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INTRODUCTION

Chemical modifications of naturally occurring nucleosides have been of interest for over 30 years and
have been reviewed extensively.24 Nucleoside analogues display a wide range of biological activities as anti-
tumor, anti-viral and chemotherapeutic agents.>-7 Furthermore, nucleoside chemistry has gained enormous
importance in recent years since 3'-azido-3'-deoxythymidine (AZT) and 2',3'-dideoxynucleoside analogues
were found to inhibit the human immunodeficiency viruses (HIV) that cause the AIDS disease.81¢ The number
of publications in this field has increased tremendously; specialized reviews on the synthesis of sugar-fluorinated
nucleosides,!! dideoxynucleosides from sugar precursors,!?> C5-substituted nucleosides,!? carbocyclic
nucleosides,!4 acyclonucleosides!* (including thioacyclonucleosides!5%:¢), and AIDS-driven nucleoside
chemistry!6 have recently appeared.

However, a review of thionucleosides has not appeared although some aspects of their chemistry have
been included in general nucleoside reviews.24 Chemistry of nucleoside phosphorothioates and
phosphorodithioates was the subject of a recent review and will not be discussed here.!” This article will attempt
a selective overview of the synthesis and chemistry of sulfur- and seleno-modified nucleosides in which a
hydroxyl oxygen, or an oxygen or carbon atom of the sugar ring is replaced by a sulfur or selenium atom. In the
past four years such nucleosides have gained increased attention since sulfur or selenium functionalities present
in sugar precursors play a pivotal role in directing P-selective coupling reactions with bases. These
functionalities can be readily removed from final nucleosides either thermally or reductively to produce anti-HIV
dideoxynucleosides. Moreover, the application of newly developed reactions such as McCarthy's conversion of
sulfoxides to a—fluorothioethers with DAST!81? allows fascinating modifications of nucleosides and synthesis
of biologically potent derivatives.

The central role played by S-adenosyl-L-methionine (1; SAM, AdoMet)2? in biological methylation
reactions has stimulated considerable interest in the preparation of 5'-thionucleosides analogues. SAM (1)
serves as the methyl donor for most enzyme-mediated methylations, producing S-adenosyl-L-homocysteine (3;
SAH, AdoHcy). Alternatively, enzymatic decarboxylation of SAM (1) gives the corresponding 5'-aminopropyl
sulfonium compound (2) that serves as an aminopropyl donor for the biosynthesis of the polyamines spermidine
and spermine. The nucleoside by-product of that pathway is 5'-S-methyl-5'-thioadenosine (4; MTA).2!
Methylthioadenosine phosphorylase (MTAPase) effects glycosyl cleavage of MTA (4) to adenine (Ade) and 5-S$-
methyl-5-thioribose 1-phosphate (6) which is converted to methionine by a salvage pathway.2? SAH (3)
functions as a feedback inhibitor of crucial methylation enzymes,?® and MTA (4) exerts feedback inhibition on
polyamine biosynthesis.2!

The enzyme S-adenosyl-L-homocysteine hydrolase (SAH hydrolase) catalyzes the hydrolysis of SAH
(3) to adenosine (5; Ado) and L-homocysteine (Hcy) via a reversible oxidation, elimination, Michael addition,
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reduction mechanism.202-2#4 Since it is crucial for continuing metabolism to remove intracellular SAH (3) in
order for enzymatic methylation to proceed, inhibition of SAH hydrolase presents a rational target for anticancer
and antiviral chemotherapy2>26 and, in fact, antiviral activity has been correlated with SAH hydrolase inhibitory
effects.?’-2® Additionally, it was found that 5'-S-isobutyl-5'-thioadenosine (10; R = i-Bu, SIBA) has

significant inhibitory activity in some cells,

2 and 5'-S-phenyl-5'-thioadenosine (10; R = Ph) has been reported

to have antiviral activity.3® Recently, 9-(5-S-methyl-5-thio-B-D-xylofuranosyl)adenine, the first naturally
occurring analogue of MTA (4), has been isolated from the Mediterranean nudibranch Doris verrucosa3! and

A = adenin-9-yl

synthesized.32
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1. 5'-S-ALKYL(or ARYL)-5'-THIONUCLEOSIDES

1.1. S-Adenosylhomocysteine and related compounds

The first general route for the synthesis of 5'-thionucleoside analogues was modeled after the procedure
developed by Baddiley and Jamieson for MTA (4),33* SAM (1),3® and SAH (3).33° The route involves: (i)
protection of the 2' and 3'-hydroxyl groups of adenosine 5 using the isopropylidene group to give derivative 7,
(if) activation of the nucleoside 5'-position in 7 by formation of the corresponding 5'-O-tosyl derivative 8, (iii)
displacement of the latter with sodium salts of thiols to give protected 5'-thioether 9, and (iv) removal of the
isopropylidene group with dilute acid to yield desired products of type 10. This procedure has proved to be
quite successful for the synthesis of a variety of 5'-thionucleosides of type 10.2-4.34.35

HO—l AI T.O-I Al ns—l A, —l AI
° TsCprridIno o RSNa O H*Mzo RS 0.
> > < >

HO

7 8 9 10
Ts = (4)CH3CeH4SO;

Borchardt et al. developed a shorter procedure for the preparation of SAH (3) and related compounds
(including a 2'-deoxyadenosine analogue) by condensing 5'-chloro-5'-deoxyadenosine (11) and L-homocystine
(disulfide of L-homocysteine) in liquid ammonia in the presence of sodium.36 Treatment of 11 with
homocysteine thiolactone in 2 N alkali also gave SAH (3).3” Both methods employ the thionyl chloride-
hexamethylphosphoramide (HMPA) reagent of Kikugawa and Ichino®® to prepare 5'-chloro derivative 11 from
adenosine (5). These routes eliminate the necessity for protection and deprotection of the 2',3'-cis diol function
as well as the concern regarding the stability of 2',3'-O-isopropylidene-5'-O-tosyladenosine (8). Wang and
Hogenkamp reinvestigated the synthesis of an SAH analogue involving 2'-deoxyadenosine under the reaction
conditions used in both methods.3® They found that chlorination of 2'-deoxyadenosine (12) under Kikugawa
and Ichino conditions3® did not yield 5'-chloro-2',5'-dideoxyadenosine but rather dichlorinated nucleoside 9-
(3,5-dichloro-2,3,5-trideoxy-B-D-threo-pentofuranosyl)adenine (13). The latter under condensation conditions
with homocysteine derivatives as in previous reports>6%37 underwent double elimination and isomerization to
form 9-(5-methyl-2-furyl)adenine (14).3° Borchardt's procedure36 seemed to be the most universal at the time
and was widely used for preparing SAH analogues modified in the sugar, base or amino acid moiety**#! which
act as inhibitors of S-adenosylmethionine-dependent methyltransferases.*?
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Hata eral. developed a one-step procedure for the synthesis of 5'-S-alkyl(or aryl)-5'-thionucleosides
(18) by reacting unprotected purine and pyrimidine nucleosides 15 or 2'-deoxynucleosides with dialkyl or diaryl
disulfides (especially 2,2'-dipyridyl disulfide) in the presence of tributylphoshine in pyridine.#2 The reaction
apparently proceeds through phosphonium salt 16 which in turn reacts with nucleoside 15 to form the 5'-O-
phosphonium salt 17. The latter intermediate decomposes upon attack by alkyl(or aryl)thiolate anion to afford 5'-
thionucleosides 18 and tributylphosphine oxide. Formation of the 2',3'-cyclic oxyphosphorane 17, acting as a
protective group for 2’ and 3' hydroxyl groups, was also suggested.#>® When an unsymmetrical disulfide (e.g.
ethyl phenyl disulfide) was used, only the phenylthio group was introduced at the 5'-position to give 18 (R =
Ph).*2® Holy used 2-mercaptopyrimidine in the presence of dimethylformamide dialkyl acetals in a one-step
procedure to prepare 5'-S-(pyrimidin-2-yl)-5'-thionucleosides from protected or unprotected nucleosides.*>

8 B
HO o Bu,;Q (s) RS o |
BugP/RSSR
[ oe] o oo
HO OH 16 O\ /0 HO OH
18 Bu/zu\ Bu 18
17

Serafinowski reported that condensation of N,N-bis[trifluoroacetyl]-L-homocystine dimethyl ester
(disulfide of suitably protected L-homocysteine) with unprotected adenosine (or 3- or 7-deazaadenosine) in the
presence of tributylphoshine (Hata method“Z) gave SAH (3) or the the corresponding deaza analogues*? with S-
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tubercidinyl-L-homocysteine propyl ester showing potent aniviral activity.44® S-Formycinyl-L-homocysteine
and its 3'-deoxy analogue have been prepared by condensation of the corresponding 5'-chloro-5'-deoxy
derivatives with L-homocysteine sodium salt in liquid ammonia (Borchardt method36).44¢  Robins er al.45
reported a convenient high-yield conversion of nucleosides 15 to 5'-S-aryl(or alkyl)-5'-thionucleosides 18 via
§'-chloro-5"-deoxynucleosides 20 without the use of HMPA or liquid ammonia. Treatment of ribonucleosides
15 with thiony] chloride and pyridine in acetonitrile resulted in quantitative formation of 5'-chloro-5'-deoxy-
2',3"-0-sulfinylnucleosides (19), which upon treatment with aqueous methanolic ammonia gave 20 (94%).
Reaction of the latter with sodium thiolate (derived from the thiol and sodium hydride in DMF) afforded 5'-
thionucleoside derivatives 18 (86-94%).4% Borchardt et al. have adopted this procedure 46

HO o B SOCly/pyridine  CI o B ci 0 s RSHNaH RS o 8
HO OH o\s,o HO OH HO OH
%

20 18

15 o

19

Reese et al. reported a general route to 5'-thionucleosides by treatment of 5’-chloro-5'-deoxynucleosides
20 with the conjugate base of 9-(4-methoxyphenyl)xanthen-9-thiol followed by acid-promoted removal of the 5'-
S-[9-(4-methoxyphenyl)xanthen-9-yl] in the presence of pyrrole in high yields.*” Such methodology appears to
be advantageous relative to the standard generation of thiol functions from acetylthio precursors in basic media in
which spontaneous oxidation to disulfides sometime occurs (see section 2). Reaction of 20 (in the purine series)
with sodium thiosulfate in aqueous solution gave 5'-thiosulfuric acid derivatives which were also converted to
purine 5'-thionucleosides.*®

Using the above procedures, a wide range of sugar-, base-, and amino acid(or thiol)-modified SAH
analogues was prepared for biological evaluation.®-56 Particularly noteworthy were 5'-S-(2-aminoethyl)-NS-(4-
nitrobenzyl)-5'-thicadenosine (21a), a novel ligand for polypeptides associated with nucleoside transport,* and
S-adenosyl-1,8-diamino-3-thiooctane’%® (21b), or its structural analogues, which are potent inhibitors of
polyamine biosynthesis.’® A series of S-adenosylmethionine analogues of type 21c, with restricted rotation in
the amino acid fragment, were synthesized and shown to inhibit S-adenosylmethionine decarboxylase.5!
Furthermore, 8-amino-5'-S-phenyl-5'-thioguanosine was found to inhibit purine nucleoside phosphorylase.52
Parry et al. synthesized selectively labeled 5'(R and S)-deuteriated analogues of SAM (1), SAH (3), and MTA
(4),4 and showed that the conversion of adenosine (5) to SAH (3) catalyzed by SAH hydrolase occurred with
overall retention of configuration at C5'.54 Chiral deuteriated (S-adenosyl-S-methylsulfonio)propylamines and

spermidines have been used to show that transfer of the aminopropyl group occurs with inversion of
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configuration during biosynthesis of polyamines.’

HN ANHA A + CH, A
~ s —l o l HN /\/\/?S —| o ’ HN 0
COOH
HO OH NH, HO OH HO OH
21a 21b 21¢
R = (4)ONCeH,CH,
A PhS H A
CH;S
HO OH HO HO OH
22a 22b 23

Furthermore, synthesis of a cyclopropyl analogue of SIBA (10, R = i-Bu), 5'-S-(cyclopropyl)methyl-5'-
thioadenosine (22a), has been reported.5® Examples of homothionucleosides such as 6'-phenylthio thymidine
derivative 22b (by iodide displacement from 5'-deoxy-5"iodothymidine with the anion of thioanisole)*’* and 7"
phenylthio®™® analogues have been prepared. Also the 5'-methylthio derivative of the carbocyclic neplanocin A
23 has been synthesized by replacement of the 5'-chloro function with sodium thiomethoxide in DMF, but the
product did not show significant biological activity.5¥ 13C NMR spectra of 5-thionucleosides were
investigated, and a technique was developed for identification of 5'-S-methyl-5'-thioguanosine in the urine of
lung cancer patients by gas chromatography/mass spectroscopy.%

o] 0 NHBz

e e o5
<¢j~m O "™

24 25
Bn=CgHsCH, Bz = CgHsCO

2,5'-S-thioanhydropyrimidine nucleosides361:62 2§ and 8,5'-S-thioanhydropurine nucleosides*®* have
been prepared as useful intermediates for further chemical transformations. Thus, treatment of 2-thiouridine
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with triphenylphosphine and diethyl azodicarboxylate in aqueous dioxane gave 2,5'-S-thioanhydrouridine.5!
Compound 24, with uracil attached to the sugar precursor through a 2,5'-thioether linkage, was subjected to
silylation with hexamethyldisilazane (HMDS). Intramolecular coupling in the presence of trimethylsilyl triflate
occurred to provide a stereospecific synthesis of the thioanhydro pyrimidine B-D-2'-deoxynucleoside 25.62
Moffatt et al. synthesized the vinyl thioether, 9-[5-deoxy-5(Z)-(isobutylthio)-B-D-erythro-pent-4-
enofuranosyljadenine (29), a molecule that incorporated structural features of both SIBA and the antibiotic 4',5"
didehydrosinefungin.54* Treatment of benzoylated adenosine 5'-aldehyde 27 with (isobutylthio)trimethylsilane
and aimethyisilyl triflate in the presence of zinc(Il) iodide gave thioacetal 28, The latter when treated with
bromine and DBU led to the elimination product which, after debenzoylation, provided 29 (plus the minor E
isomer).54 They also observed that reaction of NS-benzoyl-2',3'-O-isopropylideneadenosine or its 5'-aldehyde
with isobutyl disulfide/BusP (Hata conditions2) led to formation of 5',N3-cycloadenosine derivatives rather
than the desired 5'-thiosubstituted products. % Addition of benzenethiyl radical to a 2'-deoxy-4',5'-unsaturated
adenosine nucleoside having a good ionic leaving group at the 3'-position (e.g. phosphonate) gave the 5'-
phenylthio-3',4'-unsaturated analogue 26 via a proposed single electron transfer and cleavage of the carbon-
oxygen bond at the 3' position.5* Such reactions can be used as model probes for radical induced DNA strand
NBz, NBz,

cleavages.®
'LN I :> +BUS k l:)\/E LY
o o r-BuSSIMo;I £BuS 1 I ; :Lz:DdB_IU >/\ \_d

BzO OBz
27 28 29
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene

1.2. S5'-Fluoro(or chloro)-5'-S-aryl-5'-thionucleosides and their transformation to 4',5'-
unsaturated-5'-fluoro(or chloro)nucleosides as S-adenosylhomocysteine hydrolase inhibitors
The discovery of McCarthy and co-workers that treatment of sulfoxides with DAST
[(diethylamino)sulfur trifluoride] gave o-fluoro thioethers!® in high yields opened possibilities for the synthesis
of biologically attractive nucleoside o-fluoro thioether derivatives. Robins and Wnuk hypothesized that
adenosine 5'-0-fluoro thioethers (thioacetal analogue) 34 (R' = H) or their oxidized analogues might function as
mechanism-based inhibitors of SAH hydrolase if bound and converted into inhibitory species by the
oxidation/elimination processes.5¢ Treatment of phenyl sulfoxide 31 (R = Ph), derived by selective oxidation of



Sulfur- and seleno-sugar modified nucleosides 9885

acetylated sulfide 30 [~1 equiv. of MCPBA (3-chloroperoxybenzoic acid)/-40 °C] with DAST/Znl/CH,Cl,
gave protected diastereomers of 5'-fluoro-5'-S-phenyl-5'-thioadenosine 34 (R' = Ac) as minor products plus
deoxygenated starting material 30. It was found that DAST/SbCl; provided rapid conversion of 31 (R = Ph) to
34 (5'R/S, ~2/3) in 68% purified yield with minimal color and by-product formation.66:67 The
sulfoxide/DAST/SbCl; procedure!® proved to be general, giving good fluorination yields not only with the more
reactive 4-methoxyphenyl thioether 31 (R = 4-CH30CgH,) but also with deactivated 4-chlorophenyl thioether
31 (R = 4-CICgHy) and 5'-S-methy] thioether 48 as well,66-58

o
A A % A
RS o RS o RS o
|< ?’ AcOf/pyridine |§ ;l MCPBA
HO OH RO OR RO OR

10

Y \1 DAST/SbCly
2. NHyMeOH 2. NHg/MeOH
:j: > 1. (FPO),NE 0

digyme/a F
F\ﬁ 2. TFAH,0 | ; : l l r: : ,
RO

R = CgHs, (4)CH3z0C6H,, or (4)CICeH, R =H, Ac, or CMe,

Fluorination of protected nucleoside thioethers with xenon difluoride proceeds smoothly. 5769 Treatment
of sulfide 30 (R = 4-CH30CgH4; R' = Ac) with XeF2/CH;Cl; at low temperature gave the 5'-fluoro
diastereomers 34 (5'R/S, ~ 3/2). Yields from these two fluorination processes were comparable, and
diastereomeric ratios were in some cases opposite. The cost and manipulations required for oxidation of
nucleoside thioethers to their sulfoxides, plus the ratios of excess DAST noted, 1819 sometimes justify the cost
of using stoichiometric amounts of XeF3. Deacetylation and fractional crystallization in some cases gave single
5'-fluoro diastereomers 34 (R' = H). It was established by X-ray crystallography that in all cases 5'R fluoro
diastereomers has lower-field !F NMR peaks than their S counterparts.57-%° Similar chemistry has been
successfully applied in the uridine series.®

McCarthy et al. reported parallel studies on the preparation of isopropylidene-protected 5'-fluoro-5'-S-(4-
methoxyphenyl)-5'-thioadenosine diastereomers 34 (R' = CMe;) by treatment of the corresponding sulfoxide of
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type 31 with DAST. Oxidation of crude 34 with MCPBA, followed by thermolysis (diglyme, Hunig's base,
145 °C, 48 h) of the resulting a-fluoro sulfoxide diastereomers 33 (syn 1,2-climination of the sulfenic acid),
gave a mixture of geometric E and Z isomer of 4',5'-didehydro-5'-deoxy-5'-fluoroadenosines (32) after acid
deprotection.”®’! The 5'(Z)-fluoromethylene isomer 32 is a potent mechanism-based inhibitor of SAH
hydrolase’®7! with antiretroviral,’%-7! antimalarial,”? and antiinflammatory’ activity. Similar chemistry has
been applied for the preparation of fluoromethylene analogues of 32, from araA and 2'-deoxyadenosine, which
were competitive inhibitors of SAH hydrolase with lower biological activity.”! 4',5"-Didehydro-5'-deoxy-5'-
fluoro analogues of carbocyclic aristeromycin were also synthesized, employing a similar approach, and shown
to be 2-3 times less potent as inhibitors of SAH hydrolase than the ribosyl vinyl fluoride 32.46.74

Viny! fluoride 32 was reported to inactivate the SAH hydrolase enzyme by reducing the enzyme-bound
NAD* to NADH and quantitatively releasing fluoride ion as demonstrated by 198 NMR (singlet at § -118.8
ppm).7%7L.75 This was consistent with enzymatic oxidation of the 3'-OH group of 32 to a 3"keto function
forming a powerful Michael acceptor enone 35. The latter was postulated to be attacked by an active nucleophile
from the enzyme followed by release of fluoride ion in an addition-elimination process, which inactivated the
enzyme.” It was also suggested that enone 3§ might react with enzyme-sequestered water, releasing fluoride
ion and generating the 3'-keto-5'-carboxaldehydes 36.7! In an effort to prove this mechanism, adenosine 5*-
carboxaldehyde 37 (in a hydrated form) has been synthesized and shown to be a potent mechanism-based
inhibitor of SAH hydrolase.5%76 Additionally, the nucleoside 5'-a-fluoro thicethers 34 (R' = H) underwent
spontaneous hydrolysis in aqueous buffer to give adenosine 5-aldehyde-derived species which caused potent
time-dependent inactivation of S-adenosyl-L-homocysteine hydrolase.6”68 It was suggested that hydrolysis of
the 5'-at-fluoro thioethers 34 (R' = H) involved loss of fluoride to give a cationic species that underwent
nucleophilic attack by water and loss of a proton to give an intermediate thiohemiacetal 39. Further elimination
of thiol afforded aldehyde 37 (in tautomeric equilibrium with the hydroxy enolether form 38).

o H OH
A O M A N/ A A as A
£ o ¢ o ¢ o HO o o
—
A —
o OH o OH HO OH HO OH HO OH
35 36 37 38 39

5'-Chloro-4',5'-unsaturated adenosine derivatives 45 and 46 have also been synthesized utilizing a-
chioro sulfoxides 43a-b as key intermediates.”"’? Jarvi et al. employed sulfuryl chloride/pyridine for the a-
chlorination of isopropylidene-protected adenosine 5'-sulfoxide diastereomers 41a-b (R,R = CMe,). !
Thermolysis of the resulting o-chloro sulfoxide diastereomers 43a-b and acid deprotection gave as a major
product 5'-chloromethylene analogue 45, whose stereochemistry was erroneously assigned as 5'(Z). Wnuk ez
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al. reported that treatment of 2',3'-di-O-acetyl-5'-S-(4-methoxyphenyl)-5'-thioadenosine (40, R = Ac), or its
sulfoxides 41a(Sp) and 41b(Ss) (with defined configuration at sulfur), with iodobenzene dichloride and
potassium carbonate in acetonitrile resulted in the formation of 5'-chloro(and 5',5'-dichloro)-5'-deoxy-5'-[(4-
methoxyphenyl)sulfinylJadenosines (42, 43a-b).”” The a-chlorination of sulfoxides 41a(Sg) and 41b(Ss)
occurred with predominant retention of configuration at sulfur to give 43a(5'S, Sg) and 43b(5'R, Sg),
respectively. The sulfur and C5' stercochemistry resulting from this conversion were determined by X-ray
crystallography in conjunction with radical-mediated reductive dechlorination. Thermolysis of the o-chloro
sulfoxides and deprotection gave the 5'-chloromethylene derivatives (45 and 46). The authentic 5'(Z)-chloro-
4',5"-didehydro-5'-deoxyadenosine (46) diastereomer was found to be a potent time-dependent inhibitor of

S-adenosyl-L-homocysteine hydrolase.$8.77

Ki

S
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1.3. 5'-Fluorinated analogues of 5'-S-methyl-5'-thioadenosine as inhibitors of MTA

phosphorylase and S-adenosylhomocysteine hydrolase

Treatment of 2',3'-di-O-acetyl-5'-S-methyl-5'-thioadenosine (47) with XeFa, or its sulfoxide 48 with
DAST/SbCl3,56-68 or DAST?® gave the regio- and diastereomeric mixture of 5'-S-(fluoromethyl)-5'-thio- (49a)
and 5'-fluoro-5'-S-methyl-5'-thicadenosine (50a) derivatives in good yield. Recently, it was discovered that
thioether 47 reacts directly with DAST/SbCl; to afford the regioisomeric mixture 49a/50a in good yield, thus
indicating that oxidation of thioethers to sulfoxides is unnecessary for the synthesis of a-fluorothiocthers from
thioethers utilizing DAST.” The sensitive fluoromethyl thioether 49a was stable enough for chromatographic
purification, deprotection to 49b, and gentle manipulation. However, the 5'-fluoro-5"-methylthio diastereomers
50a were labile and, after deprotection, decomposed significantly on silica in methanol-containing solvents to
give mixed methoxy/methylthio acetals 51.5667 However, deprotection and careful basic ion-exchange
chromatography with MeOH did allow isolation of the very sensitive 5'-fluoro-5'-S-methyl-5'-thioadenosine
(50Db) diastereomers.’”3* Compound 49b and to a lesser extent compound 50b (rapid nonenzymatic degradation
observed) were found to be potent inhibitors of MTAPase, with antiproliferative properties.’®* The methylthio
diastereomers 50b were especially prone to decomposition in aqueous buffer solution, underwent hydrolysis to
adenosine 5'-aldehyde 37 and were potent inhibitors of SAH hydrolase.’’ Compound 49b inhibited SAH
hydrolase to a lesser degree.

(o]
A 3 A R A
CH,S o CH,S o ~"\s o
AcO OAc AcO  OAc HO OH
48

47 52
R=F,ClorBr
1. XeF, or DAST/SbCly 1. DAST/SbCly
2. NHyMeOH 2. NHyMeOH
F OCH, A
FCH,S o CH,S o CH,S o
silicaMeOH
+
RO OR RO OR HO OH
49 a ReAc 50 51
b: R=H

Suffrin ef al. synthesized other 5-haloalkyl analogues of MTA 52 with extended carbon chains.3°
Treatment of 5'-chloro-5'-deoxyadenosine (11) with 2-mercaptocthanol gave the 5'-[(2-hydroxylethyl)]thio
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derivative, which reacted with thionyl chloride, thionyl bromide, or DAST (isopropylidenc-protected starting
material used) to give corresponding 5'-[(2-haloethyl)thio] derivatives 52 in low yield, and the 5-[(3-
fluoropropyl)thio] derivative was prepared analogously.8* The fluoroalkyl derivative 52 (R = F) proved to be
stable and showed potent growth inhibition of MTA phosphorylase-deficient or wild-type leukemia cell lines,
and modest inhibition of SAH hydrolase activity. 30

Treatment of the sodium salt of methyl 2,3-O-isopropylidene-5-thioribofuranoside with FCH,Cl,
F2CHCL3! or CF31%2 gave 5-deoxy-5-S-(mono, di, or trifluoro)methyl-5-thioribose, respectively after
deprotection. The mono and difluoro 53 (R = H) analogues have antitumor activity,®! and the trifluoromethyl
compound is an inhibitor of a 5-S-methyl-5-thioribose kinase.’2 5'-S-(difluoromethyl)-5'-thioadenosine (54),
prepared by coupling of the acetylated 5-deoxy-5-S-difluoromethyl-5-thioribose 53 (R = Ac) with
trimethylsilylated N-benzoyladenine, has been found to be an inhibitor, but not alternative substrate, of
MTAPase.?® 5'-S-Fluoroalkyl-substituted analogues of MTA were more efficiently prepared from an adenosine
precursor. Treatment of 2',3'-O-isopropylidene-5'-O-tosyladenosine (8) with potassium thioacetate gave
thioacetate 55.% Generation of the 5'-mercapto function under basic conditions gave 56 which underwent
alkylation with fluoroalkyl halogenated or triflated reagents to give 5-[(fluoroalkyl)thio] derivatives 54 and 57
after deprotection. Monofluorocthylthicadenosine 52 (R =F), due to its decreased stability to acid deprotection
was prepared analogously from the deprotected 5'-thioacetate.3* Treatment of 5'-deoxy-5'-iodouridine with a
mercury(Il) trifluoromethylthio complex in acetonitrile for 2 days at 80°C gave 5'-S-(trifluoromethyl)-5"-
thiouridine in 59% yield.®> Mono-, di-, and trifluoromethylhomocysteine (a-fluoromethylmethionine) have
been prepared employing sulfide/XeF,,%* and sulfoxide/DAST,”8>86b or by homocysteine mercaptide

displacements with chlorodifluoromethane3®®< or triflucroiodomethane.86®

A
F,CHS o N-Benzoyladenine F,CHS o
OR (silylated) MeONaMeOH
RO OR HO OH
53 54
1. CFHCI
2.H*
CH,C0S A HS A F,CS 4
a o KOH o 1. NH5(Iiq)/CFalhd 3 o
MeOHHO 2. HCl/dioxane
> > ©
55 56 57

R=H, orAc
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2. 2'.S-ALKYL(or ARYL)-2'-THIONUCLEOSIDES

Synthesis of 2'-S-alkyl(or aryl)-2'-thionucleosides in the pyrimidine series can be achieved most
conveniently by cleavage of the anhydro linkage in readily accessible 2,2'-cyclonucleosides 58 with alkyl or aryl
thiols or their precursors. Thus, heating 58 (R = Ac) with thioacetic acid in dioxane at 110 °C gave the 2'-
acetylthio derivative 59 in 65% yield.5” Interestingly, when potassium acetate or benzoate was used for 2,2'-
anhydro ring opening in 58, uracil was detected as the main product. Deacetylation of 59 with ammonia or
methanolic alkali also gave uracil predominantly, presumably via the neighboring attack of the 2'-mercapto
function on anomeric carbon with elimination of uracil. However, hydrolysis of 59 with KOH at low
temperature afforded deprotected, crystalline, and stable 2'-mercapto compound 60 in high yield.%” Oxidation
of 60 with iodine gave the corresponding disulfide, whereas treatment with methyl iodide afforded 2'-S-methyl-
2'-thiouridine (64). Analysis of proton coupling constants®8 indicated a C2' endo or 80% S type conformation

for the 2'-thioribonucleosides.8?

0 0
’j "i)ﬁ )
I\ o N KOH Ho N
CHSGOSHIdonnne o H,O/EtOH o
RO AcO SAc HO SH
58 59 60
ArSH/DMF/A, or CHyl
R'SH/TEA or NaH NH,HCO;
o NH, NH, o
rm)j N | N)j un)j
OJ\N O)\N O)\N O)\N
e o & -
HO SR’ HO SH HO ? HO SCH,
61 62 'o—ﬁ—s - 64
o
R=H,orAc R’ = alkyl, aryl, or 9-phenyixanthen-9-yl (Px) 63

The 2,2'-anhydrouridine 58 (R = H) reacts with a variety of substituted thiophenols in refluxing DMF to
give 2'-S-aryl-2'-thiouridines 61 (R' = Ar) in high yield.3? Reese et al. reported the synthesis of 2'-thio
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derivatives 61 by cleavage of 58 with arene and alkane thiolates (including ethanethiolate), formed with

triethylamine and N!,N1,N3 N3-tetramethylguanidine as bases,? and application of sodium hydride was also

described.?! Opening of the anhydro linkage in the pyridazine cyclonucleosides under similar conditions

afforded the corresponding 2'-S-benzylthio derivatives.52 Heating of 2'-S-(4-methoxybenzyl)-2-thiouridine 61

(R' = 4-CH30C¢H4CH3) with thiophenol in the presence of trifluoroacetic acid gave 2'-deoxy-2'-
mercaptouridine (60), which was indirectly converted to cytidine analogue 62 using the relatively easily acid-

removable 9-phenylxanthen-9-yl (Px) protecting group for the 2'-mercapto function.> The latter compound
was also reported to be synthesized by an intramolecular ring opening reaction on 2,2"-anhydrocytidine with a 3'-
phosphorodithioate intermediate, followed by acid phosphatase-promoted hydrolysis of the putative 2'-

phosphorodithicate 63,24 but spectroscopic characterization differed from that of Reese et al.93

Brown et al.%® and Furukawa et al.%*® had reported that treatment of 58 (R = H) or its 3',5"diacetyl
derivative with excess sodium ethanethiolate in DMF gave the xylo 3'-deoxy-3"-ethylthio derivative, presumably
via a 2',3"-anhydro (ribo epoxide) or a 2',3'-acetoxonium ion intermediate, but their results (assignments) were
questionable.”® Proof that direct substitution of 58 with thiols occurred at C2' to give ribo configuration
thioethers was provided by X-ray crystallography of 2'-deoxy-2'(S 5)-[(4-methoxyphenyl)sulfinyl]Juridine (91;
R = 4-MeOCgHy, R' = H).?! In addition, it was shown that 91 had a 2T3 conformation (with a furanose
pseudorotation angle of 179.4°), close to that predicted by Ueda (C2' endo conformation) for 2'-
thioribonucleosides.®” Furthermore, the ribo 61 and arabino 68 2'-thionucleosides had vicinal Jy- coupling
constants of about 9.0 and 6.5 Hz, respectively.

Shibuya and Ueda also reported the synthesis of the arabino 2'-S-methyl-2'-thio-uracil nucleoside 68
and cytosine analogues by ring opening of the corresponding 2,2'- S-thicanhydro compound 66 with methyl
iodide and sodium methoxide in methanol.%6* Initial methylation of the sulfur atom of the S-cyclo linkage was
followed by nucleophilic substitution with methoxide to give 67. Treatment of 67 with aqueous alkali afforded
68 in good overall yield. Interestingly, sodium methoxide did not cleave the sulfur bridge in 66. However,
alkaline hydrolysis of 66 gave the 2'-deoxy-2',6-cpithio-5,6-dihydro derivative 65, presumably via Michael
addition of the intermediate arabino 2'-mercapto function across the 5,6 double bond of the uracil moiety.5”:%6®

(o]
H (o] (o] o
SRS 1 1)
H u’ko N CH,0” N o)\u
HO o. HO o. Ho o HO o
S 1N NaOH S Mel/CH,ONa CH Sy 0.05N NaOH CH,S
HO HO HO HO

65 66 67 68
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Uridine thioepoxides with both the ribo and lyxo configuration were prepared by Ueda et al. and were
desulfurized by treatment with triphenylphosphine in refluxing dioxane to give 2',3'-didehydro-2',3'-
dideoxyuridine.9® Interestingly the ribo thioepoxide was quite stable in contrast to the ribo epoxide which
underwent spontancous conversion to the 2,2"-anhydrouridine derivatives. 2'-Thiouridine (60) has been
converted via its 2'-S, 3'-O-alkylidene derivatives into the corresponding 3'-O-alkyl-2'-deoxyuridines under tin
radical-mediated conditions, but other 2'-thionucleosides did not undergo this transformation.”’ Recently 2',3"-
di-S-(4-toluyl)-2',3"-dithiouridine and its xylo analog were prepared by displacement of mesylates with toluene-
4-thiolate. Oxidation to the corresponding bis-sulfones and radical desulfonylation gave 2',3'-didehydro-2',3"-
dideoxyuridine.%® Other bis-thioether derivatives including 2',5'-di-S-phenyl-2',5'-dithiouridine and 3',5'-bis
analogues have been reported.”?

"-Thioadenosine derivatives 70 (R' = H) were prepared by coupling the corresponding protected 2-thio-
D-ribofuranoside 69 with 6-chloropurine in the presence of chlaroacetic acid (B/a, ~2:1), followed by amination
and debenzoylation with methanolic ammonia;!%% also a 1,2-dithiosugar precursor has been used in such a
coupling approach.'%® Auempts to prepare free 2'-mercapto derivatives by debenzoylation of 70 (R and R' =
Bz) in basic McOH gave adenine, presumably through 1,2-episulfide formation and cjection of the base.!00*
However, Reese et al. used the 9-(4-methoxyphenyl)xanthen-9-yl protecting group*’ on the 2'-thio function to
obtain 2'-thioadenosine as a crystalline solid in 78% yield.!%! Desulfurization of 2'-S-methyl-, 2'-S-benzoyl-,
and 2'-S-benzyl-2'-thioadenosines 70 gave 2'-deoxyadenosine 71.1002

1. 8-Chioropurine/ A A A
B0 _o CCHOOH RO o HO4 o HOo o
ww 2. NHy/MeOH Ni sponge/DMF HS
—————————— ———————————
Bz20 SR RO SR HO HO
69 70 71 72
R = Me, Bz, or Bn R =Bz,0orH

In the purine series, various 2'-thio analogues have been prepared by methods developed for other
substituents and these approaches have been reviewed.># These methodologies involve: (i) protection of 3' and
5'-hydroxyls, (ii) activation of the 2'-hydroxyl group, and (iii) substitution at C2' with inversion of
configuration followed by deprotection; or epoxide ring opening. These strategies have been used, for example,
to synthesize 2'-thio-arabinofuranosyladenine 721%1:192 and 2'(R)-thioneplanocin A.!%3* The X-ray structure
of the latter arabino carbocyclic analogue had a C2'-exo conformation.!®® A number of 2'-deoxynucleosides
have been prepared for the first time by desulfurization of 2'-thio derivatives using Raney nickel.2

Reaction of the protected 2',3'-didehydro-2',3'-dideoxyadenosine 73 with arene- or methanesulfenyl
chloride gave regioisomeric mixtures of B-chloro sulfides 75 and 76.1% The reaction proceeded through the
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ribo thiiranium ion intermediate 74 (or the corresponding lyxo isomer) followed by nucleophilic attack of
chloride ion in a trans fashion. Methanesulfenyl chloride gave a mixture of the four possible rrans B-
chloroalkane sulfides, whereas the arenesulfenyl chloride gave three isomers since the arabino 2'-chloro
analogue was not formed due to the steric effect of the base. Treatment of trans B-chloroarene/alkane sulfides
75 and 76 with sodium methoxide in MeOH gave a single 2'-ene sulfide 78 in all cases. The reaction
presumably took place via ribo thiiranium intermediate 79 or its lyxo isomer 80, from which H2' is abstracted
by base followed by cleavage of the 3'-carbon-sulfur bond. Acetylation of 78 (R = CHj3), followed by
oxidation, gave the 2'-ene sulfone 77. Also, the separated -chloroalkane sulfides 75 and 76 (R = CH3) were
acetylated (Ac,O/pyridine), oxidized (KMnO4/AcOH), and subjected to cis elimination (25% solution of pyridine
in dioxane at 50 °C) to produce 2'-ene sulfone 77 and the analogous 3'-ene sulfone, respectively.1%4

(Izmw Re O
) —”Q k_j

s+
]
73 | R -
74 025N MeONa
A A A
AcO 1. AcO/pyridine HO o HO o HO o
<2 KMnOJ/ACOH + ot
SR 'S+
1
78 R
R = Me or Ar 79 80

2.1 Precursors to 2',3'-unsaturated mucleosides

Recently, Wilson and Liottal%5 and Kawakami ef al.,'% reported synthesis of 2'-S-phenyl-2'-
thiopyrimidine nucleoside 86 using a novel convergent approach that has already been reviewed.!2 They
discovered high stereoselectivity (B/a; ~10:1 to ~30:1) in the coupling reaction between 2,3-dideoxy-2-
phenylthio-D-eryshro-pentofuranose derivative 83 and silylated pyrimidine bases in the presence of tin(IV)
chloride. Sugar precursor 83 was obtained by sulfenylation of the readily available y-lactone 81, followed by
reduction of the resulting erythro 2-phenylthio y-lactone 82 with diisobutylaluminum hydride (DIBAL-H), and
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subsequent acetylation. High P-selectivity was believed to be directed by formation of episulfonium jon 88193
similar to the neighboring group participation of 2-acyloxy group 89 in the ribo series.%” Tin(IV) chloride was
also thought to be coordinated to the phenylthio group during the coupling reaction to form complex 87 raising p-
selectivity due to steric hindrance at the a-face of cation 87.10¢ Oxidation of sulfides 86 to sulfoxides 85 and
thermal elimination gave the desired 2',3'-didehydro-2',3'-dideoxynucleosides derivative 84 in good yield.

1. LIHMDS
RO o 2. Ma3SiC| 1. LCIA 1 DIBAL—H
1<_>=o sascl | 2 ASSA ‘Q= 7(_?-\»
81
LIHMDS = lithium hexamethyidisilazide + threo isomer
LCIA = lithium cyclohexylisopropylamide erythrotthreo ~ 2:1 Thymine(TMS),
DIBAL-H = dilsobutylaluminum hydride SnCle
o [+ [+]

Hu)j/ CHa uu cu, HN cu,
o’J\N
HO 1. PhCHy/pyridine/A o

w 2. TBAF | : -\T | _ MCPBAGr NalO, _ I : -\f I

Ar = CgHs Or (2)0,NCgH, ;‘;‘j’f’;‘(‘)" ]
R = TBDPS:; +butyldiphenylsilyl ’

RO t,\ ROH o RO _o
& L &, N

\ I”o,.’. o
as: \ Sar RCOO o\+‘l=

¥

87 88 89 \ﬂ

Liotta's!? and Kawakami's!% methodology, which employed easily removable thio substituents at C2
in the sugar precursor, not only gave access to 2',3'-didehydro-2',3'-dideoxynucleosides from 2',3'-dideoxy
furanoses but also increased the B-selectivity for preparation of 2'-deoxy or 2',3"-dideoxynucleosides. A 2,2-
diphenylthio analogue of 83 was recently introduced by Kawakami ef al. in order to overcome the
stereoselectivity problem in the phenylsulfenylation reaction of y-lactone 81.1%%  Unfortunately, such a 2,2-
diphenylthio precursor, when coupled with silylated pyrimidine bases, gave the desired nucleosides with lower

stereoselectivity (B/a, ~4:1) and lower yield. Wilson and Liotta have developed a diastereoselective
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phenylsulfenylation procedure for 81 employing N-(phenylthio)lactams under nonbasic conditions.!%

2.2  2'-[Alkyl(or aryl)sulfonyl]-2'-deoxy-2'-fluoronucleosides as potential inhibitors of

ribonucleoside diphosphate reductase

A multistep synthesis of 2'-deoxy-2',2-difluorocytidine 92 via coupling of 2-deoxy-2,2-difluoro-D-
ribose was reported a few years ago.!1%11! Compound 92 has potent anticancer activity against solid tumors®
and its 5'-diphosphate functions as a potent mechanism-based inhibitor of the ribonucleoside diphosphate
reductase (RDPR) from Escherichia coli.!12 Robins et al. designed and synthesized compound 93 from its
parent nucleoside.”! The electronic analogue 93 of the 2',2'-difluoro nucleoside 92 has geminal electronegative
fluoro and methylsulfonyl substituents at C2'. Treatment of the 2,2"-anhydrouridine 58 (R = H) with 4-
methoxybenzenethiolate or methylthiolate (RSH/NaH/DMF) gave 2'-thio derivatives 61. Acetylation of 61 gave
protected sulfides 90, which were oxidized to the corresponding sulfoxides 91 (R' = Ac) in high overall yield.
Treatment of sulfides 90 with XeF;, or their sulfoxides 91 (R' = Ac) with DAST/SbCls, gave the a-fluoro
diastereomers 95 (2'R/S, ~1:5.5) in good yield. 2'-Methylthio analogue 95 (R = CHs) was unstable, but in situ
oxidation of the crude reaction mixture with MCPBA gave the stable a-fluoro sulfones 94 (R'= Ac; 2'R/S,
~1:4.6). Recrystallization gave the major diastereomer 94 (R' = Ac) with a higher field %F NMR resonance
whose S configuration at C2' (fluorine down) was confirmed by X-ray crystallography. Compound 94(2'S)
was converted to its cytidine counterpart 93(2'S) and deprotected with methanolic ammonia.”!

v U v
Ho ° Ac,ODMAP AcO o 8A RO o
HO SR AcO SR RO SR
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[s) N o N o N
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— RO 2. NHyMeOH
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93, X = CH3SO,

R = (4)MeOCgH,, or CH3 R'=H,orAc U= Uracil-1-yl
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Interestingly, fluorination of 2'-methylthio sulfide 90 with XeF,, or its sulfoxide 91 with DAST,
occurred in a regiospecific fashion giving no detectable fluorination at the methyl group in either method. In
contrast, reaction of acetylated MTA derivatives 47 with XeF; and 48 with DAST (section 1.3) produced
regioisomeric mixtures. These results are contrary to literature reports, in which fluorination of mixed thioether
derivatives occurred exclusively at the methyl group.!8:19.86ab Steric and electronic effects at the vicinal
azaacetal carbon (C1') might direct attack of fluoride to the less hindered o-face at C2' of an intermediate
sulfenium cation to give fluorinated products with the ribo orientation.

3. 3-S-ALKYL(or ARYL)-3'-THIONUCLEOSIDES

3' Sulfur-substituted nucleosides were prepared by: (i) coupling of sulfur-modified sugar derivatives
with heterocyclic bases,106%113-115 (ji) direct nucleophilic displacement of activated 3-hydroxyl groups with
inversion of configuration at C3',10.116-119 iii) opening of ribo/lyxo epoxides or thioepoxides,?6b:1172.120,121
and (iv) cleavage of 2,3"-anhydronucleosides or cyclonucleosides bridged by sulfur.122-125 Related chemistry
has been previously reviewed?# and similar approaches have been discussed in the case of 2'-sulfur modified
analogues (section 2). It is noteworthy that opening of 2',3'-anhydroadenosine 96 with thiobenzoic acid is
highly regioselective and only the xylo 3'-thio product 97 was isolated.!1’* The thiobenzoate 97 (or its ribo
isomer), upon careful hydrolysis with sodium methoxide under nitrogen, gave the 3'-thiol xylo product 98 (or
its ribo isomer).113:117 Although the 3'-thiol compounds are more stable than their 2'-mercapto counterparts
with respect to glycosylic bond cleavage, they also are easily oxidized to disulfides and participate in migration
of protecting groups. Desulfurization of 3™-thio substituted derivatives (e.g. 97) with Pd/C or Ni-sponge gave
3'-deoxyadenosine (cordycepin) 99 in good yield.!!’* Similarly, opening of ribo epoxides derived from
tubercidin with sodium benzylthioate in hot THF gave only the xylo 3'-S-benzylthio derivative, which was
isomerized (after 2'-OH mesylation) with sodium benzoate in DMF to give the arabino 2'-S-benzylthio isomer
via an episulfonium intermediate. Desulfurization of the 2'(or 3')-S-benzylthio isomers with Raney Ni gave
2'(or 3")-deoxytubercidin, respectively.!20

A A A A
HO o HO o Ho o HO o
PhCOSH MeONa
- &7 ="
o OH OH OH
96 87 98 29

Recently 3' sulfur-substituted analogues of AZT have been prepared by several research groups.
Treatment of protected 3'-O-mesyl xylo thymidine 100 with sodium thiobenzoate in DMF gave 3'-thiobenzoate
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101 (R = PhCO) which, when reacted with saturated methanolic ammonia for 1 h, gave the 3'-thiol 102 (R' =
MMTr).!"® In contrast, deprotection of 3'-(acetylthio)-3'-deoxythymidine (101; R = Ac) with ammonia in
MeOH led to the formation of a crystalline disulfide dimer.19® Mansuri et al. synthesized 3'-methylthio
derivatives 103 (n = 0) in 45% yield by ring opening of the 5'-protected 2,3™-anhydrothymidine with sodium
thiomethoxide.125 Oxidation with the appropriate amount of MCPBA followed by removal of the 5'trityl
protecting group afforded 3'-deoxy-3'-(methylsulfinyl)thymidine 103 (n = 1) and its sulfone analogue 103 (n =
2). Unfortunately, these AZT analogues 103, with different polarity at sulfur,!?5 and other 3'-thiosubstituted
analogues!®115 including 3'-deoxy-3'-thiocyanatothymidine 101 (R = CN, R' = H)!?® were not active against
HIV infected cells. Interestingly, 3'-mercapto-2',3'-dideoxynucleoside 5'-triphosphates selectively and
irreversibly terminated DNA chain elongation by HIV reverse transcriptase.?’

idmw Kjw w

100 (0),=SCH,

R=Bz, Ac,orCN T =thymin-1-yl 101 102 103
R’ = Tr; trity! (triphenylmethyl), or MMTr; monomethoxytrityl

Chu et al. reported the synthesis of 2',3-dideoxynucleosides employing 3'-phenylthio substituted
lactone 105 as the sugar precursor.!4 The o,B—unsaturated lactone 104 was substituted at the 3-position by
Michael addition of thiophenol in the presence of base to afford the desired erythro-isomer 105 (erythrolthreo;
~19:1). Subsequent reduction with diisobutylaluminum hydride and acetylation gave the 1-acetate, which was
condensed with various pyrimidine and purine bases. Unfortunately, a mixture of 3'-thiosubstituted nucleosides
106 (a/P; ~1:1) was obtained. Chromatographic separation was achieved after removal of the 5'-protecting
group. Radical-mediated desulfurization with tributyltin hydride gave the desired dideoxynucleosides 107.114
In a parallel effort, 2-deoxy-D-ribose (108) was treated with the Pedersen phosphorus pentoxide reagent
(P,05/H,0; BusN/CHCls) in the presence of ethyl or benzylmercaptans to give the 3-alkyl(or aryl)thio-2,3-
dideoxy-D-erythro-pentofuranoses 109 and threo-pyranoses as anomeric mixtures in ~80% yield.1l> After
acetylation, the separated furanoses 110 were exposed to a standard coupling procedure to give a mixture of 3'-
thiosubstituted pyrimidine nucleosides 106 (o/B; ~2:1).115 This approach showed that the 3-alkyl(or aryl)thio
substituent on sugar precursors, unlike the 2-thio or 2-seleno substituents, did not enhance B-stereoselectivity in

coupling reactions,106b.114,115
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A stereosclective method for the preparation of B-2'-deoxyribonucleosides has been developed
employing remote interaction of an alkyl linker with a sulfinyl group attached at the 3-position with the cation at
Cl1, which was generated by activation with a Lewis acid.1?® Thus, condensation of 1-O-acetyl-2-deoxyribose
derivative 111 with the 3-O-[2-(methylsulfinyl)ethyl] linker and silylated thymine (or other pyrimidine bases) in
the presence of trimethylsilyl triflate gave nucleoside 113 (o/B; ~11:89) in 89% yield. Since the 3'-O-benzyl
analogue under similar coupling conditions gave lower B-stereoselectivity (o/; ~2:3), the anthors suggested that
intramolecular a-side attack by the sulfinyl group on the cation at the 1-position, as shown in 112, is a plausible
explanation for the enhanced B-stereoselectivity. Sulfoxides 113 were oxidized (NalO4/RuCls) to the sulfone
and deprotected with lithium diisopropylamide (to remove the 3' group quantitatively) followed by catalytic
hydrogenolysis with Pd/C (to remove the 5'-benzyl group) to give thymidine 128

T
BnO o Thymine(TMS), BnO o , BnO o
OAc  TIOTMS v,
——————————— 'O r——
OCH,CH,S(O)CH, OCH;CH,SCH, OCH,CH,S({0)CH,
111 112 113

+ o isomer
o/p 11:89
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Treatment of appropriately protected nucleosides (mainly 2'-deoxy) having a free 3-hydroxyl group 114
with a mixture of acetic acid and acetic anhydride in DMSO for 60 h at 20 °C, gave 3'-O-methylthiomethyl
derivatives 115 in good yield via a Pummerer rearrangement.'?® This reaction was general since other dialkyl
sulfoxides were successfully employed in place of DMSO to yield O-(1-alkylthioalkylated)nucleosides. In
addition to 3'-O-methylthiomethyl substituted 2'-deoxyribonucleosides 115, their 5'-O- and 3'- O-substituted
ribonucleoside analogues were prepared in a similar manner. Formation of O-methylthiomethyl by-products
during oxidation of sugar hydroxyls with a mixture of Ac;0/DMSO is well known.32%130 Displacement of the
methylthio group (O,S-acetal) with bromine gave 3'-O-bromomethyl nucleosides 116, which were converted
via nucleophilic displacement of bromine to various 3'-O-substituted nucleosides of type 117 (over twenty
substituents). Compounds 115 were oxidized to the sulfoxides and sulfones.12

B B B
BzO o AcOH/Ac,0/ BzO o Bz0 o HO o
DMSO Brz Nu:
—— e
OH

OCH,SCH,4 OCH,Br OCH,Nu
114 115 116 117

Novel radical-mediated rearrangement of 3'-0-alkyl xanthates into a 3'-S-alkyl xanthates with O-alkyl tin
dithiocarbonate reagents offer a new route to thionucleosides.!3! Cosstick et al. reported syntheses of protected
3'-thiothymidine!!® and 2'-deoxy-3'-thioadenosine,!322 conversion to 3'-S-phosphorothioamidite building
blocks, and incorporation into a DNA fragment!!%132 using a solid phase approach. 132> DNA oligomers with a
terminal 3'-mercapto group crosslinked to a fluorescent probe also have been described.!*

4. SYNTHESIS AND TRANSFORMATION OF VINYL-SULFONYL(OR SELENONYL)
DERIVATIVES

5'-Modification

In recent years vinyl sulfones!34 and vinyl sulfonate moieties (see section 7) have been incorporated into
nucleosides and converted to a variety of functionalities. Barton ezal. developed a radical-mediated strategy at
C4' for stereocontrolled synthesis of chain-lengthened vinyl 6'-sulfone homonucleosides 121.1352 The C4'
radical 120 was generated upon photolysis of the N-hydroxy-2-thiopyridone derivative 119 of isopropylidene
protected uridine 5'-carboxylic acid, or its adenosine analogue. Phenyl vinyl sulfone was used as an electron-
deficient radical trap to form the C6' radical 123 which then reacted with the thiocarbonyl function from the
precursor to give 2-thiopyridyl derivative 122 as a mixture of diastereoisomers. 135 Oxidation to sulfoxide and
thermal elimination afforded the trans vinyl 6'-sulfone 121.1352 Intermediate 122 could also be reduced with
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tin hydride reagents with removal of the 2-thiopyridyl residue to give the saturated analogue of 121. The bulky
acetal group controls chirality, thus affording isomer 123.35 Similar radical-mediated methodology has been
used in syntheses of natural S-sinefungin,!36 its uracil analogue,!3® 6'-homophosphonates!37* and a
phosphonate analogue of 3'-azido-3'-deoxythymidine 5'-monophosphate,!37>¢ where different electron-
deficient olefins were used as traps for radicals analogous to 120.

oo

118 NMM = A-Methyimorpholine 119 — 120
PhSO,CH==CH,
PhSO, PhSO, PhSO,
N u 1. MCPBA(2 eq)0 °C/2 h s v * u
o o o
2. PhCHy/AM h
N -—
|
121 122 123

Whnuk and Robins reported that treatment of crude 2',3'-O-isopropylidenenucleoside 5'-aldehydes
(derived from 124 by Moffatt oxidation) with a sulfonyl-stabilized Wittig reagent gave high yields of rrans vinyl
6'-sulfones 125 in the adenosine!3® and uridine!®? series. Compounds 125 readily underwent isomerization
under basic conditions to give a single geometric isomer of the 4',5'-unsaturated allylic sulfone 129. Treatment
of 125§ with sodium borohydride, sodium thiomethoxide, or ammonia resulted in conjugate addition at C5' to
give the 5'-substituted-5',6"-dideoxy derivatives 127 and 128. Removal of the isopropylidene group was
effected with aqueous trifluoroacetic acid. Attempted desulfonylation by various classical methods failed to give
the 5'-deoxy-5"-methylenenucleosides 126.138.139 However, removal of the tosyl group from the adenosine
vinylsulfone derivative 125 was effected via conjugate addition of tributylstannyilithium to give 126 in
moderate yield, 138
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Radical desulfonylation of vinyl 6'-sulfone derivatives 125 with tributyltin hydride in the presence of

AIBN in refluxing toluene gave separable mixtures of synthetically useful vinyl 6'-stannanes 130 (E/Z, ~2.8:1;
~85% in the uridine series).14¢
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Stereospecific halogenodestannylation of the geometric isomers of 130 with iodine, N-iodosuccinimide
(NIS), bromine, N-bromosuccinimide (NBS), chlorine, or iodobenzene dichloride, followed by deprotection,
gave smooth conversion to Wittig-type 5'-deoxy-5'-halomethylenenucleosides 132 in high yields.14® Such
conversions represent an alternative route to an otherwise limited Wittig reaction between halophosphorane
reagents and nucleoside 5'-aldehydes presumably owing to the instability of the latter carbonyl compounds under
experimental conditions.>!#! Treatment of 130 with ammonium fluoride in refluxing methanol™2 resulted in
cleavage of the carbon-tin bond to give 5'-deoxy-5-methylenenucleosides 126. Trifluoroacetic acid effected
protiodestannylation and deprotection in one step to give 126. Treatment of vinyl 6"-stannanes 130 with lead
tetraacetate followed by deprotection gave the 5-acetylenic derivatives 131.140 Adenosine 5'-acetylenic
derivative 131 was also recently synthesized in a modified Wittig reaction employing dimethyl
diazomethylphosphonate, and was found to be a novel irreversible inhibitor of SAH hydrolase. 143

2' And 3' modification

McCarthy ez al. designed and synthesized 2'-deoxy-2'-fluoromethylene nucleosides (e.g. 135) as
potential inhibitors of ribonucleoside diphosphate reductase (RDPR), employing 2'-fluorovinyl sulfone 134 as a
key intermediate.!4* Treatment of protected 2'-ketonucleosides 133 with carbanion 137, generated in situ from
fluoromethyl pheny] sulfone, dicthyl chlorophosphate and lithium hexamethyldisilazide (LiHMDS) at -78 °C,
gave a mixture of readily separable fluorovinyl sulfones 134a,b in high yield.1442

B
A2 o
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o\ o 137 $0,Ph
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Lack of success with direct reduction of the fluorovinyl sulfones 134a,b to fluoro olefins of type 135
led to the discovery of a new stereospecific method for the synthesis of fluoro olefins.!44® Thus, fluorovinyl
sulfones 134a,b were transformed into fluorovinyl(stannanes) 136a,b under radical conditions via a proposed
radical addition-elimination process with retention of configuration. Refluxing methanolic sodium methoxide
gave cleaner stereospecific destannylation to fluoro olefins 135 than methanolic ammonia or cesium fluoride in
refluxing methanol. 2-Deoxy-2'(E)-(fluoromethylene)cytidine (135) is a potent cytotoxic agent and inhibited
RDPR activity in tumor cells by 97% within 3 h, whereas Z-isomer (obtained from 136b) is less active.144?

2'-Deoxy-2'-difluoromethylenecytidine 139 also was prepared employing fluoro sulfonyl-mediated
chemistry.14> Addition of difluoromethyl phenyl sulfone to the protected ketone 137 in the presence of lithium
hexamethyldisilazide afforded adduct 138 (85% yield), with addition occurring mainly from the o-face.
Mesylation of the 2"-hydroxyl group and reductive elimination with a freshly prepared samarium iodide-THF
complex gave the desired difluoromethylene compound 139.

OEt NH,

NJj )j N
o)\u )\ 1 MsCILIHMDS
o 1. PhSOCFHLHMDS 2. 3m|2m-|F/A
“‘P"*si / o 2. NHy/EIOH/70 °C (m)as' | : : I o
o\ o

(FPr);s1—© (I-Pr),Sl’o CFaS0:Ph

137 138 139
Ms = CH,SO,

In a series of papers, Chattopadhyaya et al. described new syntheses of 2',3'-dideoxy-2',3"-di(or 2'-
mono)substituted uridine and adenosine derivatives employing vinyl 3'-arylsulfones 143 and 144 or 3'(or 2')-
arylselenones 149 or 163 as Michael acceptors. 146-130 (See also section 2 for related chemistry of viny! 3'(or
2")-alkylsulfones'®). Treatment of 1-(5-O-trityl-2,3-anhydrolyxofuranosyl)uracil (140) with p-toluenethiolate
gave the separable isomeric mixture of arabino 3'-toluenethio 141 and its xylo 2'-toluenethio isomer in a 2:1
ratio and high yield. Oxidation of 141 with MCPBA gave sulfone 142 (99%), which gave the 2-mesylate
upon treatment with excess methanesulfonyl chloride in pyridine. The mesylate underwent base catalyzed cis-p-
elimination spontaneously affording the vinyl 3'-sulfone 143 (72%). Compound 143 served as a key
intermediate for many functionalizations.!4® Thus, treatment of 143 with ammonia, primary or secondary
amines, or carbon nucleophiles such as sodium dimethyl malonate or the conjugate base of nitromethane, gave a
mixture of 2'-substituted products 145 and 146 in good yield. These nucleophilic additions occurred at C2'
exclusively from the a-face of the vinyl 3'-sulfone 143 to give mainly the trans 2',3"-disubstituted adducts 145
via cis addition of a proton at C3'. The stereochemistry of the addition reactions depended upon the nucleophile
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structure and reaction conditions. In some cases, reactions gave the #ans adducts 145 exclusively, reportedly
due to stereoelectronic factors which controlled stabilization (protonation) of the intermediate chiral a-sulfonyl 3*

carbanions. 146

U U ) u
Tro o ™o o o o 0 o
o HO BA o MsCl/pyridine
RS RSO,

RSO,
140 141 142 143
NHz or CHgNH, or
NBz, NaCH(CO_Me), or
N CHyNO/BuOK
N | \>
X N
N u u
MMTrO o RO o RO o
2R +
RSO, R" RSO, R"
144 145 146

R=(4CHgCeHy R =Tr,orH A" = NHz, NHCHg, CH(CO,CHj)a, or CHoNO;,

A similar strategy was applied for the preparation and modification of vinyl 3'-sulfone derivative 144 in
the adenosine series starting from 2',3"-anhydroadenosine 96.146 Although this methodology represents a
regiospecific and highly stereoselective route for the preparation of 2'-amino derivatives, removal of the acid
labile §' protecting group, and especially desulfonylation at C3', proved to be troublesome. 146

Subsequently, this research group employed the uridine vinyl 3'-selenone 149 as a powerful
intermediate for simultaneously functionalizing both the 2' and 3' carbons.!4” The pronounced electron-
withdrawing effect and much better leaving group ability of the selenonyl substituent, compared to sulfonyl,
made this vinyl 3'-selenone synthetically equivalent to the dication *CH,-CHz*. Opening of the 2',3™
anhydrolyxo ring in 140 with phenylselenide ion in THF gave a separable mixture of the arabino 3'-deoxy-3"
phenylselenouridine derivative 147 (55%) and the xylo 2'-deoxy-2'-phenylseleno isomer (26%). Mesylation of
the 2"-hydroxyl group of 147 and elimination of the resulting 2'-mesylate from 148 with potassium r-butoxide
in dry DMF, gave a vinyl 3'-sclenide which, upon oxidation with MCPBA, gave vinyl 3'-selenone 149 in 68%
overall yield. The 5'-trityl group was removed by brief treatment with 80% aqueous acetic acid.
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As expected, stereospecific nucleophilic addition of ammonia or primary amines to the at-face of 3'-
eneselenone 149 gave the trans 2',3'-addition product, which instantaneously underwent a 2'-amino promoted
SN2 displacement reaction at C3' to give the 2',3"-ribo aziridines 150.147 Secondary amines reacted with 149
to give 3'-amino-3'-deoxy-2,2'-anhydrouridine derivative 151 via formation of the 2',3"-ribo aziridinium ion
and subsequent nucleophilic attack by the O2 of uracil. 47 Compound 149 also served as a convenient synthon
for unique 2',3'-fused bicyclic nucleosides such as 154 or 155 upon treatment with methyl acetoacetate or
dimethyl malonate, respectively.!4’ Treatment of 149 with bis(phenylsulfonyl)methane, followed by reductive
desulfonylation (Mg/MeOH) of the resulting 152, afforded the bicyclic [3.1.0]-cyclopropano-dideoxyuridine
153 in low yield.}48

Conjugate addition at C2' in 149 with bis-functionalized reagents such as 1,2-ethylenediamine or 1,2-
ethanedithiol gave the 2',3'-o-fused heterocyclic derivatives 156 and 157, respectively.!4? Interestingly,
treatment of 149 with 1,3-diaminopropane gave the 2',3'-ribo aziridine 150 (R' = CH,CH;CH,NH,),
presumably because a second nucleophilic attack at C3' by the 2'-secondary amino group to close the 3-
membered ring is favored entropicaly over closure by the primary y-amino group to form a 7-membered ring. In
the reaction with 1,2-ethanedithiol, the 2-substituted-2',3'-unsaturated analogue 159 is probably arises via cis-
elimination of phenylselenic acid from intermediate 158. However, a competing ring closure occurs giving
product 157 by an intramolecular SN2 displacement at C3'. Compound 149 also functions as a dienophile and
dipolarophile in Diels-Alder and 1,3-cycloaddition reactions.4?

Vinyl 2'-phenylselenone 163 has opposite 2',3"-double bond polarity compared to that of compounds
143 and 149 and also proved to be a powerful Michael acceptor and synthetic equivalent of a *CH,-CH,*
dication.!® Ring opening of the 5'-protected 2,2-anhydrouridine 160 with phenyl selenide anion gave 2'-
deoxy-2"-phenylseleno derivative 161. Mesylation of the 3'-hydroxyl group of 161 and elimination of the 3'-
mesylate with potassium r-butoxide in dry THF gave the 2'-ene-2'-selenide 162. Oxidation of 162 with
MCPBA gave the vinyl 2'-selenone 163 in 63% overall yield.!5 Treatment of 163 with various sulfur,
nitrogen, oxygen and carbon nucleophiles gave numerous 3'-substituted 2',3-modified uridine nucleosides

including 2',3'-fused nucleoside derivatives.!3?
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However, in contrast to vinyl 3'-selenone 149, addition to vinyl 2'-selenone 163 (R = H or MMTr) was
not stereoselective and gave mixtures of 3' "up" and "down" substituted products. In addition, concomitant 2,2'-
anhydro ring closure occurred readily, providing in most cases 3'-substituted-2,2"-anhydro derivatives. Thus,
tratment of 163 with ethanethiol and thiophenol in THF in the presence of DBU gave mixtures (~1:1) of 3'-thio
substituted cyclouridine derivatives 166 and 167. Acid-catalyzed hydrolysis of 2,2-anhydro nucleosides 166
and 167 gave the corresponding 3'-substituted-thio arabino and lyxo derivatives, respectively. Treatment of
163 with dilute hydrogen sulfide in THF gave a mixture of the 2',3-ribo 165 and lyxo 164 epithio



Sulfur- and seleno-sugar modified nucleosides 9907

nucleosides (89%),13? whose structural properties have been studied in detail.!5!
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5. NUCLEOSIDES WITH SULFUR IN THE PENTOSE RING

5.1. Oxygen replaced by a sulfur atom

4'-Thionucleosides in which the oxygen atom of the pentose ring has been replaced by a sulfur atom
were synthesized from the corresponding thiosugar precursors by coupling approaches and showed interesting
biological activities.}52-157 Coupling of the acetylated 4-thio-D-ribosyl chloride 168, prepared by a multistep
procedure from L-lyxose, with the chloromercury salt of 6-benzamidopurine followed by deprotection gave 4'-
thioadenosine 169.'52 Using sugar precursor 168, Bobek e al. prepared various base-modified 4'-
thionucleosides, including the modified antibiotic 4'-thiotoyocamycin 17053 and 5-fluorouridine!33
derivatives. The Hilbert-Johnson silyl coupling procedure was used for the preparation of a variety of 4'-
thiopyrimidine nucleasides. 134157 Some of these 4'-thionucleosides showed marked inhibitory activity against
leukemia L-1210 and other cells,!33-136 but did not show antiviral properties against HIV or herpes simplex
viruses.!37 4'-Thioadenosine 169 was found to inhibit SAH hydrolase,'® and 4'-thioinosine showed
resistance to cleavage by purine nucleoside phosphorylase.!>® However, the high cytotoxicities shown by many
of these 4'-thionucleosides precluded further pharmacological applications. The naturally occurring antibiotic
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albomycin 8, 171, isolated!6? from Streptomyces Spec. and shown to be a thionucleoside (composed of a
thiosugar, 3-methyluracil, and amino acid fragments),!6! prompted further interest in the 4*-thionucleosides.!62

Nu,eu

- fI ) L :?f:;"
K_?c. __________ k—j w 6

168 169 170 171

In search of new potential therapeutic agents against HIV Secrist er al.,163.164 Walker et al.,'65 Uenishi
et al.,'56 and Huang and Hui'é? simultaneously reported the synthesis of 4'-thio-2'-deoxy(or 23
dideoxy)nucleosides including the 4'-thio analogue of AZT.!164165 Coupling of protected 2-deoxy-4-thio-D-
erythro-pentofuranose 172 (X = OAc, prepared in 14 steps from L-arabinose) with silylated pyrimidine bases in
the presence of trimethylsilyl triflate, gave the corresponding 2'-deoxy-4'-thionucleosides as anomeric mixtures
(0/B; ~1:1). Fractional crystallization followed by deprotection afforded pure B-anomers e.g. 4'-thiothymidine
173a.163 The latter was converted to its 5'-O-trityl derivative and treated with DAST to afford the 4'-thio-2,3"
anhydrothymidine 174. Anhydro ring opening of 174 with sodium azide followed by deprotection gave the 4'-
thio analogue of AZT 175 (36%).164 5(E)-(2-Bromovinyl)-2'-deoxy-4'-thiouridine 173b was prepared in a
similar fashion by condensing 172 (X = Br, prepared in 10 steps from 2-deoxy-D-ribose) with the base
precursor; 155 its conformation was studied in detail by 500-MHz 'H NMR spectroscopy and X-ray

crystallography.16®  5-Fluoro derivative 173c was prepared analogously. 167,169

[¢]
R CH, CH
xy A’T L8
RO S _l I 1.TrClpyridine TrO ;:;m:l/i HO—|

no
172 173a R' = CH, 174 175
1730 R' = CH= CHBr
R = (4)CHyCyH,CO 173 R'= F

The 2',3'-dideoxy-4-thiosugar precursor 177, prepared stereospecifically from L-glutamic acid,
afforded 2',3'-dideoxy-4'-thionucleosides.!64 Coupling of 177 with 6-chloropurine using diethylaluminum
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hydride as catalyst, gave an anomeric mixture (o/B; ~1:1) in 60% yield. Pure B-anomer 178 (R' = Cl) was
obtained in low yicld after desilylation with TBAF and laborious separation by preparative TLC. Treatment of
the o/B-anomers of 178 (R’ = C1) with adenosine deaminase (ADA), converted the B-anomer to 2',3'-dideoxy-
4'-thioinosine (179) which was easily separated from the unreacted 6-chloro a-anomer. Treatment of the o/f-
anomers of 178 (R' = CI) with ammonia followed by ion-exchange chromatography afforded the adenosine
analogue 178 (R' = NHy) in modest yield. 2',3-Dideoxy-4'-thiocytidine (176) and the 2,6-diaminopurine
analogue were prepared analogously from 177, but the isolation of pure P-anomers was troublesome.164 Tests
with these compounds showed that only 2',3-dideoxy-4'-thiocytidine (176) exhibited significant anti-HIV
activity;'64 the 4-thioAZT analogue 175 was not active.165> Interestingly, the 5-bromovinyl thio analogue
173b was not toxic and had significant activity against herpes viruses!6> whereas 4'-thiothymidine 173a was
active but also toxic,163.165b

0 31 y D

176 177 178 179

R = TBOPS| R = Clor NH [+ulm]

Dideoxy thionucleoside analogue 180b lacking the 4'-hydroxymethyl group was recently synthesized by
a novel coupling procedure employing a silicon-mediated Pummerer reaction.!’® Treatment of thymine, or other
natural or non-natural bases, with tetramethylene sulfoxide 180a in the presence of TFOTMS and Znl, gave
180b in 84% yield, presumably via a sulfenium jon. Oxidation of 180b gave sulfone 180c. It was suggested
that phosphorylation of 2'-deoxy sulfone analogue 181 at the 5-hydroxyl group and enzyme-mediated
elimination might produce the 4',5'-unsaturated sulfone-intermediate, which could function as a Michael

acceptor to inhibit key viral enzymes by covalently binding nucleophilic sites of enzymes.17
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5.2. Carbon replaced by a sulfur atom

The search for more effective and less toxic anti-AIDS drugs has included analogues of
dideoxynucleosides in which the 3'-CH, group has been replaced by a heteroatom such as sulfur (187, BCH-
189) or oxygen (192, Dioxalane T). The synthesis, anti-HIV activity and low in vitro toxicity of racemic 2'-
deoxy-3'-thiacytidine (187, BCH-189; [(+)-B-D.L-3TC]) were first reported by Belleau ef al.!”! Liota eral.
developed a highly stereoselective coupling procedure for the synthesis of racemic 3TC 187 by the reaction of
thiosugar precursor 183b and cytosine in the presence of stannic chloride.!”? The key intermediate thiolactone
183a was synthesized in two steps in high yield (81%) from cheap starting materials by ozonolysis of silylated
2-butene-1,4-diol 182a, followed by condensation of the resulting protected aldehyde 182b with
mercaptoacetic acid and ring closure. Reduction of 183a with diisobutylaluminum hydride, followed by
acetylation, gave 183b as an anomeric mixture. Coupling of 183b with silylated cytosine in the presence of
stannic chloride at ambient temperature gave the B products 187 ( f/o. >300:1, by HPLC) after deprotection.
With this coupling, application of common Lewis acids such as trimethylsilyl triflate gave inseparable mixtures
of P/a-adducts (1:1).172 The stereoselectivity in this glycosylation reaction, involving a 2-deoxysugar analogue,
was rationalized by the postulated precomplexation of stannic chloride with the ring sulfur atom. Such
complexation presumably hinders o approach of the silylated base via formation of an intermediate a-chloro
derivative 186, which undergoes SN2 attack to form the B-N-glycoside.
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rRo—" N\—on — o —J( /° _ﬂ‘(
no—>= )M'
182a 182b 183a 183b
SnCly
Cytosine(TMS}),
[ NH, ] NH,
o Pk
o _>-
"N o OH HO— o Y EAn :
¢l
T = A YT S
s HO L(Y s c:’ el
184[(-)--L-3TC] 185 [(+)f- D-3TC] 186
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Chu et al. synthesized enantiomerically pure stercoisomers of 3TC in order to determine specific anti-
HIV activities.1”3-175 The synthesis of (+)-(2S, 5R)-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-yl]cytosine (185)
provided the (+)-B-D-3TC, D-like isomer, since B-D-like nucleosides are generally found to be more biologically
active. D-Mannose 188 was converted to 1,6-thioanhydro-D-mannose 189 in 5 steps. The latter was converted
in 13 steps to 190, which was coupled with N-acetylcytosine in the presence of trimethylsilyl triflate to give a
separable mixture (2:1) of (+)-B-D-3TC 185 and its a-isomer 193 [(-)-&-D-3TC] after deprotection.!?3
Precursor 190 and (+)-B-D-3TC have been prepared more efficiently from D-galactose via 1,6-thioanhydro- D-
galactose (191).17* Surprisingly, it was found that enantiomericaly pure (+)-B-3TC (185, D-like isomer)
exhibited lower anti-HIV activity than racemic (1)-3TC 187, whereas (-)-a-D-3TC 193 did not show
significant anti-HIV activity, as expected.!?
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The multistep synthesis of enantiomerically pure (—)-B-L-3TC [184; (2'R, 5'S), L-like isomer] and its o
anomer 195 [(+)-a-L-3TC] from L-gulose via 1,6-thioanhydro-L-gulose, has been accomplished in Chu's
laboratory.!” Precursor 194 was condensed with N-acetylcytosine (and with other pyrimidine and purine
bases!”P) in the presence of TFOTMS to give a separable mixture (2:1) of (-)-B-L-3TC 184 and its a-isomer
195 [(+)-a-L-3TC] after deprotection. It was found that the use of stannic chloride!’2 instead of TFOTMS as
the Lewis acid gave the B-isomer exclusively. Unfortunately, it also caused racemization to give the mixture
187,1752 presumably via ring opening at the thioacetal carbon of sugar analogue 194.176 Surprisingly, (=)-B-L-
3TC 184 was found to be the most potent and least toxic among the four oxathiolanyl isomers tested against
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HIV and hepatitis B virus (HBV) [the (+)-a-L-3TC 195 isomer showed moderate activity]. This finding
represents the first example in which an L-like nucieoside 184 is more potent than its D-like analogue 185 by at

least an order of magnitude.!”5
NH,
N/
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CICH,CH,CYTIOTMS o N
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i Waae o> R
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The four-step synthesis of enantiomerically pure (—)-2'-deoxy-3'-thiacytidine [184, (-)-3TC] from (+)-
thiolactic acid has been recently reported. 176 In this approach, (+)-thiolactic acid (196) was condensed with
benzoyloxyacetaldehyde in the presence of boron trifluoride etherate, to give a mixture (2:1) of oxathiolane acid
197 and its C2 diastercomer. Separation on silica and treatment of 197 with lead tetraacetate in DMF afforded
anomeric acetates 198 (64%). Coupling of 198 with silylated cytosine in the presence of iodotrimethylsilane
gave (-)-3TC 184 and the o-anomer 195 in a ~1.3:1 ratio after debenzoylation with basic resin. When stannic
chloride was used as catalyst!2 in this reaction, a higher ratio (~10:1) of 184 to 195 was obtained. However,
this catalyst gave racemic product (chiral HPLC), again suggesting oxathiolane ring cleavage (at C2) under the
reaction conditions. 76
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The biologically active racemate (+)-B-D,L-3TC 187 has been separated on HPLC with a chiral
column.17177  Furthermore, racemic (+)-2'-deoxy-3'-thiacytidine (3TC) and (1)-2'-deoxy-5-fluoro-3'-
thiacytidine (FTC) were both resolved by enzyme-catalyzed hydrolysis of their 5'-O-butyryl ester derivatives,'’®
and enzymic resolution of the monophosphate derivative of (+)-3TC was reported.!” Racemic (+)-B-D.L-3TC
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187, its enantiomers 184 and 185, and FTC were the subject of biological investigations.171:175.177.180-182 15,
addition to potent anti-HIV activity and very low toxicity, 3TC has been found to inhibit the replication of the
hepatitis B virus in vitro, 3¢ and its 5'-triphosphate affects human immunodeficiency virus reverse transcriptase
and mammalian DNA polymerases.$2® Interestingly, tetrazole oxathiolane nucleoside analogues were found to
be inactive against the HIV-1 retrovirus, 1832 and phosphonate derivatives of (+)-3TC were less potent than the
parent compounds.183b

Chu et al. also reported the asymmetric synthesis and anti-HIV activity of related 1,3-dioxalane-
pyrimidine nucleoside derivatives 192 (Dioxalane T).!3¢ In an attempt to obtain less toxic anti-HIV agents, the
Glaxo Research Group prepared 2',3'-dideoxy carbocyclic nucleosides enantiospecifically with the 3'-carbon
atom replaced either by an oxygen or a sulfur atom. This would prevent phosphorylase-mediated cleavage of the
glycosidic linkage.’85 The targeted 3'-thia analogues 201 (tetrahydrothiophene nucleosides) were prepared with
both purine and pyrimidine bases but did not show any anti-HIV activity. Tetrahydrothiophene 200 was
prepared in 15 steps starting from diacetone D-glucose 199. Sy2 displacement of the mesylate group from 200
by a variety of nucleoside bases, followed by 5'-O-debenzylation with boron tribromide at low temperature,
gave the 3'-thia carbocyclic nucleoside derivatives 201,185

0. 1. Nucleoside base/
B
BnO K,COyDMSO/A

HO
(o]
° Mn.o --------- - \\\\"” 2. Bde-n °C w
% A( s s

199 200 201

6. SELENONUCLEOSIDES

Organoseleno fragments have mainly been incorporated into nucleoside sugar moieties in order to
synthesize C4'-CS5' exocyclic double bonds or to make 2',3-unsaturated and 2',3'-dideoxy derivatives via
removal of the organoseleno portion by selenoxide elimination or reductive methods. In the search for new
synthetic methods to construct dideoxynucleosides from cheaper sugar precursors, a 2-phenylseleno sugar
substituent gave high B-selectivity in coupling reactions with nucleoside bases. Some aspects of

selenonucleoside chemistry (vinyl-selenonyl compounds) have been discussed in section 4.

6.1. Precursors to 4',5'-unsaturated nucleosides
Zylber et al. first employed the selenoxide fragmentation to introduce a C4'-C5' exocyclic double bond

into the sugar unit of adenosine.!®¢ Treatment of 5'-chloro-5'-deoxyadenosine 11 with sodium
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benzeneselenoate gave 5'-Se-phenyl-5'-selenoadenosine (202) (60%). Oxidation of crude 202 in situ with
hydrogen peroxide or ozone gave the diastereomeric sclenoxides 203. Diastercomer 203(Ses) was obtained in
54% yield and the S configuration at selenium was established by X-ray crystallography.187 Interestingly,
selenoxide 203(Ses) was stable in boiling EtOH but underwent epimerization at selenium in water. Syn-
elimination occurred upon heating 203(Se;s) at 100 °C for 1 h in DMSO/H20 in the presence of triethylamine
(TEA) affording the 4',5"-unsaturated adenosine 204 (94%).!36 The presence of water was beneficial since
thermolysis of 203(Ses) in DMSO gave a mixture of products. Epimerization at selenium in the presence of
water presumably gave the Seg diastereomer which underwent syn-climination more readily.

0
A
PhSeNa/ DMSOMH,O/TEA
_THRAMPA PhSe 0 Hz0, 0r Oy "'é‘ o 100°Ch
H
HO OH HO OH

HO OH
11 202 203 204
ridine/
50°C2h
1 @omcsseon 6_ O-No' 1
Ho— o _BugPrpyridine Se HZ02 by o
—_— o
H
HO OH HO OH HO OH
5 205 206

To facilitate the epimerization at selenium and syn-elimination, 5'-Se-(2-nitrophenyl)-5'-selenoadenosine
(205) was prepared in high yield by treatment of adenosine (5) with 2-nitrophenylselenocyanate and
tributylphosphine.!8® (For an analogous reaction involving 5'-thionucleosides see section 1.1). Oxidation of
205 gave the stable selenoxides 206, which were directly thermolyzed (pyridine/triethylamine/12 h/50 °C) to
give 204 (90%). Thus, compound 204 was obtained in 85% yield from adenosinc in two steps.!3% Townsend
et al. employed this methodology for construction of the C4'-C5' exocyclic double bond of the naturally
occurring pyrrolof2,3-d]pyrimidine nucleoside mycalisine A from toyocamycin.!8

6.2. Precursors to 2'.3'-unsaturated nucleosides

Chu er al. developed highly stereoselective syntheses of dideoxynucleosides which differed from the
Liottal® and Kawakami!® methodology by the use of a 2-seleno instead of a 2-sulfur substituent on the sugar
precursor.!90-192 The mild selenoxide elimination relative to sulfoxide thermolysis is advantageous with the
sensitive 2',3'-didehydro-2',3-dideoxynucleoside (e.g. 84) targets. Attempts to o-selenylate the lithium
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enolate of dideoxy y-lactone 81 did not give high yields of 208. However, formation of the trimethylsily! enol
cther 207 followed by treatment with phenylselenenyl bromide gave the desired C2-0. isomer 208 (erythro) in
65% yield. The overall yicld was increased to 83% by equilibration of the C2-B isomer 209 (threo) with
DBU.!%2 Reduction of lactone 208 with DIBAL-H followed by acetylation afforded 212 (77% from 81).
Condensation of the latter with silylated thymine in the presence of trimethylsilyl triflate gave the 2"
phenylselenenyl thymidine derivative 211 plus traces of the o anomer (99:1). The high stereoselectivity in this
coupling reaction was attributed to neighboring group participation by the phenylseleneny! group.

DBU
RO o 1.LHMDS RO
—Go 2. MogSiCI b_m PhSeBr
C2-w/C2-p ~2:1
81 207
208
] o c 1. DIBAL-H
HN cu, HN H, 2. Ac,0O/DMAP
1. mine/HMDS
Ro HyOo/pyridine 2. #yOTMS Ao °
OAc
ﬂ/a 99:1
os-SePh SePh
210 211 212
1. RT/30min 1. BugSnH/EtB/RT
2. TBAF 2. TBAF
0o o
CH c
HN)j/ s "N)j/ Hy
o)\u o)\u
"1 "y
84 [DAT) 213 [D2T) R = TBDPSi

Oxidative elimination of the phenylselenenyl group from 211 via the intermediary selenoxide 210 and
deprotection gave 3'-deoxy-2',3"-didehydrothymidine (84, D4T; 60%). Altematively, reductive removal of the
phenylselenenyl group from 211 and deprotection afforded 3'-deoxythymidine (213, D2T; 71%).190.192 This
strategy was general, and a series of 2',3'-dideoxy and 2',3'-didehydro-2',3'-dideoxynucleosides was prepared
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in high yield. The p-stereoselectivity for glycosylation was as high as 99:1 in the pyrimidine series (e.g. ddC,
ddT) and 95:5 in the purine series (e.g. ddl, ddA).19-192 6-Chloropurine was used in the coupling reaction to
prepare 2'-sclenenyl substituted purine nucleosides.191:192

As found with 3-aryl(or alkyl)sulfenyl sugar substituents106>:114.115,193 ¢ g_in 110, (see section 3) the
3-phenylselenenyl substituent also did not enhance the coupling stereoselectivity. 193 However, Chattopadhyaya
et al.,'% Cosford and Schinazi,!5 Miyasaka et al.,'% and Reese et al. %7 have utilized 3'-phenylselenenyl
modified nucleosides prepared from parent nucleosides. Thus, treatment of the 5'-protected 2,3'-
anhydrothymidine 214 with (PhSe)2/LiAlH, in THF at reflux gave the 3'-phenylselenenyl-3'-deoxythymidine
derivative 215 in good yicld.195%196 Auempts to open the anhydro ring in 214 with selenium reagents,
generated with other bases or reducing agents (NaH, NaBH,), gave 3'-threo hydroxy compounds. Miyasaka et
al. also observed similar difficulties with other anhydro systems. 196198 Interestingly, treatment of unprotected
214 with either NaH in N,N-dimethylacetamide!%"* or sodium metal in HMPA/THF195® gave D4T (84).
Enhancing the soft nature of the selenide nucleophile by complexation with AIH; might favor attack at the 3™
position rather than at the harder sp? C2.195® Joshi and Reese studied reactions of the unprotected 2,3
anhydrothymidine 214 (R = H) with sodium phenylselenoate (and propanc-2-thiolate) and observed that minor
amounts of 5'-seleno(or thio) substituted derivatives were also formed (ratio of ~9:1).197> Equilibration
between the 2,3"- and 2,5-anhydrothymidines under basic conditions apparently led to formation of the 5'-
substituted products.

o 0 o
c c
o)\u o)\u o)\n
RO (PhSe)sLiALHy RO PhSe
0 THF/A ° o
Hz0,/AcOH(traces)
PhSe PhSe
214 215 216
84 [D4T) i
T T HzozlA:OH(trms) Y T
o o (PrSepLiathy O o MCPBA/CH,Cl o
THF/A SePh
MsO 218 219
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R = Tr, or TBDMSi; t-butyldimethyisilyl R' = Tr, MMTT, or pivaloyl
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Under the same selenylation conditions, 3'-mesylate 217 was converted to the 3'-phenylselenenyl
isomer 218.1941958 Mildly acidic oxidation of 215 and 218 resulted in spontaneous syn-elimination to afford
DAT 84 after deprotection. Interestingly, since phenylseleninyl is a good leaving group, oxidation of 215 in the
presence of base gave the 2,3'-anhydrothymidine derivative.!9%* From 3',5'-bis(methanesuifonyl)thymidine,
Chattopadhyaya et al. prepared the 3',5'-dideoxy-3'.5"-bis(phenylselenenyl)thymidine 216, which was
oxidized with MCPBA. Elimination of the 3'-phenylseleninyl and 5'-phenylselenonyl groups occurred to give
the bis-unsaturated derivative 219.1%4

Miyasaka et al. have extensively studied the synthesis and chemistry of seleno-modified uracil
nucleosides.196:198-202 They first generated the phenylselenide anion from diphenyl diselenide and lithium
aluminum hydride and utilized this highly nucleophilic species in several cyclonucleoside ring opening
reactions.!%8 Treatment of the silyl-protected 2,2'-anhydrouridine 58 with selenide anion at ambient temperature
gave 2'-phenylselenated product 220 in quantitative yield,!96:198 and this procedure was general.203 Silyl-
protected 2,3"- and 2,5'-cyclonucleosides gave 3'- or 5'-phenylselenenyl derivatives, respectively.'% Similar
ring openings of nucleosidic oxetane 222 (3',5-anhydro) and oxolane 224 (2',5'-anhydro) derivatives
provided 5'-seleno derivatives 223 and 225, respectively.!96:199 Treatment of the selenonucleosides with
MCPBA gave regiosclective syn-elimination of phenylselenic acid to provide a variety of unsaturated nucleosides
including those with a 1',2"-double bond such as 221.1% The case of selenoxide fragmentation depends on the
position of the phenylseleninyl substituent on the ribose ring and the neighboring environment. For example, 3'-
phenylseleninyl nucleoside intermediates are hardly ever detected (TLC) and undergo almost instantaneous
elimination. Other selenoxides (e.g. at the 5'-position) are quite stable and must be heated to effect elimination.

o o o
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Miyasaka et al. found that Pummerer-type reatrangements of uracil nucleosides with a phenylselenenyl
group at the 2', 3', or §' position occurred upon oxidation (MCPBA) and treatment with acid anhydrides to
afford a-acyloxyselenides such as 227.20 The stereochemistry at C2' of 227 with the phenylseleno group
"up” was established by a NOESY experiment and correlated with Robins' results?! for a fluoro-Pummerer
reaction of a 2'-suifoxide with DAST (section 2.2). Presumably attack at the less hindered a-face of the
selenonium intermediate gave the single diastereomer 227. Under similar conditions the 5'-phenylselenide gave
5'-acyloxyselenide diastereomers (~1:1.7). The authors postulated that 227 could serve as useful synthon for
the formation of new carbon-carbon bonds by radical cleavage of the carbon-selenium bond.200

u U
no-l :o: I MCPBA/CHCl> RO-] :0: I (R'CO)0
———————————
RO  SePh RO l‘s.pn

220 226 227
R«TBDMSi R =MeorCMeg

Treatment of 3'-phenylseleno derivative 228 (R' = H) with thionyl bromide gave a mixture of the
arabino 3'-bromo-2'-phenylseleno derivative 229 and its xylo 2'-bromo-3'-phenylseleno isomer. Subsequent
oxidation and selenoxide fragmentation afforded 3'-vinyl bromide 230 (73%).2°! A minor amount (15%) of the
corresponding 2'-vinyl bromide was formed, presumably via initial opening of a fyxo seleniranium intermediate
by bromide anion preferentially (but not exclusively) at the 3'-position.2?! 3'-Vinyl bromide 230 (or its 2"
isomer) underwent palladium-catalyzed cross-coupling and halogen-lithium exchange reactions to give 2' or 3-
carbon substituted derivatives of 2',3"-didehydro-2',3"-dideoxynucleosides. Treatment of the 3'-phenylseleno
derivative 228 (R' = C;HsCO) with MCPBA and selenoxide fragmentation gave an enol ester, which was
reacted with methyl lithium followed by an electrophilic aldehyde to give 3'-carbon substituted products.202

u
SOB
o o] e q;:| 7;:|

OR’

228
R = TBOMSI R’ = H, or C;HgCO

Treatment of 2'-methylene derivative 231 with phenylselenide anion gave 2',3'-didehydro-2',3'-
dideoxy-2'-phenylselenomethyl derivative 232 via a SN2’ process in excellent yield instead of the product from
direct substitution at C3'.24 Based on this conversion, Hassan and Matsuda reported the synthesis of 3'-amino-
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2',3"-dideoxy-2'-methylenecytidine 234 via an oxidative [2,3]-sigmatropic rearrangement of allylic selenide
232 via allyl amine intermediate 233.24 Compound 234 resembles the antineoplastic and antiviral nucleosides
2'-deoxy-2'-methylenecytidine and 3'-amino-3'-deoxycytidine.

MsO CH, SePh AHN CH, HN CH,

231 232 233 234
C = cytosin-1-yl R = CO,C{CHs)s

Alkylation of 2'(or 3")-phenylseleno uridine derivatives (e.g. 235) with allyl bromide gave the 2'(or 3')-
phenylseleno-3'(or 2')-O-allyl ethers (e.g. 236).205* Upon treatment of 236 with tributyltin hydride the C2'
radical intermediate underwent intramolecular free radical addition from the a-face to provide diastereomeric 237
after deprotection. Interestingly, similar radical addition-cyclization at the B-face was diastereospecific. Various
3',5'-fused nucleosides were prepared when free radicals generated at C3' from 3'-phenylseleno nucleosides
were trapped by olefin or alkyne functions attached to the 5' oxygen.20>> Structural properties of 237 (and its
Iyxo isomers) have been studied.2%¢ Such a stereocontrolled radical cyclization with a silicon-bearing allyl group
tethered to the 3'-hydroxy! of 235 led to formation of a seven membered siloxane ring, which was oxidized to
give C2 branched nucleosides.20”

1. BugSnH/AIBN/

U CH,==CHCH.Br/ (1] CgHe/A
MMTrO O NaH/THF MMTrO o 2. CHaCOHHL0 HO Q
HO SePh [ SePh O
CH,
235 237
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7. SULFONATE NUCLEOSIDES AND OLIGONUCLEOTIDE ANALOGUES WITH
SULFUR-BASED LINKAGES

Sulfur-linked DNA and RNA fragments having the phosphate backbone replaced by dimethylene-sulfide,
-sulfoxide, or -sulfone linkages, as well as thioformacetal, sulfonate, sulfonamide, and sulfamate (sulfamoyl)

based bridges have recently been reported by several groups.298-218 Such sulfur derivatives are non-ionic,
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achiral, and some are isosteric and isoclectronic analogues of phosphate diesters. Furthermore, they generally
are more stable toward both chemical and biochemical degradation. The 5'-O-sulfamoyl moiety is present in the
nucleoside antibiotics nucleocidin?!? 241 and ascamycin?2® 242, produced by Streptomyces. Syntheses and
biological evaluations of O-sulfamoyl nucleosides have been reported 21223

Musicki and Widlanski described the synthesis of 5'-homologated sulfonate nucleosides 240 and 5-
sulfonate derivatives of D-ribose.2%® Sulfonate 240 was prepared by alkylation of protected uridine 5'-iodide
244 with isopropyl lithium methanesulfonate (52%)2%8® or by addition of a sulfonate-stabilized Horner-
Emmons reagent to protected adenosine 5-aldehyde 238.2%* The double bond in the resulting o.,B-unsaturated
sulfonate ester 239 was reduced to give 240 after deprotection. Sulfonate 240 and 3'-O-sulfonate dinucleotide
analogue 243 also were prepared from the corresponding sugar or disaccharide precursors, respectively, by
glycosyl coupling with nucleic acid bases .2082

SO,Et SO,A'
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6',3-Cyclic sulfonate (sultone) 246 (and its erythro isomer) were prepared via intramolecular
cyclization by treatment of 5'-O-tosyl(or mesyl) derivative 245 with a lithium acetylide-ethylenediamine complex
in DMS0.2% The stable sultone 246 was utilized in a variety of ring opening reactions to give 3™-substituted
nucleoside 6'-sulfonic acid derivatives. For example, treatment of 246 with LiN3 in DMF gave ring-opened
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sulfonate 247 as a novel isostere of 3'-azidothymidine (AZT) monophosphate. Treatment of 246 with hot
ethanolic NaOH afforded the 2',3'-didehydro-2',3"-dideoxy 6'-sulfonate in high yield.2%
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° 248
N, 251
249a X=0
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Treatment of 247 with triphosgene in DMF gave sulfonyl chloride 2512198 which was coupled with 5'-
protected thymidine 250a or its 3'-amino analogue 250b in DMF to give thymidine dimers 249a and 249b
connected by sulfonate or sulfonamide linkages, respectively. The 3'-azido-terminated dimer 249b was reduced
to the 3'-amino-terminated dimer, which could undergo further reaction with 251 to extend the oligonucleotide
analogue. Attempted coupling of sulfonic acid 247 with 250 under a variety of conditions failed to give 249 in
reasonable yields.21% Conformational studies of thymidine sulfonate dimer 249a and 3'-amino-terminated
sulfonamide dimer analogous to 249b using NMR spectroscopy have been reported.21%

Dinucleotide analogues having a nuclease-resistant sulfamate (sulfamoyl) internucleotide linkage 254
have been reported.2!! Treatment of 5'-amino derivatives 252a with chlorosulfonylazide gave the stable
precursor 252b. This compound underwent base catalyzed coupling with the free 3'OH of protected 2'-
deoxyguanosine 253 to give the sulfamate dimer 254. Under standard conditions, dimer 254 can be
deprotected or converted to its 3'-O-(B-cyanoethyl)-phosphoroamidite. By standard automated oligonucleotide
methodology this phosphoroamidite unit was incorporated into an oligodeoxynucleotide segment.21!
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Incorporation of a sulfone unit into oligonucleotides by replacement of the phosphodiester (-0-PQ,-0-)
bridge with an uncharged sulfone (-CH,-SO,-CH;-) group is of interest due to potential applications as probes
and in "antisense" studies.212-214 The 3',5'-bis(homodeoxy)ribonucleoside building blocks 259 bearing 6'-thio
functionalization have been synthesized. The multistep preparation involved: (i) construction of the sugar
skeleton from a non-sugar precursor, (ii) enzymatic chiral resolution, and (iii) chromatographic separation of the
- and B-anomers.212213 Alternatively, nucleosides 259 were obtained from D-glucose.2!3 The 6'-thioacetate
group was introduced into 259 in the last step by standard Mitsunobu conditions. These protected building
blocks were stable and were deprotected with sodium hydroxide to give 258 immediately prior to coupling. The
coupling procedure involved: (i) capping of the 6'-thiol in 258 by conversion to the methyl sulfide, followed by
oxidation to give the 6'-methylsulfonyl derivatives, (ii) activation of the 3-hydroxyl by mesylation to give the
monomers 258, (iii) coupling of 255 with 258 to give thioether-linked dimer 256, and (iv) oxidation in situ to
give the sulfone-linked dimers 257.213

Recently a selective protection/deprotection strategy for thiols and hydroxyls with dimethoxytrityl groups
was developed to synthesize a dimer analogous to 256. In this case displacement of a 6-mesylate by a 3'-
branched mercapto function was used to construct an identical internucleoside thioether linkage.2'4 Dimer 260
in the ribonucleoside series, containing an "isomeric” internucleoside thioether linkage compared to 256, has
also been prepared from 3'-branched-chain nucleoside precursors.?!3 In this approach intermolecular
displacement of a 3'-branched mesylate by a 5'-mercapto function afforded 260.2!% Carbocyclic building
blocks analogous to 259 with a methylene unit in place of the endocyclic ring oxygen were synthesized via
modified Mitsunobu chemistry to give the 6'-thioacetate functionality.216 Such a building block was converted
via intramolecular displacement to the novel uncharged analog 248 of adenosine 3',5"-monophosphate216® as
well as to the carbocyclic thioether-dimer analogous to 256.21% Matteucci e al. reported synthesis and binding
properties of pyrimidine oligodeoxynucleoside analogues containing 3'-formacetal and 3'-thioformacetal

internucleoside linkages 217218
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CONCLUDING REMARKS

Discovery of the anti-HIV activity of dideoxynucleosides and recent developments with oxathiolanyl
nucleoside analogues has had an impact on nucleoside chemistry including enhanced interest in sulfur and seleno
chemistry. In the most convenient synthesis of dideoxynucleosides, 2-phenylsulfenyl(or selenenyl) substituted
sugars were developed as precursors for coupling procedures.103:106192 Synthesis of the most potent drug
candidates 3270 and 135'* and a variety of other nucleoside derivatives146-130 was achieved through sulfur(or
selenium)-mediated nucleoside chemistry.

More exploration in this area of nucleoside chemistry is warranted despite the fact that sulfur and
selenium have been introduced at almost every position on the sugar moiety. Recently, for example, a series of
carbon-4' substituted nucleosides has been prepared by the Syntex Research Group, but no 4'-sulfur substituted
analogues were reported.224225  Further improvements in coupling procedures, including methods for 2-
deoxynucleosides and 2',3'-dideoxynucleosides, were recently extended by the use of phenyl(or methyl) 1-
thioribosides?26-227 or 1-phenylsulfinyl analogues.22® Selenoglycosides might also be useful 22

Improved syntheses of mercapto-modified nucleosides, now readily available by Reese's 9-(aryl)xanthen-
9-yl strategy, #% might provide more convenient approaches to thiooligonucleotides. Early work by Chladek
and Nagyvary?® and recent studies by Cosstick ef al.11%:132 represent examples in which a sulfur atom replaced
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one of the bridging phosphodiester oxygen atoms in oligodeoxynucleotides. 4'-Thionucleosides have also been
incorporated into antisense thiooligonucleotides and these oligomers retained Watson-Crick base pairing. 23!

APPENDIX
AZT 3'-Azido-3'"-deoxythymidine
DAST (Diethylamino)sulfur trifluoride
DIBAL-H Diisobutylaluminum hydride
D2T 3'-Deoxythymidine
DaT 2',3'-Didehydro-3'-deoxythymidine
Hcy L-Homeocysteine
HIV Human immunodeficiency viruses
HMPA Hexamethylphosphoramide
HMDS Hexamethyldisilazane
MCPBA meta-Chloroperbenzoic acid
MMTr Monomethoxytrityl
MTA "-S-Methyl-5'-thioadenosine
MTAPase Methylthioadenosine phosphorylase
NAD*/NADH Nicotinamide adenine dinucleotide
RDPR Ribonucleoside diphosphate reductase
SAH S-Adenosyl-L-homocysteine (AdoHcy)
SAH hydrolase S-Adenosyl-L-homocysteine hydrolase
SAM S-Adenosyl-L-methionine (AdoMet)
SIBA 5'-S-Isobutyl-5'-thioadenosine
TBAF Tetrabutylammonium fluoride
TBDMSi tert-Butyldimethylsilyl
TBDPSi tert-Butyldiphenylsilyl
TFOTMS Trimethylsilyl triflate
Tr Trityl (triphenylmethyl)

Acknowledgments: I express my gratitude to Ms. Amelia Hernandez, Mr. Robert Miles, Dr. K. Bashar
Mullah, and Dr. Vicente Samano for their valuable comments on this manuscript. My special appreciation is
dedicated to Professor Morris J. Robins who introduced me to nucleoside chemistry and inspired my work for
over 7 years, as well as for his critical evaluation of this Report. I also thank the American Cancer Society
(Grant No. DHP-34) and Brigham University Development Funds for their generous support.



10.

11.
12.
13,
14.
15.

16.

Sulfur- and seleno-sugar modified nucleosides 9925

REFERENCES

On faculty leave from the Department of Chemistry, Academy of Agriculture, 60625 Poznan, Poland.
Moffatt, J. G. Chemical Transformation of the Sugar Moiety of Nucleosides. In Nucleoside
Analogues: Chemistry, Biology, and Medicinal Applications; Walker, R. T.; De Clercq, E.; Eckstein, F.
Eds.; Plenum Press: New York, 1979; pp. 71-164.

Ueda, T. Synthesis and Reaction of Pyrimidine Nucleosides. In Chemistry of Nucleosides and
Nucleotides; Townsend, L. B. Ed.; Plenum Press: New York, 1988; Vol. L, pp. 1-112.

Srivastava, P. C.; Robins, R. K.; Meyer, R. B., Jr. Synthesis and Properties of Purine Nucleosides
and Nucleotides. In Chemistry of Nucleosides and Nucleotides; Townsend, L. B. Ed.; Plenum Press:
New York, 1988; Vol. I, pp. 113-281.

Perigaud, C.; Gosselin, G.; Imbach, J.-L. Nucleosides Nucleotides 1992, 11, 903-945.

MacCoss, M.; Robins, M. J. Anticancer Pyrimidines, Pyrimidine Nucleosides and Prodrugs. In The
Chemistry of Antitumour Agents; Wilman, D. E. V. Ed.; Chapman and Hall: New York, 1990; pp. 261-
298.

Robins, R. K.; Kini, G. D. Purines and Purine Nucleoside Analogues as Antitumour Agents. In The
Chemistry of Antitumour Agents; Wilman, D. E. V. Ed.; Chapman and Hall: New York, 1990; pp. 299-
321.

Mitsuya, H.; Matsukura, M.; Broder, S. Rapid in Vitro Systems for Assessing Activity of Agents
Against HTLV-II/LAV. In AIDS, Modern Concepis and Therapeutic Challenges; Broder, S. Ed.;
Marcel Dekker: New York, 1987; pp. 303-333.

Herdewijn, P.; De Clercq, E. Dideoxynucleoside Analogues as Inhibitors of HIV Replication. In
Design of Anti-AIDS Drugs; De Clercq, E. Ed.; Elsevier: Amsterdam, 1990; pp. 141-174.

(a) Herdewijn, P.; Balzarini, J.; Baba, M.; Pauwels, R.; Van Aerschot, A.; Janssen, G.; De Clercq, E.
J. Med. Chem. 1988, 31, 2040-2048. (b) Herdewijn, P.; Balzarini, J.; De Clercq, E.; Pauwels, R.;
Baba, M.; Broder, S.; Vanderhaeghe, H. J. Med. Chem. 1987, 30, 1270-1278.

Herdewijn, P.; Van Aerschot, A.; Kerremans, L. Nucleosides Nucleotides 1989, 8, 65-96.

Ducholm, K. L.; Pedersen E. B. Synthesis 1992, 1-22.

Bergstrom, D.; Lin, X.; Wang, G.; Rotstein, D.; Beal, P.; Norrix, K.; Ruth, J. Synletr 1992, 179-188.
Borthwick, A. D.; Biggadike, K. Tetrahedron 1992, 48, 571-623.

(a) Chu, C. K,; Cutler, S. J. J. Heterocyclic Chem. 1986, 23, 289-319. (b) McGee, D. P. C.; Martin,
J. C.; Smee, D. F.; Matthews, T. R.; Verheyden, J. P. H. J. Med. Chem. 1985, 28, 1242-1245. (c)
Kim, C. U.; Luh, B. Y.; Misco, P. F.; Bronson, J. J.; Hitchcock, M. J. M.; Ghazzouli, I.; Martin, J.
C. J. Med. Chem. 1990, 33, 1207-1213.
Huryn, D. M.; Okabe, M. Chem. Rev. 1992, 92, 1745-1768.



9926 S. F. WNuk

17. Dahl, O. Sulfur Rep. 1991, 11, 167-192.

18.  McCarthy, J. R.; Peet, N. P.; LeTourneau, M. E.; Inbasekaran, M. J. Am. Chem. Soc. 1988, 107, 735-
7317.

19. Wnuk, S. F.; Robins, M J. J. Org. Chem. 1990, 55, 4757-4760.

20.  The Biochemistry of S-Adenosylmethionine and Related Compounds; Usdin, E.; Borchardt, R. T.;
Creveling, C. R. Eds.; Macmillan Press: London, 1982.

21.  Schlenk, F. Adv. Enzymol. Related Areas Mol. Biol. 1983, 54, 195-265.

22. (a) Myers, R. W.; Abeles, R. H. J. Biol. Chem. 1990, 265, 16913-16921. (b) Abeles, R. H.
Aldrichimica Acta 1992, 25, 3-7.

23.  Palmer, J. L.; Abeles, R. H. J. Biol. Chem. 1979, 254, 1217-1226.

24. (a) Sinhababu, A. K.; Bartel, R. L.; Pochopin, N.; Borchardt, R. T. J. Am. Chem. Soc. 1985, 107,
1628-1632. (b) Porter, D. J. T. J. Biol. Chem. 1993, 268, 66-73.

25. Ueland, P. M. Pharmacol. Rev. 1982, 34, 223-253.

26. (a) Wolfe, M. S.; Borchardt, R. T. J. Med. Chem. 1991, 34, 1521-1530. (b) Liu, S.; Wolfe, M. S.;
Borchardt, R. T. Antiviral Res. 1992, 19, 247-265.

27. De Clercq, E. Biochem. Pharmacol. 1987, 36, 2561-2575.

28. (a) De Clercq, E.; Cools, M. Biochem. Biophys. Res. Commun. 1985, 129, 306-311. (b) De Clercq,
E.; Cools, M.; Balzarini, J. Biochem. Pharmacol. 1989, 38, 1771-1778.

29. Hildesheim, J.; Hildesheim, R.; Lederer, E. Biochimie 1971, 53, 1067-1071.

30. Shire, D.; Blanchard, P.; Raies, A.; Lawrence, F.; Robert-Gero, M.; Lederer, E. Nucleosides
Nucleotides 1983, 2, 21-31.

31. Cimino, G.; Crispino, A.; De Stefano, S.; Gavagnin, M.; Sodano, G. Experientia 1986, 42, 1301-
1302.

32. (a) Gavagnin, M.; Sodano, G. Nucleoside Nucleotides 1989, 8, 1319-1324. (b) Porcelli, M.;
Cacciapuoti, G.; Cimino, G.; Gavagnin, M.; Sodano, G.; Zappia, V. Biochem. J. 1989, 263, 635-640.
(c) Khan, S. L; Gulati, D.; Mishra, A.; Pratap, R.; Bhakuni, D. 8. Indian J. Heterocycl. Chem. 1991,
1, 103-108; Chem. Abstr. 1992, 116, 152285y.

33. (a) Baddiley, J. J. Chem. Soc. 1951, 1348-1351. (b) Baddiley, J.; Jamieson, G. A. J. Chem. Soc.
1954, 4280-4284. (c) Baddiley, J.; Jamieson, G. A. J. Chem. Soc. 1955, 1085-1089.

34. XKuhn, R.; Jahn, W. Chem. Ber. 1965, 98, 1699-1704.

35. Montgomery, J. A.; Shortnacy, A. T.; Thomas, H. J. J. Med. Chem. 1974, 17, 1197-1207.

36. (a) Borchardt, R. T.; Huber, J. A.; Wu, Y. S. J. Org. Chem. 1976, 41, 565-567. (b) Borchardt, R. T.;
Huber, J. A.; Wu, Y. S. An Improved Synthesis of S-Adenosyl-L-homocysteine. In Nucleic Acid
Chemistry: Improved and New Synthetic Procedures, Methods, and Technigues; Townsend, L. B.;
Tipson, R. S. Eds.; Wiley-Interscience: New York, 1978; Vol. 2, pp. 541-545.



37
38.
39.

41.

42,

43.

45.
46.

47.
48.
49.

50.

51

52.

53.

Sulfur- and seleno-sugar modified nucleosides 9927

Legraverend, M.; Michelot, R.; Biochimie 1976, 58, 723-729.

Kikugawa, K.; Ichino, M.; Tetrahedron Lett. 1971, 87-90.

Wang, Y.; Hogenkamp, H. P. C. J. Org. Chem. 1978, 43, 998-999,

(a) Coward, J. K.; Slisz, E. J. Med. Chem. 1973, 16, 460-463. (b) Borchardt, R. T.; Wu, Y. S. J.
Med. Chem. 1974, 17, 862-868. (c) Borchardt, R. T.; Huber, J. A.; Wu, Y. S. J. Med. Chem. 1974,
17, 868-873.

(a) Ramalingam, K.; Woodard, R. W. J. Org. Chem. 1984, 49, 1291-1293. (b) Ramalingam, K.;
Woodard, R. W. Tetrahedron Lett. 1988, 26, 1135-1136.

(a) Nakagawa, I.; Hata, T. Tetrahedron Lett. 1975, 1409-1412. (b) Nakagawa, L; Aki, K.; Hata, T. J.
Chem. Soc. Perkin Trans. I 1983, 1315-1318.

Holy, T. Tetrahedron Lett. 1972, 585-588.

(a) Serafinowski, P. Synthesis 1985, 926-928. (b) Serafinowski, P.; Dorland, E.; Harrap, K. R,;
Balzarini, J.; De Clercq, E. J. Med. Chem. 1992, 35, 4576-4583. (c) Serafinowski, P. Synthesis
1987, 879-883.

Robins, M. J.; Hansske, F.; Wnuk, S. F.; Kanai, T. Can. J. Chem. 1991, 69, 1468-1474.

Liu, S.; Wolfe, M. S.; Yuan, C.; Ali, S. M.; Borchardt, R. T. Bioorg. Med. Chem. Lett. 1992, 2,
1741-1744.

Marriott, J. H.; Mottahedeh, M.; Reese, C. B. Tetrahedron Lett. 1990, 31, 7485-7488.

Calmane, L.; Lidak, M. Bioorg. Khim. 1990, 16, 965-975; Chem. Abstr. 1990, 113, 231906t.

(a) Agbanyo, F. R.; Vijayalakshmi, D.; Craik, J. D.; Gati, W. P.; McAdam, D. P.; Asakura, J.; Robins,
M. J; Paterson, A. R. P; Cass, C. E. Biochem. J. 1990, 270, 605-614. (b) Wiley, . S.;
Brocklebank, A. M.; Snook, M. B.; Jamieson, G. P.; Sawyer, W. H.; Craik, J. D.; Cass, C.E.;
Robins, M. J.; McAdam, D. P.; Paterson, A. R. P. Biochem. J. 1991, 273, 667-672.

(a) Liu, C.; Coward, J. K. J. Med. Chem. 1991, 34, 2094-2101. (b) Pegg, A. E.; Wechter, R.; Poulin,
R.; Woster, P. M.; Coward, J. K. Biochemistry, 1989, 28, 8446-8453. (c) Woster, P. M.; Black, A.
Y.; Duff, K. J.; Coward, J. K. Pegg, A. E. J. Med. Chem. 1989, 32, 1300-1307.

(a) Douglas, K. A.; Zormeier, M. M.; Marcolina, L. M.; Woster, P. M. Bioorg. Med. Chem. Lett.
1991, 1, 267-270. (b) Wu, Y.; Woster, P. M. J. Med. Chem. 1992, 35, 3196-3201. (c) Guo, J. Q.;
Wu, Y. Q.; Farmer, W. L.; Douglas, K. A.; Woster, P. M. Bioorg. Med. Chem. Lett. 1993, 3, 147-
152.

Chern, J.-W; Lee, H.-Y.; Chen, C.-S.; Shewach, D. S.; Daddona, P. E.; Townsend, L. B. J. Med.
Chem. 1993, 36, 1024-1031.

(a) Rekunova, V. N.; Rudakova, L P.; Yurkevich, A. M. Tetrahedron Lett. 1973, 2811-2814. (b)
Vuilhorgne, M.; Blanchard, P.; Hedgecock, C. J. R.; Lawrence, F.; Robert-Gero, M.; Lederer, E.
Heterocycles 1978, 11, 495-520. (c) Crooks, P. A.; Hassan, S. F.; Benghiat, E.; Hemrick-Luecke, S.



9928

55.

56.

57.

58.

59.

61.

62.
63.

65.

67.

68.

69.
70.

71.

72.

S. F. WNUK

K.; Fuller, R. W. Drug Metab. Drug Interact. 1989, 7, 111-41.

(a) Parry, R. J.; Minta, A. J. Am. Chem. Soc. 1982, 104, 871-872. (b) Parry, R. J.; Askonas, L. J. J.
Am. Chem. Soc. 1988, 107, 1417-1418.

Orr, G. R.; Danz, D. W,; Pontoni, G.; Prabhakaran, P. C.; Gould. S. J.; Coward, J. K. J. Am. Chem.
Soc. 1988, 110, 5791-5799.

Sufrin, J. R.; Spiess, A. J.; Karny, J. F.; Kramer, D. L.; Hughes, R. G. Jr.; Bernacki, R. J.; Porter, C.
W. Nucleosides Nucleotides 1989, 8, 505-514.

(a) Ray, P. S.; Jaxa-Chamiec, A. A. Heterocycles 1990, 31, 1777-1780. (b) Matsuda, A.; Ueda, T.
Chem. Pharm. Bull. 1986, 34, 1573-1578.

Shuto, S.; Obara, T.; Toriya, M.; Hosoya, M.; Snoeck, R.; Andrei, G.; Balzarini, J.; De Clercq, E. J.
Med. Chem. 1992, 35, 324-331.

Looze, Y.; Gillet, L.; Deconinck, M.; Leonis, J. Anal. Lett. 1980, 13, 871-879.

Hammargren, W. M.; Luffer, D. R.; Schram, K. H.; Reimer, M. L. J.; Nakano, K.; Yasaka, T.;
Moorman, A. R. Nucleosides Nucleotides 1992, 11, 1275-1292.

Shibuya, S.; Kuninaka, A.; Yoshino, H. Chem. Pharm. Buli. 1974, 22, 719-721.

El Subbagh, H. L; Ping, L.-J.; Abushanab, E. Nucleosides Nucleotides 1992, 11, 603-613.

Mizuno, Y.; Kaneko, C.; Oikawa, Y. J. Org. Chem. 1974, 39, 1440-1444.

(a) Craig, G. W,; Sterneberg, E. D; Jones, G. H.; Moffatt, J. G. J. Org. Chem. 1986, 51, 1258-1264.
(b) Craig, G. W.; Moffatt, J. G. Nucleosides Nucleotides 1986, 5, 399-411.

Giese, B.; Burger, J.; Kang, T. W.; Kesselheim, C.; Wittmer, T. J. Am. Chem. Soc. 1992, 114, 7322-
7324.

Robins, M. J.; Wnuk, S. F. Tetrahedron Lent. 1988, 29, 5729-5732.

Robins, M. J.; Wnuk, S. F.; Mullah, K. B,; Dalley, N. K.; Yuan, C.-S.; Lee, Y.; Borchardt, R. T.; J.
Org. Chem. submitted.

Robins, M. J.; Wnuk, S. F.; Mullah, K. B;; Dalley, N. K.; Borchardt, R. T.; Lee, Y.; Yuan, C.-S.
Adenosine-Derived 5'-a-Halo Thioether, Sulfoxide, Sulfone, and (5'-Halo)methylene Analogues.
Inhibition of S-Adenosyl-L-homocysteine Hydrolase. In Nucleosides as Antitumor and Antiviral Agents;
Chu, C. K.; Baker, D. C. Eds.; Plenum Press: New York, in press.

Robins, M. J.; Wnuk, S. F.; Mullah, K. B.; Dalley, N. K. J. Org. Chem. 1991, 56, 6878-6884.
McCarthy, J. R.; Jarvi, E. T.; Matthews, D. P.; Edwards, M. L.; Prakash, N. I.; Bowlin, T. L.; Mehdi,
S.; Sunkara, P. S.; Bey, P. J. Am. Chem. Soc. 1989, 111, 1127-1128.

Jarvi, E. T.; McCarthy, J. R.; Mehdi, S.; Matthews, D. P.; Edwards, M. L.; Prakash, N. J.; Bowlin, T.
L.; Sunkara, P. S.; Bey, P. J. Med. Chem. 1991, 34, 647-656.

Bitonti, A. J.; Baumann, R. J.; Jarvi, E. T.; McCarthy, J. R.; McCann, P. P. Biochem. Pharmacol.
1990, 40, 601-606.



73.

74.

75.

76.

71.

78.

79.
80.

81.

82.

83.

84.

8s.
86.

87.

88.

89.

91.

92.
93.

Sulfur- and seleno-sugar modified nucleosides 9929

Wolos, J. A.; Doherty, N. S; Jarvi, E. T.; McCarthy, J. R. Europ. Pat. Appl. EP 471,383, 1992;
Chem. Abstr. 1992, 116, 207816e.

Matthews, D. P.; Edwards, M. L.; Mehdi, S.; Koehl, J. R.; Wolos, J. A.; McCarthy, J. R. Bioorg.
Med. Chem. Lext. 1993, 3, 165-168.

Mehdi, S.; Jarvi, E. T.; Koehl, J. R.; McCarthy, J. R.; Bey, P. J. Enzyme Inh. 1990, 4, 1-13.

Liu, S.; Wnuk, S. F.; Yuan, C.; Robins, M. J.; Borchardt, R. T. J. Med. Chem. 1993, 36, 883-887.
Wnuk, S. F.; Dalley, N. K.; Robins, M. J. J. Org. Chem. 1993, 58, 111-117.

(a) Sufrin, J. R.; Spiess, A. J.; Kramer, D. L.; Libby, P. R.; Porter, C. W. J. Med. Chem. 1989, 32,
997-1001. (b) Sufrin, J. R.; Spiess, A. J.; Alks, V. J. Fluorine Chem. 1990, 49, 177-182.

Robins, M. J.; Wnuk, S. F. J. Org. Chem. 1993, 58, 3800-3801.

(a) Sufrin, J. R.; Spiess, A. J.; Kramer, D. L.; Libby, P. R.; Miller, J. T.; Bernacki, R. J.; Lee, Y.;
Borchardt, R. T.; Porter, C. W. J. Med. Chem. 1991, 34, 2600-2606. (b) Bacchi, C. J.; Sufrin, J. R.;
Nathan, H. C.; Spiess, A. J.; Hannan, T.; Garofalo, J.; Alecia, K.; Katz, L.; Yarlett, N. Antimicrob.
Agents Chemother. 1991, 35, 1315-1320.

Takeda, Y.; Mizutani, A.; Ueno, A.; Hirose, K.; Tanahashi, E.; Nishikawa, S. Jpn. Pat. Appl.
86/70,889, 1986; Chem. Abstr. 1988, 109, 38178w.

Gianotti, A. J.; Tower, P. A,; Sheley, J. H.; Conte, P. A_; Spiro, C.; Ferro, A. J.; Fitchen, J. H,;
Riscoe, M. K. J. Biol. Chem. 1990, 265, 831-837.

(a) Nishikawa, S.; Ueno, A.; Inoue, H.; Takeda, Y. J. Cell. Physiol. 1987, 133, 372-376. (b) Takeda,
Y.; Mizutani, T.; Ueno, A.; Hirose, K.; Tanahashi, E.; Nishikawa, S. Jpn. Pat. Appl. 87/45,495, 1987;
Chem. Absir. 1989, 110, 58012m.

Houston, M. E,, Jr.; Vander Jagt, D. L.; Honek, J. F. Bioorg. Med. Chem. Lezt. 1991, 1, 623-628.
Hass, A.; Lieb, M.; Steffens, B. J. Fluorine Chem. 1992, 56, 55-76.

(a) Janzen, A. F.; Wang, P. M. C.; Lemire, A. E. J. Fluorine Chem. 1983, 22, 557-559. (b) Houston,
M. E,, Jr.; Honek, J. F. J. Chem. Soc. Chem. Commun. 1989, 761-762. (c) Tsushima,T.; Ishihara,
S.; Fujita, Y. Tetrahedron Lets. 1990, 31, 3017-3018.

Imazawa, M.; Ueda, T.; Ukita, T. Chem. Pharm. Bull. 1975, 23, 604-610.

(a) Altona, C.; Sundaralingam, M. J. Am. Chem. Soc. 1972, 94, 8205-8212. (b) Altona, C.;
Sundaralingam, M. J. Am. Chem. Soc. 1973, 95, 2333-2344.

Matsuda, A.; Miyasaka, T. Heterocycles 1983, 20, 55-58.

Divakar, K. J.; Reese, C. B. J. Chem. Soc. Perkin Trans. I 1982, 1625-1628.

Robins, M. J.; Mullah, K. B.; Wnuk, S. E.; Dalley, N. K. J. Org. Chem. 1992, 57, 2357-2364.
Katz, D. J.; Wise, D. S.; Townsend, L. B. J. Org. Chem. 1983, 48, 3765-3770.

Divakar, K. J.; Mottoh, A.; Reese, C. B.; Sanghvi, Y. S. J. Chem. Soc. Perkin Trans. I 1990, 969-
974.



9930

94.
95.

96.

98.

100.

101.
102.
103.

104.
105.
106.

107.

108.

109.

110.

111.

112,

113.
114.

S.F. WNUK

Patel, A. D.; Schrier, W. H.; Nagyvary, J. J. Org. Chem. 1980, 45, 4830-4834.

(a) Brown, D. M,; Parihar, D. B.; Sir Todd, A.; Varadarajan, S. J. Chem. Soc. 1958, 3028-3035.(b)
Furukawa, Y.; Yoshioka, Y.; Imai, K.-I.; Honjo, M. Chem. Pharm. Bull. 1970, 18, 554-560.

(a) Shibuya, S.; Ueda, T. J. Carbohydrates Nucleosides Nucleotides 1980, 7, 49-56. (b) Ueda, T;
Asano, T.; Inoue, H. J. Carbohydrates Nucleosides Nucleotides 1976, 3, 365-368.

Joshi, B. V.; Reese, C. B. Tetrahedron Lett. 1990, 31, 7483-7484.

Johnson, R.; Joshi, B. V.; Neidle, S.; Reese, C. B.; Snook, C. F. Tetrahedron Lett. 1992, 33, 8151-
8154.

Hirota, K.; Kitade, Y.; Tomishi, T.; Maki, Y.; De Clercq, E. J. Chem. Soc. Perkin Trans. I 1988,
2233-2241.

(a) Ryan, K. J.; Acton, E. M.; Goodman, L. J. Org. Chem. 1971, 36, 2646-2657. (b) Horton, D.;
Sakata, M. Carbohydr. Res. 1976, 48, 41-63.

Marriott, J. H.; Mottahedeh, M.; Reese, C. B. Carbohydr. Res. 1991, 216, 257-269.

Ranganathan, R.; Larwood, D. Tetrahedron Lett. 1978, 4341-4344.

(a) Fukukawa, K.; Ueda, T.; Hirano, T. Chem. Pharm. Bull. 1983, 31, 1582-1592. (b) Kinoshita, K.;
Hayashi, M.; Hirano, T.; Nakatsu, K.; Fukukawa, K.; Ueda, T. Nucleosides Nucleotides 1983, 2, 319-
325.

Welch, C. I.; Bazin, H.; Chattopadhyaya, J. Acta Chem. Scand. 1986, B40, 343-357.

Wilson, L. J.; Liotta, D. Tetrahedron Lett. 1990, 31, 1815-1818.

(a) Kawakami, H.; Ebata, T.; Koseki, K.; Matsushita, H.; Naoi, Y.; Itoh, K. Chem. Lert. 1990, 1459-
1462. (b) Kawakami, H.; Ebata, T.; Koseki, K.; Matsumoto, K.; Matsushita, H.; Naoi, Y.; Itoh, K.
Heterocycles 1991, 32, 2451-2470.

Vorbruggen, H.; Krolikiewicz, K.; Bennua, B. Chem. Ber. 1981, 114, 1234-1255.

Kawakami, H.; Ebata, T.; Koseki, K.; Matsumoto, K.; Okano, K.; Matsushita, H. Nucleosides
Nucleotides 1992, 11, 1673-1682.

Wilson, L. J.; Liotta, D. C. J. Org. Chem. 1992, 57, 1948-1950.

(a) Hertel, L. W.; Kroin, J. S.; Misner, J. W.; Tustin J. M. J. Org. Chem. 1988, 53, 2406-2409. (b)
Chou, T. S.; Heath, P. C.; Patterson, L. E.; Poteet, L.. M; Lakin, R. E.; Hunt, A. H. Synthesis 1992,
565-570.

Jarvi, E. T.; Sunkara, P. S.; Bowlin, T. L. Nucleosides Nucleotides 1989, 8, 1111-1114.

Baker, C. H.; Banzon, J.; Bollinger, J. M.; Stubbe, J.; Samano, V.; Robins, M. J.; Lippert, B.; Jarvi,
E.; Resvick, R. J. Med. Chem. 1991, 34, 1879-1884.

Ryan, K. J.; Acton, E. M.; Goodman, L. J. Org. Chem. 1968, 33, 1783-1789.

Chu, C. K.; Raghavachari, R.; Beach, J. W.; Kosugi, Y.; Ullas, G. V. Nucleosides Nucleotides 1989,
8, 903-906.



Sulfur- and seleno-sugar modified nucleosides 9931

115. Ducholm, K. L.; Motawia, M. S.; Pedersen, E. B.; Nielsen, C.; Lundt, 1. Arch. Pharm. (Weinheim)
1992, 325, 597-601.

116. Robins, M. J.; Robins, R. K. J. Am. Chem. Soc. 1964, 86, 3585-3586.

117. (a) Mengel, R.; Griesser, H. Tetrahedron Lett. 1977, 1177-1180. (b) Krahmer, U.; Griesser, H.;
Mengel, R. 9-(3-Thio-B-D-ribofuranosyl)adenine. In Nucleic Acid Chemistry: Improved and New
Synthetic Procedures, Methods, and Techniques; Townsend, L. B.; Tipson, R. S. Eds.; Wiley-
Interscience: New York, 1986; Vol. 3, pp. 203-205.

118. (a) Morr, M.; Emst, L.; Mengel, R. Liebigs Ann. Chem. 1982, 651-665. (b) Dimke, B.; Schlimme, E.;
Zabel, V.; Saenger, W. Liebigs Ann. Chem. 1983, 1409-1415.

119. (a) Cosstick, R.; Vyle, J. S. J. Chem. Soc. Chem. Commun. 1988, 992-993. (b) Cosstick, R.; Vyle,
J. 8. Nucleic Acids Res. 1990, 18, 829-835.

120. Robins, M. J.; Muhs, W. H. J. Chem. Soc. Chem. Commun. 1976, 269-269.

121. Martinez, A. P.; Lee, W. W.; Goodman, L. J. Org. Chem. 1966, 31, 3263-3267.

122, Miller, N,; Fox, J. J. J. Org. Chem. 1964, 29, 1772-1776.

123. Wempen, I; Fox, J. I. J. Org. Chem. 1969, 34, 1020-1025.

124. Ueda, T.; Shibuya, S. Chem. Pharm. Bull. 1974, 22, 930-937.

125. Mansuri, M. M.; Wos, J. A.; Martin, J. C. Nucleosides Nucleotides 1989, 8, 1463-1471.

126. (a) Schreiber, S. L.; Ikemoto, N. Tetrahedron Lett. 1988, 29, 3211-3214. (b) Dyatkina, N. B.;
Atrazheva, E. D.; Aleksandrova, L. A.; Kraevskii, A. A.; Von Janta-Lipinski, M. Bioorg. Khim. 1988,
14, 815-819; Chem. Abstr. 1989, 110, 115237q.

127. (a) Yuzhakov, A. A,; Chidgeavadze, Z. G.; Beabealashvilli, R. Sh. FEBS 1992, 306, 185-188. (b)
Yuzhakov, A. A.; Chidzhavadze, Z. G.; Bibilashvilli, R. Sh.; Kraevskii, A. A.; Galegov, G. A.;
Komeeva, M. N.; Nosik, D. N,; Kilesso, T. Yu. Bioorg. Khim. 1991, 17, 504-509; Chem. Abstr.
1991, 115, 84923g.

128. Okauchi, T.; Kubota, H.; Narasaka, K. Chem. Lest. 1989, 801-804.

129. Zavgorodny, S.; Polianski, M.; Besidsky, E.; Kriukov, V.; Sanin, A.; Pokrovskaya, M.; Gurskaya, G.;
Lonnberg, H.; Azhayev, A. Tetrahedron Lent. 1991, 32, 7593-7596.

130. Hansske, F.; Madej, D.; Robins, M. J. Tetrahedron 1984, 40, 125-135.

131. Bivin, J.; Camara, J.; Zard, S. R. J. Am. Chem. Soc. 1992, 114, 7909-7910.

132. (a) Li, X.; Andrews, D. M.; Cosstick, R. Tetrahedron 1992, 48, 2729-2738. (b) Cosstick, R.; Vyle, J.
S. Tetrahedron Lett. 1989, 30, 4693-4696. (c) Vyle, J. S.; Li, X.; Cosstick, R. Tetrahedron Lett.
1992, 33, 3017-3020.

133.  Zuckerman, R.; Corey, D.; Schultz P. Nucleic Acids Res. 1987, 15, 5305-5321.

134. Simpkins, N. S. Tetrahedron 1990, 46, 6951-6984.

135. (a) Barton, D. H. R.; Gero, S. D.; Quiclet-Sire, B.; Samadi, M. J. Chem. Soc. Chem. Commun. 1988,



9932

136.

137.

138.
139.
140.
141.
142,
143,
144,

145.
146.

147.
148.
149.
150.
151.

152.
153.

154.
155.
156.
157.

S. F. WNuK

1372-1373. (b) Barton, D. H. R.; Samadi, M. Tetrahedron 1992, 48, 7083-7090.

(a) Barton, D. H. R.; Gero, S. D.; Quiclet-Sire, B.; Samadi, M. J. Chem. Soc. Perkin Trans. 1 1991,
981-985. (b) Barton, D. H. R.; Gero, S. D.; Lawrence, F.; Robert-Gero, M.; Quiclet-Sire, B.; Samadi,
M. J. Med. Chem. 1992, 35, 63-67.

(a) Barton, D. H. R.; Gero, S. D.; Quiclet-Sire, B.; Samadi, M. J. Chem. Soc. Chem. Commun. 1989,
1000-1001. (b) Barton, D. H. R.; Gero, S. D.; Quiclet-Sire, B.; Samadi, M. Tetrahedron Lett. 1989,
30, 4969-4972. (c) Barton, D. H. R.; Gero, S. D.; Quiclet-Sire, B.; Samadi, M. Tetrahedron 1992, 48,
1627-1636.

Whnuk, S. F,; Robins, M. I. Can. J. Chem. 1991, 69, 334-338.

Whnuk, S. F.; Dalley, N. K.; Robins, M. J. Can. J. Chem. 1991, 69, 2104-2111.

Whnuk, S. F.; Robins, M. J. Can. J. Chem. 1993, 71, 192-198.

Sharma, R. A.; Bobek, M. J. Org. Chem. 1978, 43, 367-369.

Zhang, W.; Robins, M. J. Tetrahedron 1992, 33, 1177-1180.

Parry, R. J.; Muscate, A.; Askonas, L. J. Biochemistry 1991, 30, 9988-9997.

(a) McCarthy, J. R.; Matthews, D. P.; Edwards, M. L.; Stemerick, D. M.; Jarvi, E. T. Tetrahedron Leut.
1990, 31, 5449-5552. (b) McCarthy, 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, 7439-7440. (c)
Matthews, D. P.; Persichetti, R. A.; Sabol, J. S.; Stewart, K. T.; McCarthy, J. R. Nucleosides
Nucleotides 1993, 12, 115-123.

Sabol, J. S.; McCarthy, J. R. Tetrahedron Lett. 1992, 33, 3101-3104.

Wu, J.-C.; Pathak, T.; Tong, W.; Vial, J.-M.; Remaud, G.; Chattopadhyaya, J. Tetrahedron 1988, 44,
6705-6722.

Whu, J.-C.; Chattopadhyaya, J. Tetrahedron 1989, 45, 4507-4522.

Whu, J.-C.; Chattopadhyaya, J. Tetrahedron 1990, 46, 2587-2592.

Tong, W.; Wu, J.-C.; Sandstrom, A.; Chattopadhyaya, J. Tetrahedron 1990, 46, 3037-3060.
Tong,W.; Xi, Z.; Gioeli, C.; Chattopadhyaya, J. Tetrahedron 1991, 47, 3431-3450.

Koole, L. H.; Neidle, S.; Crawford, M. D.; Krayevski, A. A.; Gurskaya, G. V.; Sandstrom, A.; Wg, J.-
C.; Tong, W.; Chattopadhyaya, J. J. Org. Chem. 1991, 56, 6884-6892.

Reist, E. 1.; Gueffroy, D. E.; Goodman, L. J. Am. Chem. Soc. 1964, 86, 5658-5663.

(a) Bobek, M.; Whistler, R. L.; Bloch, A. J. Med. Chem. 1970, 13, 411-413. (b) Bobek, M.;
Whistler, R. L.; Bloch, A. J. Med. Chem. 1972, 15, 168-171.

Ototani, N.; Whistler, R. L. J. Med. Chem. 1974, 17, 535-537.

Bobek, M.; Bloch, A.; Parthasarathy, R.; Whistler, R. L. J. Med. Chem. 1975, 18, 784-787.
Clement, M. A.; Berger, S. H. Med. Chem. Res. 1992, 2, 154-164.

Bellon, L.; Barascut, J.-L.; Imbach, J.-L. Nucleosides Nucleotides 1992, 11, 1467-1479.



158.

159.

160.

161.

162.

163.

164.
165.

166.

167.
168.

169.

170.
171.

172.

173.

Sulfur- and seleno-sugar modified nucleosides 9933

Miura, G.; Gordon, R.; Montgomery, J.; Chiang, P. 4'-Thioadenosine as a Novel Inhibitor of S-
Adenosylhomocysteine Hydrolase and an Inducer for Differentiation of HL-60 Human Leukemia Cells.
In Purine Pyrimidine Metabolism in Man; Nyhan, E.; Thompson, L., Watts, R. Eds.; Plenum Press:
New York, 1986; Pt. B, pp. 667-672.

Parks, R. E., Jr.; Stoeckler, J. D.; Cambor, C.; Savarese, T. M.; Crabtree, G.; Chu, S.-H. Purine
Nuclegside Phoshorylase and 5'-Methylthioadenosine Phoshorylase: Targets of Chemotherapy. In
Molecular Actions and Targets for Cancer Chemotherapeutic Agents; Sartoreli, A. C.; Lazo/J. S.;
Bertino, J. R. Eds.; Academic Press: New York, 1981; pp 229-252.

Benz, G.; Schroder, T.; Kurz, J.; Wunsche, C.; Karl, W.; Steffens, G.; Pfitzner, J.; Schmidt, D.
Angew. Chem., Int . Ed. Engl. 1982, 21, 527-528.

(a) Benz, G. Liebigs Ann. Chem. 1984, 1399-1407. (b) Benz, G.; Bom, L.; Brieden, M.; Grosser, R.;
Kurz, J.; Paulsen, H.; Sinnwell, V.; Weber, B. Liebigs Ann. Chem. 1984, 1408-1423.

(a) Bredenkamp, M. W.; Holzapfel, C. W.; Swanepoel, A. D. Tetrahedron Lers. 1990, 31, 2759-2762.
(b) Bredenkamp, M. W_; Holzapfel, C. W.; Swanepoel, A. D. S. Afr. J. Chem. 1991, 44, 31-33,
Secrist IT1, J. A.; Tiwari, K. N.; Riordan, J. M.; Montgomery, J. A. J. Med. Chem. 1991, 34, 2361-
2366.

Secrist 111, J. A.; Riggs, R. M.; Tiwari, K. N.; Montgomery, J. A. J. Med. Chem. 1992, 35, 533-538.
(a) Dyson, M. R.; Coe, P. L.; Walker, R. T. J. Chem. Soc. Chem. Commun. 1991, 741-742. (b)
Dyson, M. R,; Coe, P. L.; Walker, R. T. J. Med. Chem. 1991, 34, 2782-2786.

Uenishi, J.; Motoyama, M.; Nishiyama, Y.; Wakabayashi, S. J. Chem. Soc. Chem. Commun. 1991,
1421-1422.

Huang, B.; Hui, Y. Nucleosides Nucleotides 1993, 12, 139-147.

Koole, L. H.; Plavec, J.; Liu, H.; Vincent, B. R.; Dyson, M. R.; Coe, P. L.; Walker, R. T.; Hardy, G.
W.; Rahim, S. G.; Chattopadhyaya, J. J. Am. Chem. Soc. 1992, 114, 9936-9943.

Fu, Y.-L.; Bobek, M. 1-(2-Deoxy-4-thio-B-D-erythro-pentofuranosyl)-5-fluorouracil and its cc-anomer.
In Nucleic Acid Chemistry: Improved and New Synthetic Procedures, Methods, and Technigues;
Townsend, L. B.; Tipson, R. S. Eds.; Wiley-Interscience: New York, 1978; Vol. 2, pp. 317-323.
O'Neil, I. A.; Hamilton, K. M. Synlett 1992, 791-792.

(a) Belleau, B.; Dixid, D.; Nguyen-Ga, N.; Kraus, J. L. Fifth International Conference on AIDS;
Montreal, Canada, June 4-9, 1989; Absract No. T.C.O.1, Ottawa, Ontario, 1989. (b) Soudeyns, H.;
Yao, X.-J.; Gao, Q.; Belleau, B.; Kraus, J. L.; Nguyen-Ba, N.; Spira, B.; Wainberg, M. A.
Antimicrob. Agents Chemother. 1991, 35, 1386-1390.

Choi, W.-B.; Wilson, L. J.; Yeola, S.; Liotta, D. C.; Schinazi, R. F. J. Am. Chem. Soc. 1991, 113,
9377-9379.

Chuy, C. K,; Beach, J. W.; Jeong, L. S.; Choi, B. G.; Comer, F. L; Alves, A. J.; Schinazi, R. F. J.



9934

174.

175.

176.

177.

178.

179.

180.

181.

182,

183.

184.

185.

186.
187.

S. F. WNUK

Org. Chem. 1991, 56, 6503-6505.

Jeong, L. S.; Alves, A. J.; Carrigan, S. W,; Kim, H. O.; Beach, J. W.; Chu, C. K. Tetrahedron Lett.
1992, 33, 595-598.

(a) Beach, J. W.; Jeong, L. S.; Alves, A. J,; Pohl, D.; Kim, H. O.; Chang, C.-N.; Doong, S.-L.;
Schinazi, R. F.; Cheng, Y.-C.; Chu, C. K. J. Org. Chem. 1992, 57, 2217-2219. (b) Jeong, L. S.;
Schinazi, R. F;; Beach, J. W,; Kim, H. O.; Nampalli, S.; Shanmuganathan, K.; Alves, A. J.; McMillan,
A.; Chu, C. K. Mathis, R. J. Med. Chem. 1993, 36, 181-195.

Humber, D. C.; Jones, M. F.; Payne, J. J.; Ramsay, M. V. J.; Zacharie, B.; Jin, H.; Siddiqui, A.;
Evans, C. A,; Tse, H. L. A.; Mansour, T. S. Tetrahedron Lett. 1992, 33, 4625-4628.

Coates, J. A. V.; Cammack, N.; Jenkinson, H. J.; Mutton, I. M.; Pearson, B. A.; Storer, R.; Cameron,
J. M.; Penn, C. R. Antimicrob. Agents Chemother. 1992, 36, 202-205.

Hoong, L. K,; Strange, L. E,; Liotta, D. C.; Koszalka, G. W.; Bumns, C. L.; Schinazi, R. F. J. Org.
Chem. 1992, 57, 5563-5565.

Storer, R.; Clemens, 1. R.; Lamont, B.; Noble, S. A.; Williamson, C.; Belleau, B. Nucleosides
Nucleotides 1993, 12, 225-236.

(a) Doong, S.-L.; Tsai, C.- H.; Schinazi, R. F.; Liotta, D. C.; Cheng, Y.-C. Proc. Natl. Acad. Sci.
USA 1991, 88, 8495-8499. (b) Chang, C.-N.; Skalski, V.; Zhou, J. H.; Cheng, Y. J. Biol. Chem.
1992, 267, 22414-22420.

Schinazi, R. F.; Chu, C. K.; Peck, A.; McMillan, A.; Mathis, R.; Cannon, D.; Jeong, L.-S.; Beach, J.
W.; Choi, W.-B.; Yeola, S.; Liotta, D. C. Antimicrob. Agents Chemother. 1992, 36, 672-676.

(a) Cammack, N.; Rouse, P.; Marr, C. L. P.; Reid, P. J.; Boehme, R. E.; Coates, J. A. V.; Penn, C.
R.; Cameron, J. M. Biochem. Pharmacol. 1992, 43, 2059-2064. (b) Hart, G. J.; Orr, D. C.; Penn, C.
R.; Figueiredo, H. T.; Gray, N. M.; Boehme, R. E.; Cameron, J. M. Antimicrob. Agents Chemother.
1992, 36, 1688-1694.

(a) Faury, P.; Camplo, M.; Charvet, A.-S.; Chermann, J.-C.; Kraus, J.-L. Nucleosides Nucleotides
1992, 11, 1481-1488. (b) Kraus, J.- L. Nucleosides Nucleotides 1993, 12, 157-162.

(a) Chy, C. K;; Ahn, S. K,; Kim, H. O.; Beach, J. W.; Alves, A. J.; Jeong, L. S.; Islam, Q.; Van
Roey, P.; Schinazi. R. F. Tetrahedron Lest. 1991, 32, 3791-3794. (b) Kim, H. O.; Ahn, S. K.; Alves,
A.J; Beach, J. W ; Jeong, L. S.; Choi, B. G.; Van Roey, P.; Schinazi. R. F.; Chu, C. K. J. Med.
Chem. 1992, 35, 1987-1995.

(a) Jones, M. F.; Noble, S. A.; Robertson, C. A.; Storer, R. Tetrahedron Lett. 1991, 32, 247-250. (b)
Jones, M. F.; Noble, S. A.; Robertson, C. A_; Storer, R.; Highcock, R. M.; Lamont, R. B. J. Chem.
Soc. Perkin Trans. 1 1992, 1427-1436.

Zylber, N.; Zylber, J.; Gaudemer, A. J. Chem. Soc. Chem. Commun. 1978, 1084-1085.

Boullais, C.; Zylber, N.; Zylber, J.; Guilhem, J.; Gaudemer, A. Tetrahedron 1983, 39, 759-765.



Sulfur- and seleno-sugar modified nucleosides 9935

188. Takaku, H.; Nomoto,T.; Kimura, K. Chem. Lett. 1981, 1221-1224.

189. Meade. E. A.; Krawczyk, S. H.; Townsend, L. B. Tetrahedron Lett. 1988, 29, 4073-4076.

190. Chu, C. K,; Babu, J. R.; Beach, J. W; Ahn, S. K,; Huang, H,; Jeong, L. S.; Lee, S. J. J. Org. Chem.
1990, 55, 1418-1420.

191. Chu, C. K.; Beach, J. W; Babu, J. R.; Jeong, L. S.; Jeong, H. K.; Ahn, S. K_; Islam, Q.; Lee, S. J,;
Chen, Y. Nucleosides Nucleotides 1991, 10, 423-426.

192. Beach, J. W,; Kim, H. O.; Jeong, L. S.; Nampalli, S.; Islam, Q.; Ahn, S. K.; Babuy, J. R.; Chu, C. K.
J. Org. Chem. 1992, 57, 3887-3894.

193. Jung, M. E; Gardier, J. M. Tetrahedron Lett. 1992, 33, 3841-3844.

194. Vial, J.-M.; Agback, P.; Chattopadhyaya, J. Nucleosides Nucleotides 1990, 9, 245-258.

195. (a) Cosford, N. D. P.; Schinazi, R. F. J. Org. Chem. 1991, 56, 2161-2165. (b) Cosford, N. D. P.;
Schinazi, R. F. Nucleosides Nucleotides 1993, 12, 149-155.

196. Haraguchi, K.; Tanaka, H.; Maeda, H.; Itoh, Y.; Saito, S.; Miyasaka, T. J. Org. Chem. 1991, 56,
5401-5408.

197. (a) Joshi, B. V.; Rao, T. S.; Reese, C. B. J. Chem. Soc. Perkin Trans. I 1992, 2537-2544. (b) Joshi,
B. V.; Reese, C. B. Tetrahedron Lett. 1992, 33, 2371-2374.

198. Haraguchi, K.; Tanaka, H.; Hayakawa, H.; Miyasaka, T. Chem. Lest. 1988, 931-934.

199. Haraguchi, K.; Tanaka, H.; Miyasaka, T. Synthesis 1989, 434-436.

200. Haraguchi, K.; Saito, S.; Tanaka, H.; Miyasaka, T. Nucleosides Nucleotides 1992, 11, 483-493.

201. Haraguchi, K.; Itoh, Y.; Tanaka, H.; Miyasaka, T. Tetrahedron Lett. 1991, 32, 3391-3394.

202. Haraguchi, K.; Tanaka, H.; Itoh, Y.; Miyasaka, T. Tetrahedron Lett. 1991, 32, 777-780.

203. Vargeese, C.; Abushanab, E. Nucleosides Nucleotides 1992, 11, 1549-1559.

204. Hassan, A. A. A; Matsuda, A. Heterocycles 1992, 34, 657-661.

205. (a) Wy, J.-C; Xi, Z.; Gioeli, C.; Chattopadhyaya, J. Tetrahedron 1991, 47, 2237-2254. (b) Xi, Z.;
Agback, P.; Sandstrom, A.; Chattopadhyaya, J. Tetrahedron 1991, 47, 9675-9690.

206. Koole, L. H.; Wu, J.-C.; Neidle, S.; Chattopadhyaya, J. J. Am. Chem. Soc. 1992,114, 2687-2696.

207. Xi, Z.; Agback, P.; Plavec, J.; Sandstrom, A.; Chattopadhyaya, J. Tetrahedron 1992, 48, 349-370.

208. (a) Musicki, B.; Widlanski, T. S. Tetrahedron Lett. 1991, 32, 1267-1270. (b) Musicki, B.; Widlanski,
T.S. J. Org. Chem. 1990, 55, 4231-4233.

209. Crooks, P. A;; Reynolds, R. C.; Maddry, J. A.; Rathore, A.; Akhtar, M. S.; Montgomery, J. A.;
Secrist I, J. A. J. Org. Chem. 1992, 57, 2830-2835.

210. (a) Reynolds, R. C.; Crooks, P. A.; Maddry, J. A.; Akhtar, M. S.; Montgomery, J. A.; Secrist I, J.
A.J. Org. Chem. 1992, 57, 2983-2985. (b) Glemarec, C.; Reynolds, R. C.; Crooks, P. A.; Maddry,
J. A; Akhtar, M. S.; Montgomery, J. A.; Secrist IIL, J. A.; Chattopadhyaya, J. Tetrahedron 1993, 49,
2287-2298.



9936

211.
212.
213.
214.
21s.

216.

217.

218.

219.

220.

221.
222,
223,
224,

225.
226.

227.
228.
229.
230.
231.

S. F. WNUK

Huie, E. M.; Kirshenbaum, M. R.; Trainor, G. L. J. Org. Chem. 1992, 57, 4569-4570.

Schneider, K. C.; Benner, S. A. Tetrahedron Lett. 1990, 31, 335-338.

Huang, Z.; Schneider, K. C.; Benner, S. A. J. Org. Chem. 1991, 56, 3869-3882.

Huang, Z.; Benner, S. A. Synlett 1993, 83-84.

(a) Kawai, S. H.; Just, G. Nucleosides Nucleotides 1991, 10, 1485-1498. (b) Kawai, S. H.; Chin, J;
Just, G. Nucleosides Nucleotides 1990, 9, 1045-1060.

(a) Jenny, T. F.; Previsani, N.; Benner, S. A. Tetrahedron Lett. 1991, 32, 7029-7032. (b) Jenny, T. F.
Helv. Chim. Acta 1993, 76, 248-258. (c) Jenny, T. F.; Benner, S. A. Helv. Chim. Acta 1993, 76,
826-841.

(a) Matteucci, M. Tetrahedron Letr. 1990, 31, 2385-2388. (b) Matteucci, M.; Lin, K.-Y.; Butcher, S.;
Moulds, C. J. Am. Chem. Soc. 1991, 113, 7767-7768.

Jones, R. J.; Lin, K.-Y.; Milligan, J. F.; Wadwani, S.; Matteucci, M. J. Org. Chem. 1993, 58, 2983-
2991.

Morton, G. O.; Lancaster, J. E.; Van Lear, G. E.; Fulmor, W.; Meyer, W. E. J. Am. Chem. Soc.
1969, 91, 1535-1537.

Isono, K.; Uramoto, M.; Kusakabe, H.; Miyata, N.; Koyama, T.; Ubukata, M.; Sethi, S. K.;
McCloskey, J. A. J. Antibiot. 1984, 37, 670-672.

Shuman, D. A.; Robins, M. J.; Robins, R. K. J. Am. Chem. Soc. 1970, 92, 3434-3440.

Jenkins, I. D.; Verheyden, J. P. H.; Moffat, J. G. J. Am. Chem. Soc. 1976, 98, 3346-3357.
Peterson, E. M; Brownell, J.; Vince, R. J. Med. Chem. 1992, 35, 3991-4000.

(a) O-Yang, C.; Wu, H. Y,; Fraser-Smith, E. B.; Walker, K. A. M. Tetrahedron Lett. 1992, 33, 37-40.
(b) O-Yang, C.; Kurz, W.; Eugui, E. M.; McRoberts, M. J.; Verheyden, J. P. H.; Kurz, L. J.; Walker,
K. A. M. Tetrahedron Lent. 1992, 33, 41-44. (c) Maag, H.; Rydzewski, R. M.; McRoberts, M. J,;
Crawford-Ruth, D.; Verheyden, J. P. H.; Prisbe, E. J. J. Med. Chem. 1992, 35, 1440-1451.

Maag, H.; Rydzewski, R. M. J. Org. Chem. 1992, 57, 5823-5831.

(a) Sugimura, H.; Osumi, K.; Yamazaki, T.; Yamaya, T. Tetrahedron Lezt. 1991, 32, 1813-1816. (b)
Sugimura, H.; Sujino, K.; Osumi, K. Tetrahedron Lett. 1992, 33, 2515-2516. (c) Sujino, K.;
Sugimura, H. Synlett 1992, 553-555.

Knapp, S.; Shieh, W.-C. Tetrahedron Lett. 1991, 32, 3627-3630.

Chanteloup, L.; Beau, J.-M. Tetrahedron Lert. 1992, 33, 5347-5350.

Benhaddou, R.; Czemecki, S.; Randriamandimby, D. Synlett 1992, 967-968.

Chladek, S.; Nagyvary, J. J. Am. Chem. Soc. 1972, 94, 2079-2085.

Bellon, L.; Morvan, F.; Barascut, J.-L.; Imbach, J.-L. Biochem. Biophys. Res. Commun. 1992, 184,
797-803.



