)-2-deoxy-3'-
thiacytidine] belonging to dideoxy nucleosides’ are
approved drugs for the treatment of AIDS. But these
drugs have limitations because of their toxicities
and side effects.>® It is thus necessary to search for
less toxic and more potent anti HIV, anticancer or
other agents to combat deadly diseases, which
afflict people throughout the world. The synthetic
routes to nucleoside analogues with modified ribose
or heterocyclic ring has therefore been continually
developing in the field of organic and medicinal
chemistry. The nucleosides such as sugar modified
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nucleosides,®!? azanucleosides,”' thietanosyl
nucleosides,>'® thionucleosides,® 1,3-dioxo-,* 1,3-
oxathio® and 1,3-oxaselenolan-4-yl nucleosides,”
1,3-dithionucleosides,* isoxazolinyl and
isoxazolidinyl nucleosides,”* nucleosides with
branched hydroxymethyl sugars,®* nucleosides with
ene, yne and allene branched sugars,®”*
conformationally constrained nucleosides,” and
bicyclic nucleosides®®*! are among the important
ones reported in the literature.

The area of carbocyclic nucleosides received
a boost after the isolation of (-)-aristeromycin® (1)
and (-)-neplanocin A* (2) from natural sources.
Many of the carbocyclic nucleosides, arising from
the replacement of furanose ring oxygen by a
carbon atom, exhibit interesting antiviral properties
against herpes simplex virus* (HSV 1 and 2),
human cytomegalovirus, hepatitis B virus* and
human immunodeficiency virus*’?* (HIV). One of
the reasons for the remarkable activities of this class
of nucleosides is their better chemical as well as
metabolic stability against various chemicals and
enzymes.”® Among various analogues, carbovir®’
(3) and the 6-cyclopropyl aminopurine analogue®
4 (abacavir) are particularly interesting; the latter
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is currenily being evaluated in HIV infected patients.
More recently, a new carbocyclic nucleoside
analogue, (-) BCA [(C-1R, 4S, 5R)-9-{4, 5-bis-
(hydroxymethyl) cyclopent-2-en-1-y1}-9H-adenine,
5] has been reported* to show potent anti-HIV
activity in vitro. Carbocyclic BVDU* (6) and
carbocyclic 2’-ara-fluoroguanosine® (7) are more
active against HSV 1 and HSV 2 than their natural
nucleoside analogues, whereas (-)-aristeromycin
and (-)-neplanocin A display antileukemic activity.
Several other carboxylic nucleoside analogues
containing cyclopentenyl* (8, 9), cyclohexenyl*
(10) and cyclohexyl® (11) purines have been
reported to be potential inhibitors of HIV. The
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discovery of oxetanocin A,* a natural product
containing a four-membered oxetanocin ring instead
of the ribose ring of nucleosides and showing anti-
HIV properties, has expanded the scope of
investigation on other analogues including
carbocyclic ones. The carbocyclic nucleoside
oxetanocin G* (12) in fact shows activity against
HSV 1 and 2. Besides, cyclopropyl carbocyclic
nucleosides 13 and 14 also display activity against
cancer and viruses.” Later on, the area of synthetic
spirocyclic nucleosides also started to develop,
since the discovery of the nucleoside hydantocidin®
possessing a spirocyclic ring at the anomeric center
from the natural source.
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Though a large number of such compounds
have been synthesized or isolated from natural
sources during the last decade, most of them are
based on five-membered carbocycles. Little effort
has been given for the synthesis of molecules with
varied carbocyclic ring sizes, particularly with six-
and seven-membered as well as spirocyclic rings.
Furthermore, most of the efficient drugs available
in the market are known to be chiral and the desired
biological activity resides in one enantiomer of a
compound, the other enantiomer being either inactive
or showing different kind of activity. Thus, with
continually increasing demand for enantiomerically
pure new drugs, tremendous focus has been given
on the synthesis of chiral carbocyclic and spirocyclic
nucleosides.

The important published strategies to prepare
carbocycles/spirocycles/aminocarbocycles/
aminospirocycles, precursors of these classes of
nucleosides, include (i) Diels-Alder reaction between
cyclopentadiene and appropriate achiral or chiral
dienophiles,™®* (ii) structural rearrangement on the
norbornadiene skeleton,®” (iii) amino acid-derived
cyclopentane ring formation,” (iv) ring closing
metathesis reaction between two olefins,””” (v)
construction of cyclopentane ring system through
Michael-aldol cyclization™ and (vi) judicious
manipulation of appropriate substrates derived from
carbohydrates, promising starting materials for
stereochemically and optically pure carbocyclic
and spirocyclic nucleosides. Among the
carbohydrates D-erythrose, D-/L-ribonolactone, D-
glucose, D-ribose, D-allofuranose, D-galactose, D-
lactose, D-mannitol and D-arabinose have been
used as the important precursors for carbocycles
and spirocycles. The key step for the synthesis of
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carbocycles from carbohydrates is the opening of
the sugar ring to an appropriate open chain
intermediate at a certain stage and finally its
cyclization using various procedures. Additional
importance of this approach lies in the fact that
many aminocarbocycles show glycosidase inhibitory
activity or are used as antibioftics.

The present review is restricted to synthetic
development of chiral carbocyclic as well as
spirocyclic nucleosides and analogues from
carbohydrates.

2 Methods for Construction of Carbocyclic
Nucleosides

Basically there are two approaches for the
construction of carbocyclic nucleosides derived
from carbohydrates: (1) linear approach and (2)
convergent approach. The linear approach consists
of synthesizing aminoalkanols from the
carbohydrates and building up the heterocyclic
bases at the amino terminus. On the other hand a
convergent approach involves the insertion of the
heterocyclic bases with the appropriately substituted
carbocycle by substitution or by addition.

2.1 Construction of Heterocyclic Bases on the
Amino Cycloalkanols through a Linear
Approach

2.1.1 Purine ring (adenine and guanine)

Purine rings can be constructed* according to
Scheme 1. For constructing the adenine ring, the
carbocyclic amine is condensed with S-amino-4,
6-dichloropyrimidine, the product N-formylated and
allowed to undergo spontaneous ring closure.
Synthesizing a guanine ring, on the other hand,
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Reagents: (a) 5-amino-4,6-dichloropyrimidine, Et3N, n-BuOH; (b) HC(OEt)3, HCI; (c) NH3,
MeOH,; (d) 2-amino-4,6-dichloropyrimidine, i-Pr,NEt, n-BUOH; (e) 4-CICgHN, CI", HOAC,
NaOAc, H50; (f) Zn, HOAc, EtOH, H,0; (g) NaOH, H,O

Scheme 1
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requires condensation with 2-amino-4, 6-
dichloropyrimidine followed by introduction of
amino function, cyclization, and alkali treatment.

2.1.2 Pyrimidine Rings (thymine, uracil and
cytosine)

Pyrimidine rings can be constructed™® according
to Scheme 2. Reaction of carbocyclic amines with
3-ethoxy-N-carboethoxy-2-alkylacrylamide
followed by cyclization affords pyrimidine
nucleosides. Besides, following roughly the same
approach, acryloyl isocyanate can also be used to
prepare pyrimidine ring.

2.2 Attachment of Heterocyclic Bases to Cyclo-
alkanols/alkenols through a Convergent
Approach

There are few related methods for the attachment
of heterocyclic bases for the synthesis of carbocyclic
nucleosides,*® viz. (i) Pd (0) catalyzed displacement
of an activated ester or carbonate, (ii) Mitsunobu
coupling through activation of a hydroxyl group
by a complex between triphenyl phosphine and
azidodicarboxylate, (iii) ring opening of an epoxide,
and (iv) Michael addition to an activated olefin.

These methods are exemplified as follows (Scheme
3).

3 Cyclopentyl/Cyclopentenyl Carbocyclic
Nucleosides
Todano et al® reported the synthesis of the amino

triol 20, the precursor of aristeromycin starting from
D-erythrose (Scheme 4). The route involved the
construction of the cyclopentane ring by
intramolecular aldol type condensation of the
aldehyde-ester (generated from 15 by oxidation)
and acetylation of the generated hydroxyl group
to produce 16, which was converted to carbocyclic-
B-L-arabinofuranose intermediate 17 through
sequential removal of one carbomethoxy group,
elimination of acetic acid, reduction of the ester
group, hydroboration of the double bond and
acetylation of the hydroxyl groups. The conversion
of 17 into 18 was successfully carried out through
the removal of acetyl groups followed by selective
protection of primary hydroxyl group, oxidation of
the secondary hydroxyl group, and reduction of the
keto group. Inversion of configuration at C-3 OH
and C-4 hydroxymethyl group (obtained from 17)

‘occurred during oxidation of C-3 OH to ketone

followed by its epimerization on silica gel.

Reduction of the ketone with NaBH,, however,
gave the ribo configuration (in 18). Deletion of the
isopropylidene group to permit protection of 2,3
hydroxy groups by acetonide formation and
mesylation of the remaining hydroxyl group
furnished 19, which on azidation through
displacement of mesyl group, removal of TBDPS
and isopropylidene groups, and finally reduction
of azide group furnished (-) 20. The aminetriol 20
was elaborated to (-) aristeromycin (1).
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(cytosine R = Me (thymine
deriv.) deriv.)

Reagents: (a) EzN, dioxane; (b) 2N HCI (2%), aq dioxane; (c) 4-chlorophenyl dichlorophosphate,

1,2,4-triazole, py; (d) 30% NH,OH, EtOH

Scheme 2
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(m) Me,CO, H*; (n) MsCI; (o) NaNg; (p) TBAF; (q) H; (r) Hy/Raney Ni

Scheme 4

The same group® described an efficient synthesis
of enantiomerically pure cyclaridine 25 from chiral
arabino amino triol (-) 24 prepared from D-glucose.
For this, the glucose-derived intermediate 21 was
treated with DMSO/NaCl to furnish the olefin-ester
22 after removal of carbomethoxy group and acetic
acid elimination. Subsequent reduction of the ester

groups and protection of primary hydroxyl group
by TBDMS permitted mesylation of the secondary
hydroxyl group. Displacement of mesyl group by
azide, removal of TBDMS group, hydroboration of
the olefin and acetylation of the hydroxyl groups
afforded 23. Reduction of azide function and
appropriate deprotection furnished (-) 24, which
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Scheme 5

was elaborated to cyclaridine 25,

Marquez et al.* utilized D-ribonolactone to
synthesize cyclopentenyl nucleosides (Scheme 6).
Reaction of the appropriately protected ribonolactone
26 with lithium dimethyl methylphosphonate
followed by sodium methoxide treatment, oxidation
of hydroxyl group and cyclization (Wadsworth-
Emmons) furnished the cyclopentenone 27.
Reduction of this ketone (attack from the less
hindered side), mesylation of the generated hydroxyl
group followed by displacement with azide, and
reduction of the azide group afforded the amine
28, which was used to synthesize (-) neplanocin
A (2) and its analogues 29 and 30.

The same group® disclosed the synthesis of
(-) neplanocin A (2) and its uracil analogue 29
starting from D-ribonolactone using a convergent
synthetic strategy (Scheme 7). Thus, reduction of
27 with NaBH, and tosylation afforded 31.
Displacement of this tosyl group with chloroadenine
and uracil followed by appropriate deprotections
yielded 2 and 29.
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(d) NH3/MeOH:; (e) BCls; (f) uracil, K;CO5, DMSO

Scheme 7

Marquez® further reported the synthesis of 3-
deaza neplanocin A 35, 3-deaza cyclo-
pentenyluridine 37 and 3-deaza cyclo-

c3>< HG OH
2,B=A
28 29,B=U
30,B=C

Reagents: (a) LiCH,P(O)}OMe),; (b) NaOMe; (c) CrOs; (d) K,COg, 18-crown-6;
(e) NaBH,, CeCls; (f) MsClI; (g) LiNg; (h) Hp, Lindlar catalyst

Scheme 6
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pentenylcytidine 39 (Scheme 8) employing the
convergent approach. Thus, the D-ribonolactone-
derived derivative 33 was converted to the
carbocyclic 3/-deaza nucleoside analogues 35, 37
and 39.

Reagents: (@) 34, CHaCN; (b) BCla; (c) Ho,NNH,, Raney NifH,O; (d) 36, DMF, 80°C;

(e) 38, DMSO

Scheme 8

A novel and short synthesis of cyclopentenone
(+) 42, a key intermediate for both (+) aristeromycin
(1) and (+) neplanocin A (2) (Scheme 9), was
reported by Borchardt et al.” starting from D-ribose
through the protection of anomeric and 2,3 hydroxy
groups followed by oxidative dehomologation of
40. Reaction of the product 41 with lithium dimethyl
methylphosphonate completed the synthetic
scheme.

Later on, Borchardt's group® synthesized the
opposite enantiomer of the above cyclopentenone
(-) 43 (as the cyclohexanyl derivative) from D-
ribonolactone employing similar methodology
(Scheme 10). The enantiomer was then converted
to (-) aristeromycin (1), neplanocin A (2) and other
carbocyclic nucleoside analogues 47 and 48. The
most interesting feature of the methodology was
the conjugate addition of lithium bis (¢-butoxymethyl)

HO
"o o on e

.\_70 el &7& OMe—b>

HO'  "OH OXO

D-Ribose 40

cuprate to 43 to afford 44. This was followed by
a procedure very similar to that described earlier
(Scheme 6). Carrying out the addition of Gilman
reagent in presence of MeSOCI yielded 45, which
could be elaborated to the nucleoside of the
unsaturated series. In another variation of this
strategy, omitting the addition of Gilman’s reagent
but carrying out the rest of the scheme afforded
the nor nucleosides 47 or 48.

In another approach Jones and Roberts®
converted the L-ribonolactone-derived precursor
49 to 5-homo-carbocyclic nucleosides 55-57.
Radical cyclization of 49 afforded a mixture of 50
and 51. DIBAL reduction of the mixture followed
by TBDMS protection of the resulting primary
alcohols, separation of the alcoholic isomers,
conversion of the secondary hydroxyl group
(derived from 50) to its triflate, and introduction
of the appropriate nucleoside bases furnished the
corresponding nucleoside analogues 52-54, which
were transformed into the target molecules (Scheme
11).

Very recently, Schneller's group” prepared the
enone 60 (from D-ribose through protection of 2,3
hydroxy groups, olefin generation between C4-CS,
Grignard reaction with vinyl magnesium bromide,
RCM reaction and oxidation). It was then reacted
with vinyl magnesium bromide (1, 2 addition) and
subsequent reduction of the carbonyl group
furnished 61. Introduction (Mitsunobu reaction) of
nucleoside base (adenine) followed by
dihyroxylation of the double bond, cleavage of the
vicinal diol moiety, reduction of the generated
aldehyde group and elimination of the isopropylidene
group furnished the chloronucleoside 62.
Aminolysis of 62 followed by acetonide deprotection
with acid afforded (-)-aristeromycin (1) (Scheme
12). In a similar approach the same group reported
the synthesis of 3-deazaaristeromycin starting from
the enone 60.
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Reagents: (a) 2,2-dimethoxypropane, MeOH, H'; (b) PCC, benzene; (c) LiCH,PO(OMe),
Scheme 9
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Scheme 11

Kitagawa et al.** established a somewhat lengthy
procedure for the synthesis of (+) cyclaridine 2§
from the D-glucose derived substrate 63 (Scheme
13). Thus, Swern oxidation of 3-O-benzyl
glucofuranose 64 and addition of methyl nitronate
afforded the two isomeric nitro alcohols; the desired
isomer after acetylation and NaBH, reduction yielded
64. Removal of isopropylidene group, vicinal diol
cleavage, aldol condensation, acetylation and acetic
acid elimination furnished 65, which on Michael
addition of N-6-benzoyladenine followed by
deformylation, ethoxyethyl ether formation, removal

of nitro group by Bu,SnH/AIBN and cleavage of
ethoxyethyl, benzoyl and benzyl protecting groups
furnished (+) cyclaridine 25.

The authors® used the same approach involving
D-allofuranose derivative and completed the
synthesis of (-) aristeromycin (1).

Gurjar and Maheshwar® have accomplished the
synthesis of the carbocyclic nucleoside 69 from a
D-glucose derived substrate 67 utilizing RCM
reaction (Scheme 14). Thus, oxidation of the hydroxy
group of 66 followed by Grignard reaction with
allyl magnesium bromide, MPM protection of the
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(h) NH3z/MeGH; (i) HCI/MeOH

Scheme 12
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Rodriguez” to synthesize neplanocin C (73), a
naturally occurring carbocyclic nucleoside.
Treatment of the lactone with lithium dimethyl
methylphosphonate followed by protection of the
primary hydroxyl group, opening of the furan ring
by alkali, oxidation of the hydroxyl group with
Collins reagent, cyclization of the generated diketo
compound and reduction of the keto group afforded
the cyclopentenol 71. This was coupled with 6-
chloropurine under Mitsunobu condition to give the
carbanucleoside 72, which was finally converted
to 73 via deprotection of the isopropylidene group,
epoxidation of the cyclopentene double bond,
substitution of chloro group by amino function and
removal of benzyl protection (Scheme 15).
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Reagents: (a) BzCI/Et3N; (b) Swern oxidation; (¢) CH3;NO,/NaH, crown ether; (d) Ac,O/p-TSA;

(e) NaBHy; (f) ag HOAc; (g) Pb(OAc),; (h) KF, crown ether; (i) Ac,O/p-TSA, (j) N-6-benzoyladenine,
KF, crown ether; (k} ag NH,OH; () CH,=CHOEt, CSA; (m) n-BuzSnH/AIBN; (n) aq HOAc;

(0)1% NaOMe,MeOH; (1) Na/liquid NH3

Scheme 13
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Scheme 14

t-hydroxy group, removal of the 5,6-O-
isopropylidene group, dimesylation, and olefination
afforded 67, which on RCM reaction yielded 68.
Removal of 1,2-isopropylidene group, vicinal diol
cleavage, reduction of the resulting aldehyde to
alcohol, protection of hydroxyl groups as carbonate,
introduction of the amino purine ring and
deprotection of MPM group yielded the
cyclopentenyl nucleoside analogue 69.

The intermediate (-)-2,3-O-isopropylidene-D-
ribono-1,4-lactone 70 was used by Comin and

The synthetic sequence for converting tetra-O-
benzyl-D-galactopyranoside 74 to carbocyclic
nucleoside 77, as reported by Gillaizeau et al.*®
(Scheme 16), involved generation of the diene 75
via Wittig reaction of 74, oxidation of the generated
hydroxyl group to the ketone and further Wittig
reaction of the keto group with appropriate reagents.
The intermediate 75 was then cyclized applying
RCM reaction. The cyclized product upon
debenzylation, cis-diol potection via isopropylidene
and protection of primary hydroxyl group afforded
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Scheme 16

76, which was elaborated to carbocyclic nucleoside
derivative 77.

Hong et al.”® utilized D-lactose derived
carboxylic acid derivative 78 and synthesized
Weinreb amide 79 by condensation with N-methoxy-
N-methyl amine in the presence of DCC/DMAP.
Generation of the aldehyde from 79 followed by
Grignard reaction with vinyl magnesium bromide,
ring closing metathesis of the two olefin moieties,
and activation of the hydroxyl group furnished the
key intermediate 80. This was reacted with nucleoside
bases under Trost coupling conditions to generate
81, which was used to produce carbocyclic
nucleosides 82-85 after proper manipulation of the
functionalities (Scheme 17).

Starting from D-mannitol-derived substrates
Ghosh and his co-workers'® have recently reported
the synthesis of highly substituted cyclopentenol
precursors for carbovir, abacavir and BCA using
RCM reaction as the key step (Scheme 18). Thus,
for the preparation of the key intermediate 94 for
carbovir, dicyclohexylidene-D-mannose 86 was
subjected to vicinal diol cleavage, Wittig-Horner

reaction of the produced aldehyde and reduction
of the ester group in the product to afford the allyl
alcohol 87. Ortho ester Claisen rearrangement of
the unsaturated alcohol 87 yielded a mixture of
olefin-esters 88 and 89, which were separated;
reduction of the ester group of 89 to alcohol, its
oxidation to aldehyde and Grignard reaction with
vinyl magnesium bromide furnished a mixture of
alcohols 90. Removal of O-protections, vicinal diol
cleavage, reduction of the resulting hemiacetal, and
subsequent protection of the primary alcohol group
as TBS furnished the diolefin 91 (mixture). RCM
reaction of 91 afforded a mixture of cyclopentanols
92 and 93. The products were separated and the
TBS group of 93 was eliminated to furnish 94, the
precursor of carbovir (3).

Chun et al.'” have prepared the enantiomerically
pure spiranic pyrimidone carbocyclic compound
97 via the key intermediate 95 (generated from D-
ribonolactone) through a sequence of reactions, viz.
removal of isopropylidene moiety, cyclopropane
ring formation, protection of hydroxyl group as
THP and pyrimidine ring formation using guanidine
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Scheme 18

hydrochloride followed by cleavage of the O-
protections. However, when the compound 96 was
treated with guanidine hydrochloride in different
conditions, it furnished an unusual carbocyclic
isonucleoside 98 (Scheme 19). The same
intermediate 95 was converted to carbocyclic 9-
deazapurine nucleoside analogues 100-103 through
various functional group manipulations.
Yoshikawa et al.* disclosed an efficient synthesis
of carbocyclic nucleosides starting from D-arabinose
(Scheme 20). Thus, conversion of D-arabinose to
methyl  2-O-benzyl-3,4-O-isopropylidene-D-
arabinose 104 followed by hydrolysis of the
acetonide, selective protection of the 3’-hydroxyl
group as the benzyl ether, oxidation of the remaining

hydroxyl group and the addition of nitromethane
enolate yielded 105 after dehydration and the
reduction of the nitroolefin. Hydrolysis of the acetal,
intramolecular aldol reaction of the resulting latent
aldehyde, acetylation of the generated hydroxyl
group followed by HOAc elimination furnished
nitrocyclopentene 106. Heterocyclic base
introduction by Michael addition, reductive removal
of the nitro group by Bu,SnH and appropriate
deprotection gave (+) cyclaridine 25. The nitro
olefin 106 was also elaborated to the pyrimidine
nucleoside analogue 107.

Rapoport et al.'® published a synthesis of the
amino alcohol 112 derived from D-glucono-d-
lactone (Scheme 21). Thus, the bis-ketal 108 was
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Scheme 20

selectively deketalized and then subjected to  group protection and hydrogenation to generate the
oxidation of the primary alcohol to acid, diester 109. Dieckmann cyclization of 109 followed
esterification of the acid, dehydroxylation, - by reduction of ketonic group, and mesylation
elimination of B-alkoxy ester by KHMDS, hydroxy  afforded 110. Elimination of mesyl group followed
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Scheme 21

by hydrogenation of the olefin, reduction of the
ester group, MOM protection of the primary alcohol,
removal of TBDMS group and mesylation of the
hydroxyl group furnished 111. Demesylation and
appropriate deprotections of 111 cleanly afforded
112, the key intermediate of carbovir.

Ohira’s group'™ reported the synthesis of (-)-
neplanocin A (2) (and Chu'® reported L-carbocyclic
nucleoside analogues) starting from D-ribose. They
converted the acetonide derivative 113 to the ketone
114 via reduction of the latent aldehyde, protection
of the primary hydroxyl group and oxidation of the
secondary hydroxyl group. Treatment of 114 with

TrO

o

o\/
Pal N
113 NH, 114

T
HO N \N/
19,

H

Oy,
oV

H
2

lithiated trimethylsilyl diazomethane resulted in
diastereomeric cyclopentenes 115 via C-H insertion
of the intermediate vinyl ketone. The diastereomeric
mixture was converted to the single allyl alcohol
116 by oxidation-reduction sequence. Direct
incorporation of adenine through Mitsunobu
coupling and acetonide deprotection furnished
(-)-neplanocin A (2) (Scheme 22).

In another approach very similar to those of
Ohira’s as well as Borchardt’s, Chu ef al.'® (Scheme
23) performed Michael addition of lithium bis(t-
butoxymethyl)cuprate to the D-ribose-derived enone
42 and then carried out stereoselective reduction
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(d) TMSC(Li)Ny, THF; (e) BusNF, THF; (f) PDC/CH,Cly; (g) LIALH,, THF; (h) adenine,

Ph;P, DEAD, THF; (i) HCI/MeOH

Scheme 22
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Scheme 23

of the ketone to the alcohol 117, the hydroxyl group
of which was protected as triflate 118. Direct
displacement of the triflate with sodioadenine
furnished the nucleoside derivative 119, which
could be finally deprotected to (+) aristeromycin
(1). The coupling to the heterocyclic base was better
when the alcohol 117 was mesylated and LiN, used
to displace the mesyl group. Reduction of the azide
group followed by formation of the heterocyclic
ring and deprotection of the appropriate groups
furnished L-thymidine carbocyclic nucleoside 121.

Mandal’s group'® reported synthesis of chiral
carbocyclic  nucleoside analogues using
intramolecular nitrone cycloaddition (INC) reaction
on appropriately substituted enose-nitrones derived
from D-glucose. As an example, the latent aldehyde
at C-1 of 123 (Scheme 24) was reacted with N-
benzyl hydroxylamine to form the non-isolable
enose-nitrone 124, which got involved in
intramolecular cyclization with the olefin at C-5 to
afford isooxazolidinocarbocycle 125. After
reductive removal of the tosyl group, the product

was hydrogenolyzed and thereafter the nucleoside
base was constructed on the amino terminal to
furnish isoaristeromycin 126, an analogue of
aristeromycin (1), in good yield.

The same group'” also showed that carbocyclic
nucleoside analogues of varied structures could be
synthesized from D-glucose-derived precursors
using INC methodology. Thus, synthesis of
enantiomerically pure carbocyclic nucleoside
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Reagents: (a) 4% H,S0y, ag. CH3CN; (b) PhCH,NHOH (1.2 eq.), dry EtOH;
(c) LiAlH,, THF; (d) Pd/C (10%), cyclohexene, EtOH; (e) 5-amino-4,6- dichloro-
pyrimidine, n-BuOH, Et3N; (f) HC (OEt);, p-TSA, DMF; (g) NH3, MeOH
Scheme 24
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Scheme 25

analogues 130 and 131 with five-membered ring
(Scheme 25) has been achieved starting from the
tetracyclic isoxazolidinocarbocyclic precursor 127.
Cyclization of 6-chloro pyrimidine derivative 129
to purine derivative was accompanied by
nucleophilic displacement of 6-chloro substituent
(by dimethylamino or methoxy group). In the
reaction condition dimethyl amine generated from
DMF substituted chloro group and methoxy
substitution took place during chromatography using
MeOH as one of the solvents. Apparently, hydrogen
bonding between N-3 of the purine ring and a
hydoxy substituent at C-2' plays a crucial role in
this transformation.

The realization that one enantiomer of a chiral
drug is to be preferred over the other one or the
racemic mixture, has initiated the development of
synthetic routes to both the enantiomers of a
nucleoside. The INC reaction of appropriately
designed enose-nitrones from D-glucose, having
nitrone functionality at C-5 or C-1 and olefin at C-
3, appeared suitable for enantiodirecting synthesis
of both the enantiomers of chiral compounds as

D-Glucose

wo—s  F N

o, N2 ': %NH
1 “OHICH,OH . HOM,GHO.S5 % o
3 :
n : A 3
or : HO

Scheme 26

shown in the schematic diagram (Scheme 26).

Mandal and co-workers'® reported that the
success of such a scheme, however, hinges upon
the mode of cycloaddition reaction resulting in the
desired stereochemistry at the newly generated
chiral centre at the ring juncture. Based on the above
scheme, C-allylated furanose derivatives 132 and
133 were converted to 134 and 140 (enantiomers)
respectively through judicious manipulation of the
INC reaction and other appropriate follow-up steps.
Subsequent removal of the isoxazolidine ring
followed by installation of the purine ring afforded
137-139 (from 134) and 142-144 (from 140). As
expected, the nucleoside pairs (137 — 142), (138
— 143), and (139 -144) are enantiomeric in nature
(Scheme 27).

4 Cyclohexyl/Cyclohexenyl and Cycloheptyl
Carbocyclic Nucleosides

Though Herdewijn's group,® Barral et al.,'® and
Konkel and Vince’® have recently reported the
synthesis of carbocyclic nucleosides with
cyclohexane/cyclohexene ring from non-
carbohydrate substrates, reports on the synthesis of
these nucleosides from carbohydrate precursors are
rare. However, Kitagawa’s group'! utilized the D-
glucose-derived substrate 145 to generate the nitro
cyclohexene derivative 146, which was elaborated
to the chiral cyclohexanyl adenine nucleoside 147
through Michael addition of N-6-benzoyladenine
and elimination of nitro group followed by
appropriate deprotections (Scheme 28).

Mandal reported'” the synthesis of cyclohexyl
carbocyclic nucleosides 149 and 150 and cycloheptyl
nuclcosides 152, 153 and 154 from D-glucose-
derived substrates (Scheme 29). The strategy was
identical to that described in scheme 25.
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The same laboratory'® also reported that both
the enantiomers (156 and 162) of a seven-membered
carbocyclic nucleoside could be obtained from
appropriate substrates derived from D-glucose. As
for example, the C-3-homoallylated derivative 157
was converted to the isoxazolidine 160 through a
sequence of reactions, viz. selective removal of 5,6-
O-isopropylidene group, vicinal diol cleavage,
reduction of the aldehyde, deprotection of 1,2
hydroxy groups and reaction with benzyl
hydroxylamine (involving INC reaction between C-
1 nitrone and C-3 olefin). Installation of the purine
base furnished the nucleoside 162. The other
enantiomer 156 was prepared through cyclization
of the cycloheptyl pyrimidine nucleoside 155,
derived from the corresponding isooxazolidino
cycloheptane prepared from N-benzyl nitrone at C-
5 and homoallyl function at C-3 (Scheme 30).

5 Cyclobutyl Carbocyclic Nucleosides

Though the synthesis of chiral cyclobutane
derivatives through chiral synthesis or by optical
resolution using enzymatic methods has been
documented, synthetic reports from carbohydrate-
derived precursors is scanty. Taguchi et al.*? reported
a short synthesis of a chiral cyclobutane derivative
from D-glucose. Thus, the vinylfuranoside 164
obtained from 163 (by glycosidation and concomitant
acetonide opening followed by removal of 2-
hydroxyl group), was allowed to undergo zirconium
mediated ring contraction furnishing the cyclobutane

. ¢l NMeZ
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/ OH “OH
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”‘“JK «jon

olefin 165. Subsequent protection of the hydroxyl
group of 165 followed by ozonolysis of the double
bond, reduction of the resulting aldehyde group and
removal of benzyl protection afforded 166.
Conversion of 166 to 167, a precursor of the
cyclobutane nucleoside carboxetanocin G (12) and
other analogues, could be accomplished easily
(Scheme 31).

6 Cyclopropyl Carbocyclic Nucleosides

Chu and his co-workers'* '* have synthesized
enantiomerically pure carbocyclic cyclopropyl L-
nucleosides from L-gulonic-y-lactone. The olefinic
ester 168 was converted to 169 following a sequence
of reactions, viz. reduction of the ester group, TBDPS
protection of the resulting alcohol, cyclopropanation
of the olefin moiety, and removal of the TBDPS
(Scheme 32). The compound 169 was transformed
into the urea derivative 170 through the oxidation
of the primary hydroxyl group to acid followed by
the formation of acid azide, Curtius rearrangement
to the isocyanate and reaction of the isocyanate
group with ammonia. The pyrimidine base was
constructed on 170 by reaction with [3-methoxy-
a-methyl acryloylchloride/B-methoxy acryloyl-
chloride followed by ring closure, removal of the
isopropylidene group, vicinal diol cleavage and
reduction of the generated aldehyde group to afford
the carbocyclic nucleoside analogues 171 and 172.
Similarly, the isocyanate intermediate derived from
169 was converted to the amine 173, which could
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MeOH:; (e) 4% H250,, dioxan, Hp0; (f) BANHOH, 2- fluoroethanol; (g) 10% Pd/C, cyclohexene, EtOH;
(h) 5-amino-4,6-dichioropyrimidine, Et3N, n-BuOH, reflux

Scheme 30
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be transformed into a variety of carbocyclic
nucleosides 174-176.

The same laboratory'”® developed another
strategy for the synthesis of cyclopropyl carbocyclic
D-nucleosides (Scheme 33). The key intermediates
179 and 183 were prepared from D-glyceraldehyde
acetonide 177, which was converted to the o,f-
unsaturated ester 178. The amine 179, obtained
after reduction of the ester group, cyclopropanation
of the olefin moiety (ICH,CI/Et,Zn) and other
appropriate reaction sequences, was converted to
the carbocyclic nucleosides 180-182. The urea
derivative 183 could also be transformed into
nucleosides 184-186 according to the procedure
established earlier by the same group.

Starting with diisopropylidene-D-mannitol 187,
Chu’s group''® prepared (Scheme 34) the
cyclopropane derivative 188 in enantiomerically
pure form and converted it to 189 through a sequence

of reactions, viz. removal of isopropylidene group,
vicinal diol cleavage, Wittig reaction, hydroboration
of the olefin, oxidation, protection of the primary
hydroxyl group as MOM ether, and removal of
TBDMS group. Later on, oxidation of the primary
hydroxyl group of 189 to acid, its conversion to
acyl azide and Curtius rearrangement yielded the
isocyanate, which was converted by treatment with
ammonia to 190. Subsequent construction of
pyrimidine bases by well-established procedures
led to the nucleosides 191.

7 Spirocyclic Nucleosides

Synthetic studies in this area have seen notable
contributions from Miyasaka’s laboratory'”’ and
others."® Publications of Paquette’s group'”® on the
synthesis of nucleosides bearing spiro ring juncture
at the anomeric centre as well as of other
carbaspironucleosides also deserve a special
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Scheme 34

mention. However, as they used non-carbohydrates
for the synthesis of these compounds, which required
enzymatic resolution in one of the steps during the
synthesis, this work is outside the scope of this
review.

Miyasaka'’ as well as Chatgilialoglu'*® prepared
spirocyclic nucleoside derivatives through the
generation of C-1/ radicals by 1,5-radical
translocation. Thus, 6-(2,2-dibromovinylated)
nucleoside 193 prepared by the Corey-Fuchs
protocol yielded, after deprotection followed by

appropriate reprotection, the corresponding
nucleosides 194 and 195, which on radical initiated
cyclization and subsequent deprotection afforded
the spirocyclic nucleosides 196 and 197 (Scheme
35).

A stereocontrolled synthesis of furanoid and
pyranoid spironucleosides and spiro-C-glycosides
via isothiocyanato sugar derivatives was reported
by Gasch et al.’®® Thus, reaction of the furanoid
spiroketal 198 with TMSNCO/TMSOTf furnished
199 and 200 (Scheme 36). On the other hand, use
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of TMSNCS in place of TMSNCO afforded only
one isomer 201. The other analogue 202 was however
obtained by reaction of 198 with TMSN,/TMSOT{
followed by reduction of the azide group,
deprotection of silyl group and inclusion of sulphur
in presence of Im CS. Similarly, 198 afforded the
isothiocyanate derivatives 203 and 204. Ring closure
of these derivatives with Et,N afforded the spiro-
C-glycosides 205 and 206. The interesting feature

of the sequence was opening of dioxolane moiety
followed by concomitant protection of the primary
hydroxyl group by TMS. Similar reactions were
performed on pyranoid spiroketals to prepare
appropriate nucleosides. As for example, 207
afforded 208.

Wengel™! reported the synthesis of 2'-
spironucleosides 212 and 214. Grignard reaction
of 2-keto-tri-O-benzoyl-a-D-ribofuranose 209 with
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allyl magnesium bromide, benzoylation of the
hydroxyl group, introduction of thymine base,
debenzoylation, tritylation of the primary hydroxyl
group, and 3/-hydroxy protection by TBDMS
afforded 210. Hydroboration of the olefin followed
by oxidation, selective mesylation of the primary
hydroxyl group and subsequent cyclization yielded
the spirofused nucleoside derivative 211, which
after complete deprotection furnished 212. On the
other hand, dihydroxylation across the double bond
of 210 followed by vicinal diol cleavage, reduction
of the aldehyde to alcohol and mesylation of the
alcohol followed by cyclization yielded 213, which
subsequently furnished 214 after cyclization and
deprotection (Scheme 37).

Mandal and his group'® reasoned that if a C-
allyl substituent as well as an O-allyl one could be
introduced at C-3 of the glucose ring, consecutive
INC reactions (Scheme 38) of the olefins with C-
1 aldehyde and an aldehyde generated at C-5 through
simple functional group manipulations should lead
to optically active and structurally unique spirocyclic
nucleosides. Thus compound 215, generated from
a D-glucose derived substrate through INC reaction
of C-5 nitrone with C-3 allyl function, could be
converted to the masked aldehyde 216, which in
turn afforded the nor-aldehyde 217 via periodate
cleavage. INC reaction of 216 with BnNHOH
afforded the tetracyclic spirocycles 219 and 220,
while similar treatment of 217 furnished 221 and

N\
DMTO Th
Bz0— o DMTO— & Th 1o
a-d ‘ eg
OBz ~ \7 _ &
Rt TBDMSO
BzO O TBDMSO  OH
209 210 211
l ik Jh,i
HO Th DMTO Th HO Th
VN . i%
HO © TBDMSO 0O HO ob
214

212

Reagents: (a) (1) allylMgBr, CeCls, (2) BzCl, DMAP, Et3N, CH,Cly; (b) (1) thymine,

SnCl,, BSA, CH3CN, (2) NH3/MeOH; (c) DMTYCI, py; (d) TBDMSCI, im, DMF; (e) BH3,
THF, ag NaOH, H,0,; (f) MsCl, Py, CHoCly; (g) NaH, THF; (h) TBAF, THF; (i) DCA, CHyCly;
(i) (1) OsOy4, NalQy4, THF, H,0, (2) NaBH,4, THF, H,0; (k) MsCl, DMAP, Et3N, CH,Cl,

Scheme 37
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Reagents: (a) 4% H;SQ4, MeCN, H,0; (b) NalO, EtOH, H,0; (c) BANHOH, EtOH

Scheme 38
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Reagents: (a) Pd/C (10%), cyclohexene, EtOH; (b) 5-amino-4,8-dichioropyrimidine, n-BuOH,

EtsN; (¢) HC(OEt)3/p-TSA, DMF

Scheme 39
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Reagents: (a) Pd/C (10%), cyclohexene, EtOH; (b) 5-amino-4, 6-dichloropyrimidine,

n-BuOH, Et3N; (c) HC(OEt)3p-TSA, DMF

Scheme 40

222, presumably through the non-isolable enose-
nitrone (Scheme 38). Transfer hydrogenolysis of
219 and 220 cleaved both the isoxazolidine rings
to afford the respective tetrahydroxydiamino
spirocycles, which were directly coupled with 5-
amino-4, 6- dichloropyrimidine (2.1 equiv) to obtain
the bispyrimidinyl spirocycles 223 and 224
respectively (Scheme 39). Conversion of these
pyrimidinyl spironucleoside derivatives to the
corresponding 6-dimethylaminopurine
spironucleosides 225 and 226 was accomplished
by treatment with HC(OEt),/ p-TSA in DMF.

In an extension'” of the approach it was found

that an amino function adjacent to the spirocycle
could not generate a bis-spirocyclic nucleoside
probably due to hindrance offered by the spiro
center; instead monopyrimidinyl spirocyclic
nucleosides 228 and 229 were produced (Scheme
40).

8 Conclusions

Sugar-modified nucleosides have proved to be more
useful in viral and cancer chemotherapy than their
parent furanose counterparts. The wide range of
biological activities displayed by many carbocyclic
and spirocyclic nucleosides have offered
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tremendous impetus to the synthetic chemists to
develop methods for the synthesis of natural and
unnatural analogues of these classes of compounds
with a hope to discover more potent drugs to treat
human diseases.

9 Acknowledgement

Financial support from DST (Govt. of India) given
to the first author (SBM) is gratefully acknowledged.
Other authors (AR, BGR and JKM) thank CSIR
(Govt. of India) for providing them with research
fellowships.

10

11
12
13

14

15

16

Reference

R K Robins and G D Kini In Chemistry of Antitumor Agents
(Ed. D E V Wilman ) Blackie and Son UK (1990) p 299

M F Jones Chem Brit (1988) 1122.

Y Nishiyama, N Yamamoto, Y Yamada, T Daikoku, Y-I
Ichikawa, K Takahasi J Antibiot 42 (1989) 1854

D W Norbeck, E Kern, S Hayashi, W Rosenbrook, H Sham,
T Harin, J Plattener, J Erikson, J Clemn, R Swanson, N
Shipkowitz, D Hardy, K Marsh, G Artnet, W Shannon, S
Broder and H Mitsuya J Med Chem 33 (1990) 1281

M L Eidinoff, L Cheong and M A Rich Science 129 (1959)
1550

M I Johnston, D F Hoth Science 260 (1993) 1286

B A Larder, G Darby and D D Richman Science 243 (1989)
1731

D D Richman, M A Fischl, M H Grieco, M S Gottlieb, P
A Volberding, O L Laskin, J M Leedom, J E Groopman, D
Mildvan, M S Hirsch, G G Jackson, D T Derek, D Phil and
S Nusinoff-Lehrman New Engl J Med 317 (1987) 192

R Yarchoan, CF Perno, R V Thomas, R W Klecker, J-P Allain,
R I Wills, N McAtee, M A Fischl, R Dubinsky, M C McNeely,
H Mitsuya, ] M Pluda, T J Lawley, M Leuther, B Safai, J
M Collins, C E Myers, S Broder and R Dubinsky Lancet
1 (8577) (1988) 76

(a) L Agrofoglio, R Condom, R Guedj Tetrahedron Lett 33
(1992) 5503; (b) L Agrofoglio, R Condom, R Guedj, R
Challand and J Selway Tetrahedron Lett 34 (1993) 6271; (c)
L Agrofoglio, E Suhas, A Farese, R Condom, S R Challand,
R A Earl and R Guedj Tetrahedron 50 (1994) 10611

A D Borthwick and K Biggadike Tetrahedron 48 (1992) 571
M T Crimmins Tetrahedron 54 (1998) 4229

T S Mansour and H Jin Bioorg Med Chem Lett 1 (1991)
757

S Nishiyama, Y Kikuchi, H Kurata, S Yamamura, T Izawa,
T Nagahata, R Ikeda and K Kato Bioorg Med Chem Lett §
(1995) 2273

N Nishizono, N Koike, Y Yamagata, S Fujii and A Matsuda
Tetrahedron Lett 37 (1996) 7569

E Abushanab, P Vemishetti, R W Leiby, H K Singh, A B
Mikkilineni, D C Wu, R Saibana and R P Panziea J Org Chem
53 (1988) 2598

17

18

19

20

21

22

23

24

25

26

27
28

29

30

3

32

33

34

35

36

37

38

39

40

41

305

R J Young, S Shaw-Pinter, J B Thomson, J A Miller, J G
Cumming, A W Pugh and P Rider Bioorg Med Chem Lett
5 (1995) 2599

Y Yoshimura, K Kitano, H Satoh, M Watanabe, S Miura,
S Sakata, T Sasaki and A Matsuda J Org Chem 61 (1996)
822

Q Chao and V Nair Bioorg Med Chem Lett 7 (1997) 1199

J Brénalt, I Kvarnstrom, B Classon and B Samuelson J Org
Chem 61 (1996) 3604

J Du, S Surzhykov, J S Lin, M G Newton, Y-U Cheng, R
F Schinazi and C K Chu J Med Chem 40 (1997) 2991

J Brénalt, I Kvarnstrom, B Classon, B Samuelson.J Org Chem
61 (1996) 3611

S Pan, N M Amankulor and K Zhao Tetrahedron 54 (1998)
6587

H-J Gi, Y Xiang, R F Schinazi and K Zhao J Org Chem
62 (1997) 88

S W Kaldor, J E Fritz and J A Ward Tetrahedron Lett 38
(1997) 1509

P N Jfgensen, P C Stein and J Wengel J Am Chem Soc 116
(1994) 2231

J Fiandor and S Y Tam Tetrahedron Lett 31 (1990) 597

S Becouarn, S Czermecki, JI-M Valéry Tetrahedron Lett 36
(1995) 873

A A Koshkin, S K Singh, P Nielsen, V K Rajwanshi, R
Kumar, M Meldgaard, C E Olsen and J Wengel Tetrahedron
54 (1998) 3607

V Samano and M J Robins Tetrahedron Lett 35 (1994) 3445

H R Moon, HK Kim, M W Chun, L S Jeong and V E Marquez
J Org Chem 64 (1999) 4733

T Kusuka, H Yamamoto, M Shibata, M Muroi, T Kishi and
K Mizuno J Antibiot 21 (1968) 255

S Yaginuma, N Muto, M Tsujino, Y Sudate, M Hayashi and
M Otani J Antibiot 34 (1981) 359

V Marquez and M Lim Med Res Rev 6 (1986) 1

S Roberts, K Biggadike, A D Borthwick, B Kirk Topics
Medicinal Chemistry Ed P R Royal Society of Chemistry
(1988) 172.

P Price, R Banerjee, A Jeffrey, G Acs Hepatology 16 (1992)
8

R Vince and M Hua J Med Chem 33 (1990) 17

S Hayashi, D Norbeck, W Rosenbrook, R L Fine, M
Matsukura, J J Plattner, S Broder and H Mitsuya Antimicrob
Agents Chemother 34 (1990) 287

(a) G N Jenkins and N Turner Chem Soc Rev (1995) 169;
(b)J Wachtmeister, B Classon, B Samuelsson and I Kvarnstrom
Tetrahedron 51 (1995) 2029

(a) S M U Daluge U S Patent (1991), patent number
5,034,394; (b) S M Daluge, S S Good, M T Martin, S R
Tibbels, W H Miller, D R Averett, M H St. Clair and K M
Ayers The 34th Interscience Conference on Antimicrobial
Agents and Chemotherapy, Orlando, FL, October (1994)
Abstract 16.

N Katagiri, N Nomura, H Sato, C Kaneko, K Tusa and T
Tsuruo J Med Chem 35 (1992) 1882



306

42

43

44

45

46

47

48

49

50

51
52
53

54

55
56

57

58

59

60

61

62

63

64

S B MANDAL et al.

R E Boehme, R Storrer, C Williamson, I R Clemens J R
Cameron The 30" Interscience ConfAntimicrobial Agents and
Chemotherapy, Atlanta, October, (1990) Abstract 1088.

A D Borthwick, S Butt, K Biggadike, A M Exall, S M
Roberts, P M Youds, B E Kirk, B R Booth, ] M Cameron,
S W Cox, C L P Marr and M D Shill J Chem Soc Chem
Commun (1988) 656

K Ramesh, M S Wolfe, Y Lee, D V Velde and R T Borchardt
Org Chem 57 (1992) 5861
F Calvani, M Macchia, A Rossello, M R Gismondo, L Drago,

M C Fassina, M Cisternino, P Domiano Bioorg Med Chem
Lert 5 (1995) 2567

A Masuda, M Kitagawa, A Tanaka, S Saito, N Shimada, R
Ikeda, H Hosino, T Daikoku, Y Nishiyama J Antibiot 46
(1993) 1034

(a) D W Norbeck, E Kern, S Hayashi, W Rosenbrook, H
Sham, T Herrin, J J Plattner, J Erickson, J Clement, R
Swanson, N Shipkowitz, D Hardy, K Marsh, G Arnett, W
Shannon, S Broder and H J Mitsuya J Med Chem 33 (1990)
1281; (b) S Niitsuma, Y-I Ichikawa, T Takita Studies in
Natural Product Chemistry; Elsevier Science Publishers, New
York, (1992) p 585.

R Csuk, Y von Scholz Tetrahedron 51 (1995) 7193

H Haruama, T Takayama, T Kinoshita, M Kondo, M
Nakajima and T Haneishi J Chem Soc Perkin Trans 1 (1991)
1637

C F Palmer and R McCague J Chem Soc Perkin Trans 1
(1995) 1201

R Csuk and P Dorr Tetrahedron 51 (1995) 5789
R Csuk and P Dorr Tetrahedron Asymmetry 5 (1994) 269

B L Bray, S C Dolan, B Halter, ] W Lackey, M B Schilling
and D J Tapolczay Tetrahedron Lett 36 (1995) 4483.

N Katagiri, Y Matsuhashi, H Kokufuda, M Takebayashi and
C Kaneko Tetrahedron Lert 38 (1997) 1961

S J Boyer and J W Leahy J Org Chem 62 (1997) 3976

M Cowart, M J Bennet and F Kerwin J Org Chem 64 (1999)
2240

S Ranganathan and K S George Tetrahedron 53 (1997) 3347

Y Saito, M Nakamura, T Ohno, C Chaicharoenpong, E
Ichikawa, S Yamamura, K Kato and K Umezawa J Chem
Soc Perkin Trans 1 (2001) 298

A Toyota, M Aizawa, C Habutani, N Katagiri and C Kaneko
Tetrahedron 51 (1995) 8783

S Shuto, M Shirato, Y Sumita, Y Ueno and A Matsuda J
Org Chem 63 (1998) 1986

M J Figueira, O Caamano, F Ferndndez, X Garcia-Mera and
M D Garcia Tetrahedron 58 (2002) 967

B T Shireman and M J Miller Tetrahedron Lett 41 (2000)
9537

'S Hanada, G J Earlam, P J Geary, J E Hawes, G T Phillips,

"R J Pryce, G Ryback and J H Shears J Chem Soc Perkin

Trans 1T (1994) 1885

B Mohar, A Stimac and J Kobe Tetrahedron Asymmetry §
(1994) 863

65

66

67

68

69

70
71
72

73

74

75

76

77

78

79
80

81

82

83
84
85

86

87

88

89

90

B Mohar, A Stimac and J Kobe Nucleosides and Nucleotides
12 (1993) 793

M Tanaka, Y Norimine, T Fujita, H Suemune and K J Sakai
Org Chem 61 (1996) 6952

M Arita, K Adachi, Y Ito, H Sawa and M Ohno J Am Chem
Soc 103 (1993) 4049

M Tanaka, M Yoshioka and K Sakai Tetrahedron Asymmetry
4 (1993) 981

M Diaz, J Ibarzo, J M Jiménez and R M Ortudo Tetrahedron
Asymmetry § (1994) 129

G Mehta and N Mohal Tetrahedron Lett 42 (2001) 4227
G Mehta and N Mohal Tetrahedron Lest 40 (1999) 5791
C Balo, ] M Blanco, F Fernindez, E Lens and C Lopez
Tetrahedron 54 (1998) 2833

N Yoshida, T Kamikubo and K Ogasawara Tetrahedron Lett
39 (1998) 4677

J A Campbell, W K Lee and H Rapoport J Org Chem 60
(1995) 4602

M T Crimmins, B King, W J Zuercher and A L Choy J
Org Chem 65 (2000) 8499

R Kuang, A K Ganguly, T-M Chan, B N Pramanik, D J
Blythin, A T McPhail and A K Saksena Tetrahedron Lett 41
(2000) 9575

A Rosenquist, I Kvarnstrom, C T Svensson, B Classon and
B Samuelsson Acta Chem Scand 46 (1992) 1127

M Ono, K Nishimura, H Tsubouchi, Y Nagaoka and K
Tomoika J Org Chem 66 (2001) 8199

G Shaw and R N Warrener J Chem Soc (1958) 153 and 157

B M Trost, G-H Kuo and T Benneche J Am Chem Soc 110
(1988) 621

M Yoshikawa, Y Yokokawa, Y Inuoe, S Yamaguchi and N
Murakami Tetrahedron 50 (1994) 9961

P G Wyatt, A S Anslow, B A Coombs, R P C Cousins, D
N Evans, V S Gilbert, D C Humber, I L Paternoster, S L
Sollis, D J Tapolczay and G G Weingarten Nucleosides and
Nucleotides 14 (1995) 2039

O Mitsunobu Synthesis (1981) 1.

L S Jeong and V E Marquez Tetrahedron Lett 37 (1996) 2353
K Todano, M Hosino, S Ogawa and T Suami J Org Chem
53 (1988) 1427

K Todano, H Kimura and S Ogawa Bull Chem Soc Jpn 62
(1989) 1355

V E Marquez, M-I Lim, C K H Tseng, A Markovac, M A
Priest, M S Khan and B Kaskar J Org Chem 53 (1988) 5709
C K H Tseng and V E Marquez Tetrahedron Lett 26 (1985)
3669

(a) CKH Tseng, V E Marquez, R W Fuller, B M Goldstein,
D R Haines, H McPherson, J L Parsons, W M Shannon,
G Amett, M Holingshead and J S Driscoll J Med Chem 32
(1989) 1442; (b) R R Copp and V E Marquez J Med Chem
34 (1991) 208

S M Ali, K Ramesh and R T Borchadt Tetrahedron Lett 31
(1990) 1509



91

92

93

94

95

96
97
98

99

100

101

102

103
104

105

106

107

108

RECENT SYNTHETIC FORAYS INTO CARBOCYCLIC AS WELL AS SPIROCYCLIC NUCLEOSIDES

D R Borcherding, S A Scholtz and R T Borchardt J Org
Chem 52 (1987) 5457

M F Jones and S M J Roberts Chem Soc Perkin Trans 1
(1988) 2927

M Yang, W Ye and S W Schneller J Org Chem 69 (2004)
3993

M Yoshikawa, T Nakae, B C Cha, Y Yokokawa and I
Kitagawa Chem Pharm Bull 37 (1989) 545

M Yoshikawa, Y Okaichi, BCChaandIKitagawa Tetrahedron
46 (1990) 7459

M K Gurjar and K Maheshwar J Org Chem 66 (2001) 7552
M J Comin and J B Rodriguez Tetrahedron 56 (2000) 4639

I Gillaizeau, S Charamon and L A Agrofoglio Tetrahedron
Lert 42 (2001) 8817

J H Hong, M J Shim, B O Ro and O H Ko J Org Chem
67 (2002) 6837

A Nayek, S Banerjee, S Sinha and S Ghosh Tetrahedron Lett
45 (2004) 6457

(a) R L Whistle and J N BeMiller Methods in Carbohydrate
Chemistry Academic Press New York (1963) Vol. 11, p 477,
(b) F Bennani, J-C Florent, M Koch and C Monneret
Tetrahedron 40 (1984) 4669; (c) C Monneret and J C Florent
Synlett (1994) 305

B K Chun, G Y Song and C K Chu J Org Chem 66 (2001)
4852

K H Park and H Rapoport J Org Chem 59 (1994) 394

S Ohira, T Sawamoto and M Yamato Tetrahedron Lett 36
(1995) 1537

P Wang, L A Agrofoglio, M G Newton and C K Chu
Tetrahedron Lett 38 (1997) 4207

A Roy, R Patra, B Achari and S B Mandal Synletr (1997)
1227

K Singha, B Achari and S B Mandal Arkivoc (2003) (ix),
75

(a) A Roy, K Chakrabarty, P K Dutta, N C Bar, N Basu,
B Achari and S B Mandal J Org Chem 64 (1999) 2304; (b)

109

110

111

112

113

114

115

116

117

118
119

120

121

122

307

N C Bar, A Roy, B Achari, S B Mandal J Org Chem 62
(1997) 8948

K Barral, P Halfon, G Pépe and M Camplo Tetrahedron Lett
43 (2002) 81

(a) M J Konkel and R Vince Nucleosides and Nucleotides
14 (1995) 2061; (b) M J Konkel and R Vince Tetrahedron
52 (1996) 799

I Kitagawa, B C Cha, T Nakae, Y Okaichi, Y Takinami and
M Yoshikawa Chem Pharm Bull 37 (1989) 542

HIto, T Taguchi and Y Hanazawa Tetrahedron Lett 34 (1993)
7639

M G Lee, ] F Du, M W Chun and C X Chu J Org Chem
62 (1997) 1991

M Lee, D Lee, Y Zhao, M G Newton, M W Chun and
C K Chu Tetrahedron Lett 36 (1995) 3499

Y Zhao, T Yang, M Lee, D Lee, M G Newton and C K
Chu J Org Chem 60 (1995) 5236

Y Te- Fang, K Hongbum, L P Kotra and C K Chu Tetrahedron
Letr 37 (1996) 8849

(a) AKittaka, H Tanaka, Y Odanaka, K Ohnuki, K Yamaguchi
and T Miyasaka J Org Chem 59 (1994) 3636; (b) A Kittaka,
H Tanaka, N Yamada and T Miyasaka Tetrahedron Lett 37
(1996) 2801; (c) A Kittaka, T Asakura, T Kuze, H Tanaka,
N Yamada, K T Nakamura and T Miyasaka J Org Chem 64
(1999) 7081.

T Gimisis and C Chatgilialoglu J Org Chem 61 (1996) 1908

(a) L A Paquette, R T Bibart, C K Seekamp and A L Kahane
Org Lett 3 (2001) 4039; (b) L A Paquette, D R Owen, R
T Bibart and CK Seckamp Org Lest 3 (2001) 4043; (c) L
A Paquette, R E Hartung and D J France Org Lett 5 (2003)
869

C Gasch, M A Pradera, B A B Salameh, J L. Molina and
J Fuentes Tetrahedron Asymmetry 12 (2001) 1267

B R Babu, L Keinicke, M Peterson, C Nielsen, ] Wengel Org
Biomol Chem 1 (2003) 3514

K Singha, A Roy, P K Dutta, S Tripathi, S Sahabuddin, B
Achari and S B Mandal J Org Chem 69 (2004) 6507



