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INTRODUCTION

Chemical modifications of natural occurring nucleosides and nucleotides have led to a large
number of analogs used for their therapeutic properties especially their antiviral and antitumor activi-
ties.!”

In the search for new bioactive agents and tools for biological studies, many sulfur nucleo-
sides, nucleotides and oligonucleotides have been synthesized over 40 years. Some of them present
interesting therapeutic activities and a majority have been efficient tools in studies of protein or
nucleic acid structures and functions, protein-nucleic acid interactions and for antisense modulation of
gene expression. Sulfur containing nucleosides are also interesting intermediates in the synthesis of
other modified nucleosides.

A review of sulfur and seleno nucleosides in which an oxygen or a carbon atom of the sugar
is substituted for sulfur or selenium was written by Wnuk® and aspects of the chemistry of sulfur
modified nucleosides, nucleotides and oligonucleotides have appeared in several books.>!*

In regard to the extensive development of sulfur nucleoside chemistry, we are summarizing
here some recent aspects of the chemistry of sulfur modified nucleosides, nucleotides and oligonu-
cleotides including modifications of the base and the sugar but not on the phosphorus atom. This
review illustrates different aspects of sulfur nucleoside chemistry.

I. MODIFICATIONS IN THE HETEROCYCLIC BASE
1. Thiobases Containing Nucleosides, Nucleotides

A large number of methods were developed in the past to introduce a thiol function at
different positions on the base of natural occurring nucleosides or nucleotides. In order to prepare
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these modified nucleosides, an oxygen atom in an uracil, thymine or guanine ring was often trans-
formed into a leaving group which was substituted, obtaining the corresponding thionucleoside or its
protected form. 4-Thiouridine 1a, 2’-deoxy-4-thiouridine 1b, 4-thiothymidine 1c and 6-thiopurine
nucleosides, for example 5 and 6 (Scheme 1) and derivatives were prepared in such a way.'*!” One
step substitution of an oxygen for a sulfur atom is also possible using phosphorous pentasulfide, for
example in the synthesis of 4-thiothymidine.'® 2-, 2,4-Thiopyrimidine and 2-thiopurine nucleosides
(for example 2-4 and 7, Scheme 1) and nucleotides were synthesized in different ways. 1-f-D-arabino-
furanosyl-2-thiouracil can be obtained by ring-opening of 2,2’-anhydrouridine 85 with

s ) s NH,
H; | R HN | R HN/ujl/nl NZ | R
o)\zn s)\n s)\n S)\N
HO

HO™ \ :o: / HO™ \ :O: / HO \FO-\T/

0

OH R OH R OH R OH R
la,b,c 2a,b,c 3a,b,c 4a,b
a:R=0H,R'=H; b:R=H,R'=H; c:R=H,R'=CH;
S
6 NH.
1 N N N
HN HN NZ
LY LY zﬁ\>

2 k\N s N HN J\\N N HSJ\\ NT TN

OH R OH R OH R

5 6 7
a:R=0H; b:R=H
Scheme 1

hydrogen sulfide.'® 2-Thiouridine 2a, 2-thiothymidine 2¢ and 2-thiocytidine 4a derivatives were
obtained by chemical®*?? or enzymatic glycosylation.?* In the purine series, for example, 2-thioadeno-
sine 7 which was found to inhibit platelet aggregation was synthesized from a 6-chloro derivative of
guanosine® and its 5’-monophosphate were prepared by ring-opening of adenosine 5’-monophosphate
N'-oxide with aqueous sodium hydroxide followed by recyclization with carbon disulfide.
In these compounds, the thiol functions were often found in the form of the corresponding
stable thione. Introduction of a thione function at the 8-position of purine nucleosides (for example, 8
and 9 in Scheme 2) or nucleotides was achieved by displacement of a bromine atom introduced by
bromination of the natural adenine and guanine nucleosides or nucleotides. %2627
NH;, 0

s T
k\N | N>l8:s HzNJ\\N | N>'ﬁ:s

HO "\ T/-oql

aaR=0H; b:R=H

o]
OH R OH R
8 9
Scheme 2
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2’-Deoxy-5-thiocyanatouridine derivatives were used as intermediates in the preparation of
2'-deoxy-5-thiouridine 10b (Scheme 3) and its phosphoramidite.?®? The easily oxidizable nucleoside,
2’-deoxy-5-thiomethyluridine 11b (Scheme 3) can also be obtained by photochemical bromination of
3',5"-diacetylthymidine and then reaction with sodium hydrogen sulfide® or after hydroxymethylation
of 2’-deoxyuridine.’’

0 o]

HN SH HN SH
|| 5 |
O‘i\N O4A\N
(o}

aaR=O0H; b:R=H

HO HO™ \ FO:?/
OH R OH R
10 11
Scheme 3

Different modifications were introduced in thiobase containing nucleosides and nucleotides.
For example arabino, 2’-deoxy-5-fluoro and 2’-azido-2’-deoxythiopyrimidine nucleosides and/or
nucleotides were prepared.’>* In the search for new anti-HIV agents, 2,3’-dideoxy-2-thiouridine,
thymidine and cytidine were recently synthesized but exhibited low activities in comparison with their
2-oxy analogs.* 2’,3"-Dideoxy-4-thiouridine significantly inhibits uridine phosphorylase purified
from mouse leukemic L-1210 cells.”

2. Thiobases Containing Oligonucleotides, Photochemical Probes and Tools

In the last decade, methods were developed for the synthesis of oligonucleotides bearing a
thiol or a thione function on the base. The drug, 6-mercaptopurine, has been used since the 1950’s for
the treatment of acute leukemia® and the 6-protected derivative, azothioprine, is a useful immunosup-
pressant. 6-Mercaptopurine is thought to be transformed in vivo into 6-mercaptoguanine which is
incorporated into DNA. Oligodeoxynucleotides incorporating the corresponding nucleosides 5b and
6b respectively were synthesized and the stability of the corresponding duplexes was studied.’® The
synthesis and study of 2’-deoxy-6-thiomethylguanosine containing oligonucleotides revealed that the
cytotoxicity of 6-mercaptoguanine depends upon S-methylation by S-adenosylmethionine 138 after
incorporation into DNA 4

4-Thiouridine 1a is a natural constituent of t-RNA*! which can be used as an intrinsic photo-
label in the study of nucleic acids.*’ The inherent photo-crosslinking ability of 4-thiopyrimidine and 6-
thiopurine nucleosides has been widely used to study three dimensional interactions such as between
RNA-RNA (for example in t-RNAs or in catalytic RNAs called ribozymes) or RNA-proteins. 4-
Thiopyrimidine or 6-thiopurine nucleotides can be activated selectively by UVA light (330-350 nm)
and photocrosslinking allows specific contacts to be mapped. Natural RNAs were studied but the full
development of this photoaffinity technique required efficient methods for the introduction of
thiobases in oligonucleotides. >+’
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In this approach, modified oligodeoxynucleotides were synthesized incorporating thiopurine
nucleosides such as 2’-deoxy-6-thioinosine 5b*-? (6-mercaptopurine) and 2’-deoxy-6-thioguanosine
6b5153%° (Scheme 4) or thiopyrimidine nucleosides such as 2’-deoxy-4-thiouridine 1b*-506062 and 4-
thiothymidine 1¢.49-525862:66

0 oTPs
N TPSC1 < N
O HN N
B K,CO;, DMF 2 B
NS N _ \ﬁku X, N
N“ N N“N
18DMS0” (0 TBOMSO” K °
OTBDOMS OTBDMS
12 13
s/\/CN

1) NC(CHy),SH, \
1-methylpyrrolidine 0 NT | \>
89% from 12 Y\NJ\\N N

2) HF, TBAF, Py, 64% H

DMTrO o
3) DMTC], Py, 85% )/
4) iPr,P(CHOCH,CH,CN, O __N

p-
DIPA, Tetrazole, 88% NC\_ 0 {
14

Scheme 4

The synthesis of 4-thiothymidine 5’-triphosphate was reexamined recently.®’” This nucleotide
was found to be an excellent substrate for the Klenow fragment (DNA polymerase) and HIV-1 reverse
transcriptase and was used for incorporation of 4-thiothymidine into oligodeoxynucleotides.*®

Less work has been reported with thioribonucleosides. This is largely due to the problem of
finding suitable protecting groups for the 2’-hydroxyl and the thione functions. Oligoribonucleotides
containing 6-thioinosine 5a% (thiopurine ribonucleoside; Scheme 5) or 4-thiouridine 1a were synthe-

sized.%7

s/\/CN

NZ N
S /\/CN | \>
s N
1) DMTTCI, Py N

HN N N DMTrO—\ N
P ) BICH,CH,CN N7 B 2) TBDMSCI, Py )
NN ———
HO o K,CO;, DMF HO k\N N 3) iPr,P(C1)OCHj,- o\ OTBDMS
0 CH,CN P CN
: N-
OH OH Y DIPA, THF Yo
Sa H oH 90% /<
15 16
Scheme §

In the automated solid phase synthesis of such oligodeoxyribonucleotides and oligoribonu-
cleotides using phosphoramidite or H-phosphonate chemistry, different protective groups for the
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thione function were used, the methylsulfenyl group®, the 2-cyanoethyl5356576061.6869 (Scheme 4 and
5), the phenyl or the 4-nitrophenyl®, the 2,4-dinitrophenyl®®, the mesitylene sulfonyl’*” and the
pivaloyloxymethyl group.*-3!72

6-Thioguanosine, 6-thioinosine, 4-thiouridine and their 3’,5"-bisphosphates (for example 20)
were synthesized recently in good yields by improved methods and were enzymatically incorporated
into RNA (Scheme 6).!" The 4-thiouridine 3’,5"-bisphosphate derivative was found to serve as the
most active substrate of T4 RNA ligase with a reaction efficiency of 96%.

Nc\/\
s
¢t 1) DMTICl, Py, 94%
NSy 2) NC(CHy),SH, CH,Cl <," | SN
< | /)\ N-methyl pyrrolidine, 96% N /)\
HO N™ >N “NHBz DMTrO o N~ “NHBz
o 3) TBDMSCI, imidazole,
OH OH DMF, 27% OH OTBDMS
17 18
1) DCA, CH,Cl,, 92%
2) )\ 3) +-Bu hydroperoxyde,
"‘/AIH ) hexane
-tetrazole
P 65%
NC/\§O/ \o/\-—cN
s
NC
0 ¢ ™" CN s
QP NPy, [V DBU-BSA, Py ° NSy
/ © 0 ? 2) EuN 3HF, THF I ¢ | A
&P —P~o N7 N7 NHE:
59% / o
o\\ /0 OH 0
AN ne” N\
o0’ oo 0\\P _O  OTBDMS
20 N\ N
Scheme 6 19

Oligodeoxynucleotides containing the bis-thiouracil nucleoside probe 21 (Scheme 7) were
also synthesized and showed moderate irreversible photobinding with complementary DNA and RNA
targets.”*"> Peptide nucleic acid (PNA) dimer duplexes incorporating 4-thiothymidine were not able

s )
Hn | ) N/U\NH X = (CHp)CONH(CH,),NHCOCH, (n = 2,4)
= 2 2)n 2 (N=2,49),
o)\u K/J§s NH(CH,);NHCOCH,,
HO "\ :o: / C=CCH,NHCOCH,
OH
A Scheme 7

to fully mimic the photochemical behavior observed in the dinucleotide series.” A study of the self-
association properties of 4-thiouridine 1a showed a strong decrease in self-association constant
compared to uridine.”
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4-Thiouracil and 6-thiopurine systems undergo two types of light-induced reactions with the
natural bases: cycloaddition and radical reactions which produce stable photoadducts.®-7678-80 For
example, 4-thiouridine, 4-thiothymidine and derivatives photoreact with natural pyrimidine nucleo-
side to lead to a thietane 23 which interconverts with the corresponding (6-4) product 24 (Scheme 8).%!
Upon irradiation the latter forms the Dewar valence isomer 25.%! The thietane adducts appeared more
stable than the corresponding oxo analogs. A remarkable photoreversal of the thio Dewar valence

isomers 25 was recently reported (Scheme 8).

(o] S
N
0)\N NAO

R =Hor CH;4

> 320 nm
254 nm
R=H

Illllls
IIHII|I °

' Hsc \
23

> ||

Scheme 8

In a mechanistic study of the photoreaction between 4-thiothymidine 1¢ and adenosine, the
structure of the major adduct 26 isolated in a 90% yield was determined by X-ray diffraction (Scheme
9).8283 In order to prevent formation of G-quartets in G-rich sequences in triple helix forming oligonu-
cleotides used as tools for modulation of gene expression34-%, 2’-deoxy-6-thioguanosine 6b

HO

(o}
Ho —
pu

HO

o

OH OH
26

Scheme 9
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(dS®G) containing oligonucleotides were employed.*® The presence of a central dC-dS°G base pair in
an octameric duplex affects the overall structure.®’ Polyribonucleotides containing 1-methyl-6-
thioguanosine or 1-methyl-6-thioinosine are shown to be potent inhibitors of various strains of HIV-1
and HIV-2.% These oligomers were proposed to bind and fill the RNA binding site of HIV reverse
transcriptase.

2’-Deoxy-2-thiouridine 2b and 2-thiothymidine 2¢ were also incorporated as probes in
oligodeoxynucleotides giving stable hybrids with unmodified oligonucleotides.®>®-! In one of these
syntheses®, N° or (¥-acylation with toluoyl chloride was used as protection during the synthesis. This
protection prevents the oxidative desulfurization observed for the unprotected thiobase induced by the
aqueous oxidation reagent used in the phosphoramidite DNA synthesis.

Incorporation of a 2-thiopyrimidine ribonucleoside into oligoribonucleotides appeared more
attractive to study the intramolecular hydrogen bonding in RNA structures.”? For example, the forma-
tion of the HIV TAR-TAR RNA complex (« kissing hairpin ») was studied after incorporation of 2-
thiouridine 2a.>> Methods of synthesis and incorporation of this modified nucleoside were developed
from the corresponding phosphoramidite without base protection.>*

2-Thiouridine 2a and C5-modified 2-thiouridines are found predominantly at the wobble
position of tRNAs. For structural studies, 2-thiouridine has also been incorporated into various diri-
bonucleotides®>*® and oligoribonucleotides.”’

5-Methylaminomethyl-2-thiouridine is an hypermodified nucleoside present in the anti-
codon domain of tRNAL¥, For biophysical investigation, this nucleoside was recently incorporated
with other modified nucleotides in the 17 nucleotide anticodon stem-loop of E. coli tRNA™* using the
corresponding O-2-cyanoethyl-N,N-diisopropylphosphoramidite.?**

Other hypermodified thionucleosides were synthesized and incorporated into oligonu-
cleotides. 5-Carbomethoxymethyl-2-thiouridine, which appears to be directly involved in RNA and
protein recognition during HIV-1 reverse transcription initiation, was incorporated chemically into
tRNA anticodon stem-loop domains'® and 2’-O-methyl-2-thiouridine containing oligoribonucleotides
have been described.'®!

Incorporation of 2’-deoxy-5-thiouridine 10b into oligodeoxynucleotides was achieved using
the 5-thiocyanato or the 5-S-(2,4-dinitrophenyl)thio group in the phosphoramidite intermediate.?82%102
These oligonucleotides were conjugated to fluorescent or spin-labelled molecules.?®

3. Synthesis and Modifications of Nucleosides and Oligonucleotides Using Sulfur Chemistry
a) Sulfur in Glycosidation Methods, Synthesis of Thiobases Containing Nucleosides, Control of
Stereochemistry
Sulfur chemistry was extensively developed both for the synthesis of thionucleosides, and
for the synthesis of non-sulfur containing nucleosides.'®'® The synthesis of the 2-thiopyrimidine
nucleosides 29 can be illustrated by a method of glycosidation developed by Shaw et al. (Scheme
10).1% Some different methods were developed more recently.?>2 Different nucleosides incorporating
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28
27 OH OH
29
Scheme 10

a sulfur atom in the base ring were also synthesized, for example analogs of bioactive C-nucleosides
30 (Scheme 11).1%-107 The pyrimidine ring was formed by cyclization of intermediates 4-aminoisoth-
iazole-5-carboxylate C-nucleosides. In the condensation of a sugar with a base, a sulfur atom was

OH OH
30

Scheme 11

used in a different manner in order to control the stereochemistry. Introduction of a sulfur atom on the
sugar allows control of the anomeric stereochemistry, for example in the synthesis of 9-3-D-arabino-
furanosyladenine 36 from the arabinofurano-thionoxazolidine 31 (Scheme 12).1%

NHZ NH2
N02 N—
HN—///S S\ k 4 NO.

HO o 1) NaH, DMF Ho 0 HN= HgBr \N / 2
(o} _—_— o
i =k N

OH OH o ys
(o]

k)| 32

HO
33

H,, PA/C

NH;

NH,
H N=
N/
l\ \> _ RaNiHO P! =s 10,4 <\N J Nt
- SN N HO
HO / " NHy, H0,90° How WVS
HO o

OH OH 34
36 35
39% overall yield Scheme 12

The NBS-promoted coupling reaction of 3,5-O-isopropylidene-2-deoxy-1-thiophenyl-c-D-
threo-pentafuranoside 37 with silylated bases such as 38 was found to proceed in a highly stereoselec-
tive manner (oi:p = 1:50) (Scheme 13).'%°
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OTMS
o]
\(g N
0’\§o > A NH
-0 N”OTMS |
38 . /go
SPh
NBS, MS 4A, CH5Cl,, 20 min o\ 0o

37 85% /(q—\l

Scheme 13 39

A thiomethyl group can also be used for regioselectivity control in the glycosidation step
(Scheme 14)."° An interesting protection of the 4-thione function in pyrimidines as 4-benzylsulfanyl
uracil and thymine illustrates the use of a sulfur protecting group in glycosylation reactions for
preparing cyclobutyl nucleosides.'!!

NH,
NH, \n
N 1) 2,3 4-tri-O-acetyl-5-0-benzyl-B-D-ribose | .
l HN” N” SCH,
Z 2) NH;, MeOH BnO
HN~ >N” “sch,  2)NH3 Me 0
40
OH OH .
1) Diazotized 2,5-dichloroaniline | 3) Zn, AcOH, AcOEt,
2) Ac,0, Py reflux
NH,
NH, s s
M 4 H _< > o Ny
N SN SH S~ Na | .
¢ | J 5 o HN” “N” sCH,
HO o NTON 2) CH;0° Na~ , reflux BnO 0
3) Ra-Ni OAc OAc
OH OH 42
42 Scheme 14

b) Modifications of Thionucleosides and Nucleotides

In the past, a number of reactive biological probes have been prepared from thiopyrimidine
and thiopurine nucleosides. Typical examples are a reactive bromoacyl derivative of 2-thioadenosine
5’-monophosphate synthesized from the corresponding adenosine 1-oxide derivative and used as an
affinity label of pyruvate kinase’*? and a 4-azidophenacyl derivative 5’-triphosphate used as a
phoaffinity label of the DNA polymerase I Klenow fragment.'? 2-Thioethers of adenosine 5'-triphos-

phate derivatives synthesized from 2-bromoadenosine have been reported as novel P,, , receptor

2Y-R
ligands and potential insulin secretagogues''*!" whereas their 8-thioether analogs have little or no
effect.'* 2-Thioethers of adenosine 5’-triphosphate modified on the phosphate group are the first very
potent antagonists of the human platelet P, receptor which have significant potential as antithrom-

botic agents.''> 2’-Deoxy-8-thioadenosine and its phosphate derivatives were also used as intermedi-
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ates in the synthesis of various (photo)reactive nucleosidic, nucleotidic and oligonucleotidic probes. In
a recent application, 8-[(4-azidophenacyl)thio]Jadenosine 5'-triphosphate was used as a
photocrosslinking agent.'!¢

Sulfur modification of thymidine on the 5-methyl group was achieved in the past via the 5-
chloro derivative. The 5-thiomethy] derivatives were prepared from this intermediate and revealed

efficient anti-herpes activity.'!”

Photochemical bromination of 3',5"-diacetylthymidine 44 on the 5-
methyl group led to 2'-deoxy-3’,5'-diacetyl-S-bromomethyluridine which can be transformed into the
easily oxidable 2’-deoxy-5-thiomethyluridine or into the corresponding thicacetate (Scheme 15).3° We
used this latter compound and its o-isomer for preparing o and -thymidine conjugates to the interca-
lating drug proflavine or its azido derivative, for example 47, in order to study ring-ring stacking inter-
actions (Scheme 15).!"* A one pot hydrolysis of the thioacetate under basic conditions to form the
thiolate 45 and coupling with the bromopropyl proflavin derivative 46 led to the conjugates 47 and

avoided oxidation of the thiol function (Scheme 15).

o 9 o
HN 1) Bra, hv H)N\J]/\s
A ccly 0PN
0“7 N
AcO o 2) KSAc, DMF HO 0
3) KOH, EtOH
OH
OAc
44 L 45 _
0 i L
O A O HN Jj/\s/\/\ N =
p N R
Br "N N R A | H
H 07 "N
46
HO o
DMF
OH OH 47 R= NH2 or N3
Scheme 15

In the recent development of chemistry of thiopyrimidine and thiopurine nucleosides, some
new reactions have been reported. Ozonation of 4-thiouracil and 6-thioguanine nucleosides in the
presence of amines afforded under mild conditions cytidine and adenosine or their N-alkylated deriva-
tives, respectively.'!® Desulfurization of thiopyrimidine or thiopurine nucleosides with dimethyldioxi-
rane alone or in the presence of an amine led to various N- or O- derivatives like N*-cytidine, N® and
CB-adenosine derivatives (Scheme 16).12012!

The first direct aminolysis of 2-thiouracil nucleosides to 2-thiocytosine nucleosides have
been reported.'?? In the thio purine series, heating at elevated temperature of peracetylated 6-
thioguanosine induces a transglycosylation to form a stable 9,5%-bis(ribosyl) derivative and N*-acetyl-
6-thioguanine.'* A synthesis of 9-(2-deoxy-B-D-ribofuranosyl)purine-2-thione from 2’-deoxy-6-
thioguanosine has been also recently reported.'** An interesting reaction was observed in the synthesis
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of 8-0xodG, a DNA oxidative damage product, from 8-bromodG 51 via the 8-benzyloxy intermediate
53.125126 2"-Deoxy-8-dimsylguanosine 52 was obtained as the major product in a S, 1 reaction with
sodium metal conducted in a benzylic alcohol-DMSO mixture (Scheme 17).

Na/BnOH-DMSO 60:40, RT to 65° C, 16 h, 80%

|

Na/DMSO, 65°C, 16 h, 35%

o)
0 /?
M7 "NH  Na/BnOH-DMSO /s\_</N 1
ar—( | Py 25:75 N A
HO NTSNT TN, HO N" N
o 35-65°C, 16 h o o)
N
OH OH ; NH
51 52 Bn0—< | /)\
. N N NH;
OH
Scheme 17 53

Thiols are antioxidants and have been used as radioprotecting agents. Under some condi-
tions, thiols are believed to enhance DNA damage. Chemical evidence for thiyl radical addition to the
C6-position of a pyrimidine double bond of nucleosides resulting in the formation of an intermediate
5,6-dihydropyrimidine 5-y1 radical was recently obtained.'”’

A lot of work has been developed for the synthesis of « activated » pyrimidine and purine
nucleosides and their transformation into substituted-base nucleosides. In this regard, it has been
reported recently that, in the purine series, the 6-(benzylsulfonyl) group undergoes S, Ar displacement
with an arylamine at ambient temperature.'?

¢) Modifications of Oligonucleotides

In the study of proteins and/or nucleic acids, 2’-deoxy-8-thioadenosine was used as an inter-
mediate in the synthesis of (photo)reactive nucleosidic, nucleotidic and oligonucleotidic probes (see
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previous part). 4,5 8-Trimethylpsoralen was attached at the C8-position of 2'-deoxy-8-thioadenosine
8b via the sulfur atom and a five carbon atom linker and the resulting modified nucleoside 54 was
incorporated into oligonucleotides.'? These oligonucleotides are efficiently able to form, photochemi-
cally with their complementary DNA target, a specific sequence crosslink (Scheme 18).

NH,

-~ N
Nk | >N

X N

N

HO\ o / / I X
o 0 (o]
OH 54
Scheme 18

Post-synthetic modification of 4-thio-2’-deoxyuridine 1b containing oligonucleotide strand
have been reported for incorporating a wide range of functional groups at any base position within a
DNA % Such a post-modification was used to derivatize, with p-azidophenacyl bromide, 4-thiouridine
residues incorporated enzymatically into a RNA fragment from the corresponding triphosphate.'¥

We synthesized different 2’-deoxy-8-sulfur modified purine nucleosides for preparing
oligonucleotides containing one of the most frequent chemical damage product in DNA, the abasic
site 57, which results from hydrolysis of the glycosidic bond with removal of the base. In these modi-
fied nucleosides, a fragility of the glycosidic bond induces loss of the base and rapid hydrolysis espe-
cially for 8-alkylsulfonyl nucleosides.'*! This property was used for synthesizing abasic oligonu-
cleotides. 2’-Deoxy-8-propylthioadenosine prepared from 2’-deoxy-8-thioadenosine 8b was
incorporated into oligodeoxynucleotides S5 and then the suifide function on the base was oxidized to
the corresponding sulfone 56 increasing the fragility of the glycosidic bond. A simple hydrolysis led
to the abasic oligonucleotides 57 (Scheme 19).!3

NH, NH,
N“ N N7 N
O ey
QSN RN W o 0—_OH
° o Oxone, HO ° No H,0, pH 3,
/\p/ RT, 1 h /\p/ 65°C, 30 min o __o
[
o o0 o __o @o/ LLLL.
@ Ve P @ /P
0" 0" ™y, 57
55 56
Scheme 19

5-Phenylthiouridine derivatives such as 58 have been used as intermediates in the synthesis
of modified nucleosides and nucleotides. 6,5'-Cyclothymidine 60 was prepared from 3’-acetyl-2’,5'-
dideoxy-5'-iodo-5-phenylthiomethyluridine 59 (Scheme 20)."'
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2’-Deoxy-5-phenylthiouridine 62 prepared from 2’-deoxyuridine 61 (Scheme 21) was incor-
porated into DNA oligomers using the corresponding 3’-phosphoramidite.'*? Under UV exposure and

Ph$ PhS

different conditions, these oligomers 64 were used to generate specific base lesions from the radical
species 63 (Scheme 21).

0 )
HN 1) (CH;0),, TEA, H,0, 60°C HN aPh
A 2) Ac0. Py 1]
07N 0” N
HO o 3) PhSH, TEA, DMF HO o
4) NH;, H,0
61 62
o B o 7
‘771' 07 'N hy 571‘ O)\N
[o] o ° o
Q o
1 64 z 6
Scheme 21 -

4. Others Properties of Thiopyrimidine and Thiopurine Nucleosides, Nucleotides and Oligo-
nucleotides
Specific interactions of the sulfur atom in 4-thiouridine and 6-mercaptopurine with metallic
ions such as TI(IT), Hg(IT), Au(IIT) and Pt(Il) were evidenced.'** Recently, reactions of 4-thiouridine,
2’-deoxy-6-thioinosine and their 5’-monophosphates with chloro(diethylenetriamine)palladium(II)
were investigated in acidic aqueous solution.'3> The labile chloro ligand is directly replaced by the
thione unit in the Pd(II) complex and incorporation of both thionucleosides into single-stranded
oligonucleotides increased the rate of adduct formation by a factor 2-3. Gold(IIl) complexes with
thione-containing nucleosides and oligonucleotides were also studied for evaluation of reactivity of
short oligonucleotides in different environment,!3413%
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Several research groups have successfully introduced thiol or thione groups into DNA for
the purpose of disulfide cross-linking (for example, Scheme 22).13713 If the thiols or the thiones are
placed into opposite strands of a duplex-forming sequence, the two strands are linked covalently by

R e [0] 'S
7 NH BN }N (/—\< NN N
N— =y [H] N—( \—N M,
§ o0 S0

Scheme 22

oxidation and the duplex is stabilized. A similar approach was used to stabilize intramolecular hair-
pins in short catalytic RNA or DNA. 114! Varjous sulfur-modified pyrimidine and purine nucleosides
have been incorporated in oligonucleotides for preorganization of two binding domains in recognition
of single-stranded DNA or RNA targets by duplex or triplex formation (for example, oligonucleotides
67!42,]43; 68 144-148; 69149-[50; 70!51’ Scheme 23)

HN/\é/yn\su - | o SH
N X
¢ f) “ o
"o . NN R'=H,R?=H, OH

o O = N - v
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e
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[o] [o]
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X
n
W, N’go "1,‘_‘ N/go
0"\ FO: / 0"\ FO:/
n=1,273
(o] *T 0
1, .
69 70

Scheme 23

For example in this approach, different 5-thioalkyluridines and their phosphoramidites were
efficiently synthesized by conversion of thiolactones 71 into ureidomethylene thiolactones 73,
rearrangement to the corresponding 5-thioalkyl uracil derivatives 74 and then Hilbert-Johnson glyco-
sylation of 1-O-acetyl-2,3,5-tri-O-benzoyl-B-D-ribose (Scheme 24).'4°

Finally another biological application of a nucleoside carrying a sulfur atom on the base can
be mentioned. In the presence of inorganic phosphate, 2-amino-6-mercapto-7-methylpurine ribonucle-
oside 76, obtained by methylation of 6-thioguanosine 6a, is enzymatically converted by purine nucle-
oside phosphorylase (PNP) to ribose 1-phosphate 77 and 2-amino-6-mercapto-7-
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methylpurine 78 (Scheme 25). The spectrophotometric detection of the free base permits the contin-
uous assay of ATPase activity, and potentially of other enzymes such as GTPases and phosphatases
that produce inorganic phosphate. '35

(I:Ha Se
CH
®</N | N ﬂ ] 3 S
© N
PNP _b- NH
HO N N/)\NHQ + P HO o o 60 + <\ | //i\
2 o NTSNT TNH,
OH OH OH OH Amax = 355 nm
;"max=330 nm 77 78
76 Scheme 25

II. SULFUR MODIFICATIONS IN THE SUGAR, SUBSTITUTION OF THE HYDROXYL
FUNCTIONS

1. Modifications at the 2’ or 3’ Position
a) Modifications at the 2’ Position

Substitution of the 2’-hydroxyl function by a thiol group in ribonucleosides appeared
attractive in the search for new therapeutic agents or for the study of RNA chemistry and biology,
especially in the field of catalytic RNA (ribozymes).!*

2'-Deoxy-2"-thiouridine 79, cytidine 80 and adenosine have been prepared.®!361% These
nucleosides undergo glycosidic cleavage in aqueous solution at room temperature above pH 6.5.'%
Elimination of the base probably results from intramolecular reaction of the thiolate at position 2.
These nucleosides are also easily oxidized to the corresponding disulfide.!s®
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In the search for new bioactive nucleotides, we showed that 2’-deoxy-2'-thiouridine 5’
diphosphate strongly inactivates in vitro E. coli ribonucleotide diphosphate reductase.'® This enzyme
catalyzes the reduction of the four natural ribonucleotides to the corresponding 2’-deoxyribonu-
cleotides and thus is a key enzyme in the synthesis of DNA.!6!1% The 2’-thiol function of the modi-
fied nucleotide interacts with a cysteine residue at the active site to lead to a perthiyl radical on the
enzyme. This nucleotide was obtained using a mixed propyl disulfide intermediate which can be
reduced easily in situ with dithiothreitol to lead to the active compound.'s> This protection proved
useful for the introduction of a diphosphate function at the 5"-position.

We reported the synthesis of pyrimidine nucleosides carrying a thionitrite function
(Scheme 26).!% Treatment of 2’-deoxy-2'-thiouridine 79 or cytidine 80 with a nearly stoichiometric
amount of terr-butyl nitrite in methanol led quantitatively to the corresponding red, unstable, 2’-S-
nitroso nucleosides 81, 82 which can be purified if chromatographed rapidly. As a solid or in aqueous

CL

S s N}
Sk o G T

HO MeOH  HO o) °
or H,0
OH SH OH SNO OH s
79. 7 = OH 81:Z = OH 83:Z = OH
80: Z = NH, 82: Z=NH, 84: Z=NH,

Scheme 26

solution, these compounds decompose rapidly to yield the corresponding disulfides 83, 84 and nitric
oxide. The rate of decomposition decreases in aqueous solution in the presence of desferrioxamine, a
strong iron chelator, or bathocuproine, a strong copper chelator, or in water treated with Chelex resin
to remove metallic impurities. This suggests that the decomposition is catalyzed by iron and copper
ions. More recently, we developed a new method for preparing methyl disulfides of thionucleosides
such as 2’-thiouridine 79, cytidine 80 and 3’-thiothymidine using 2-(trimethylsilyl)ethanethiol
(Scheme 27).1%6

The first synthesis of a diribonucleotide incorporating 2’-deoxy-2’-thiouridine 79 was
achieved by Reese et al. in 1994 using the 9-(p-anisyl)xanthen-9-yl) protective group for the thiol,
which is removed under acidic conditions.'®” A study of this dinucleotide showed that the 2’-thiol
function does not interact with the internucleotide phosphodiester linkage under either basic or acidic
conditions.'® Furthermore, the dinucleotide is not a substrate for ribonuclease A. To provide insight
into the reactivity of phosphodiester group adjacent to the 2’-thiol function, 2’-deoxy-2’-thiouridine 3'-
(p-nitropheny] phosphate) was synthesized.'®® The major reaction pathway found is transphosphoryla-
tion to afford 2',3"-cyclic phosphorothioate followed by hydrolysis to produce 2’-deoxy-2'-thiouridine
2'-phosphorothioate. However, the results confirmed the previous report of Reese et al.'*’, at pH 7.4,
the thiol containing ribonucleotide is hydrolyzed 27-fold slower than its 2’-hydroxyl analog. This
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study highlighted the potential of 2’-thiol-containing oligonucleotides for the study of an array of
RNA processes, especially those in which the 2’-substituent plays a critical role.!6%!70

2-Deoxy-2'-thiouridine 79 and cytidine 80 were incorporated into oligodeoxynucleotides
using a trityl group for the protection of the thiol function (Scheme 28).'"" This protective group
allows solid phase phosphoramidite DNA synthesis using standard reagents and protocols. Following
oligonucleotide synthesis and deprotection, the tritylthio moiety is readily cleaved with silver nitrate
followed by DTT treatment or, is converted to the (2-pyridyldithio) derivative 94 via treatment with
silver nitrate and 2,2’-dipyridyldisulfide (Scheme 28).

Short oligodeoxynucleotides containing 2'-S-3’-O-cyclic phosphorothiolate termini were
obtained after synthesis of 2"-S-phosphorothiolate linkage containing oligonucleotides from the 2’-
deoxy-2’-thiocytidine 2’-S-phosphoramidite derivative and then base catalyzed cleavage.'”” These
constitute new probes for exploring the biological structure and function of macromolecules that
interact with 2’,3"-cyclic phosphates.

The interest in 2"-modified oligoribonucleotides was recently highlighted with a recent
study of the cleavage mechanism of the hairpin ribozyme. Among the different 2’-modified oligori-
bonucleotides prepared and assembled into the hairpin, an oligoribonucleotide containing 2-deoxy-2’-
thiocytidine synthesized from the S-trityl 3’-O-phosphoramidite derivative was employed. The corre-
sponding cleavage rate was found to be 2500-fold lower than that of the unmodified ribozyme.'"
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Oligonucleotides containing a 2’-S-hexy! group at the 2"-position were prepared to study
their duplex stability. It was found that this stability was decreased compared to the unmodified coun-
terparts.'’* Oligodeoxynucleotides bearing 2’-methoxycarbonylmethyithio-2"-uridine were also used

for post-synthetic functionalization with amino derivatives.'”

b) Modifications at the 3’ Position

3’-deoxy-3'-thionucleosides and especially 3'-deoxy-3’-thiothymidine received attention in
the last ten years. 2',3-Dideoxy-3’-thionucleosides 5’-triphosphates (T, C, A, G) irreversibly stopped
DNA chain elongation by AMV and HIV reverse transcriptases, and the corresponding nucleosides
display interesting antiviral activities.'”*!”® However, the antiviral activity of these nucleosides was
controversial.!”® We prepared the stable methyl disulfide precursor of 3’-deoxy-3"-thiothymidine using
the 2-(trimethylsilyl)ethanethiol approach'®® and found an anti-HIV reverse transcriptase effect for
this compound.'”

In the synthesis of 3’-sulfur modified nucleosides, an old question mentioned by Reese'®
concerns the selectivity of the ring opening of 2,2’-anhydrouridine 85 by nucleophiles, especially by
alkyl thiolate. Brown et al. reported that when 2,2’-anhydrouridine was heated with a large excess of
sodium ethanethiolate in DMF and the product desulfurized with Raney nickel, 3’-deoxyuridine,
rather the expected 2’-isomer was obtained."®! Furukawa ef al. described similar results with 2’,3"-
anhydroadenosine.'® In contrast, Reese et al. reported that reaction of 2,2’-anhydrouridine in DMF or

methanol with an alkyl or arylthiolate in the presence of triethylamine or N'.N'.N°,N*-tetramethyl-
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guanidine led exclusively in good to high yield to the corresponding 2’-deoxy-2’-mercaptouridine
derivatives.'® Robins et al., and us later, observed the same selectivity using as reagents in DMF
sodium hydride-thiophenol and potassium carbonate-2-(trimethylsilyl)ethanethiol, respectively'8*166
(RX structure of product or derivatives). Brown et al. rationalized their results by suggesting that 2,2"-
anhydrouridine is first converted under the basic conditions of the reaction into the 2°,3’-isomeric
epoxide. Recently, Reese et al. explained the discrepancy between the reported results.'®*!35 Treat-
ment of 2,2"-anhydrouridine 85 with sodium ethanethiolate or the sodium salt of benzylmercaptan in
the presence of an excess of thiol gives 2'-deoxy-2"-S-ethyluridine 95 or 2’-deoxy-2’-S-benzyluridine
in high yield. However, treatment of 2,2’-anhydrouridine first with sodium hydride and then with a
deficiency, with respect to sodium hydride, of ethanethiol or benzylmercaptan leads to the 3'-S-ethyl
or 3’-S-benzyl isomer 97 in high yield (Scheme 29). This difference can be explained by conversion of
2,2"-anhydrouridine into the 2’,3’-anhydrouridine 96 by reaction of sodium hydride (quantitative
conversion in DMSQO, isolated in 69% yield). This is a particularly versatile and interesting route for
preparing 3’-deoxy-3"-substituted uridine and cytosine derivatives.
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Scheme 29

Another sulfur modification achieved at the 3"-position is the introduction of a bisvinylsul-
fone functionality into the sugar moiety of uridine (compound 98).!% From this Michael acceptor,
different monosubstitued nucleosides were obtained (Scheme 30).
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Replacement of the 3’-bridging oxygen with sulfur in a dinucleotide was first reported by
Cosstick ef al. in 1988.'8 From the initial synthesis, the method has been developed for preparing
various oligodeoxynucleotides using for example a 3’-deoxy-3’-thiothymidine 3’-S-phospho-
ramidite.'*-'8 QOligonucleotides containing a 3’-S-phosphorothiolate linkage were used for mapping
protein-DNA interfaces and studying the interactions between the two macromolecules.!”>!% These
oligonucleotides appeared resistant to certain nucleases such as EcoRV. The phosphorus-sulfur bond
could be cleaved chemically under mild conditions by aqueous solutions of either iodine or silver
nitrate.”? A high resolution X-ray crystallographic study of the restriction endonuclease EcoRV
bound to a duplex DNA substrate analog with deoxyribo-3'-S-phosphorothiolate linkages was recently
described.'® In the original method developed by Cosstick et al. for preparing oligodeoxynucleotides
containing a 3’-S-phosphorothiolate linkage, 3’-deoxy-3'-thiothymidine 3'-S-(O-2-cyanoethyl-N,N-
diisopropylamino)phosphoramidite derivatives were found to be less reactive than the corresponding
O-phosphoramidites in the coupling step in the presence of tetrazole. In the presence of the more
acidic 5-(4-nitrophenyl)-tetrazole, side reactions were observed. Cosstick ef al. investigated alterna-
tive coupling methods using the Michaelis-Arbusov reaction or a phosphotriester approach (Scheme
31).196197 More recently, a general procedure for preparing the 3’- and 5'-S-nucleosidyl-S-aryl disul-
fide intermediates such as 100 was developed in the 2-deoxyribose and ribose series.'®® Thymidine
3'-S-phosphorodithioate and dithymidine 3'-S-phosphorodithioate derived from 3’-thiothymidine were
synthesized in excellent yield by ring opening of 2,3"-anhydrothymidine with phosphorodithioic
acids.'®
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2',3"-Dideoxy-3’-thiouridine containing oligodeoxynucleotides were obtained from the
corresponding phosphoramidite and used in the study of catalysis by Tetrahymena ribozymes.2®
Analysis of cleavage of a DNA substrate with a 3’-S-phosphorothiolate at the scissile phosphate iden-
tified a specific metal interaction that contributes to ribozyme catalysis. Use of DNA substrate compli-
cated the study because 2"-OH at the cleavage site enhances reactivity of RNA.?’! It is advantageous
to be able to make functional group substitution in a ribose context.”? Purine-pyrimidine diribonu-
cleotides'%-202.203 (for example Scheme 32) and a pyrimidine-pyrimidine ribonucleotide (Us)pU2*205
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were synthesized by coupling a 3"-disulfide with a O,0-bis(trimethylsilyl)phosphite generated in situ
from the corresponding H-phosphonate.

1) Na OH / MeOH MMTFO o B!
2) AcOH, 74%
1) MMTrC], 2,2'-dithiobis
HO I—O B! Py, 65% MMTrO o B! (5-nitropyridine) s § OTBDMS
L? 2) KSAc, ;_\f 3) TBDMOTHT,
OH )DMF, 37°C AcS AcO ) 88% v ~ IN
103 50% 104 .
) \ NO,
O,HPO o B 105
1
HO B! ) ®
o Et:NH TBDMSO  OTBDMS
106 55%
? OH bis(trimethylsilyl)trifluoroacetamide
0=P\ -
O/ (s] B2 2) AcOH/H,;0
IO 0 3) Et3N, 3HF 18%
OH OH 4) ion exchange resin
107
B!= thin-9-yl, B? = uracil-1-yl
hypoxanthin-9-y uracil-1-y Scheme 32

The stability of these diribonucleotides was studied under different pH conditions. It has
been known that under acidic conditions, the natural diribonucleotide UpU both isomerizes to
uridylyl-(2"—5")-uridine and undergoes hydrolytic cleavage; (Us)pU was found less stable than UpU
in aqueous acetic acid at 30°.2%42% At pH 2, in aqueous hydrochloric acid, the behavior of 3-deoxy-3'-
thioinosylyl-(3’—5")-uridine (Is)pU appeared to be similar to that of UpU.?® This difference has not
been explained.?%> Base-catalyzed cleavage of (Is)pU is accelerated (= 2000-fold) relative to that of
the phosphate-linked dinucleotide IpU.%? The same result was found, at pH 10 and 50°, with (Us)pU
which leads to uridine and the 2’,3’-cyclic phosphorothioate intermediate.2®2% (Is)pU and (Us)pU
were found to be substrate for several enzymes including T4 polynucleotide kinase, snake venom
phosphodiesterase and ribonuclease T,.2% 225 The hydrolytic reactions of the dimethyl ester of 3"-
deoxy-3'-thioinosine-3’-S-phosphorothiolate®® and of the cis-methyl ester of 3’-thiothymidine 3’,5’-
cyclicphosphorothiolate®” were studied recently. At pH > 3, isomerization to the 2’-dimethylphos-
phate takes place whereas under more acidic conditions, hydrolysis to the 2"-monomethylphosphate
and 3’-S-monomethylphosphorothiolate competes.

Sun et al. described the synthesis of uridine, cytosine, guanosine and inosine 3’-S-phos-
phoramidites and their incorporation into RNA by standard phosphoramidite solid-phase synthesis.?*
With regard to the interest in 3"-S-phosphorothiolate linkage containing oligoribonucleotides in the
study and the search for new ribozymes!5>169.170209 improved methods of 3’-thioribonucleoside
synthesis have been reported, for example the synthesis of 3’-thiouridine derivatives'®® and 3'-
thioguanosine and its phosphoramidite 115 (Scheme 33).219
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Oligonucleotides incorporating 3'-thioformacetal internucleoside linkages were synthe-
sized?!! (Scheme 34) in the search for new antisense and anti-DNA oligonucleotides.®*86212214 Pyrimj-
dine dimer blocks such as 118 have been prepared and incorporated into oligonucleotides. Dithymi-
dine monophosphate analogs in which the phosphodiester linkage is replaced by a 3’-C-$-S-5' or a
3'-§-S-5’ linkage have been prepared from 3’-(3-nitropyridinyl)disulfide thymidine derivatives.2!s

D

T T
DMTrO"\ 0. DMTrO™\ o
HO T 0110 1 17" s
0 HCI / (CH;0), \;°j DIPEA \(‘) T
ket koL I o
O\H/Cuﬂzs O\H,CnHza ) NaOMe /\p‘
o] o OH
116 117 52% overall yield ns
Scheme 34
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2. Modifications at the 5’ Position
a) 5"-Thionucleosides and Related Oligonucleotides

5'-Deoxy-5"-thioribonucleosides and nucleotides and their 2’-deoxy derivatives can be
prepared efficiently from the corresponding natural nucleosides.??'6 2’-Deoxy-5'"-thionucleosides and
2',3’-dideoxy-5’-thionucleosides were used for preparing oligodeoxynucleotides with modified inter-
nucleoside linkages as tools for biochemical studies'®"® and/or in view of their potential use as
antisense agents which might present an improved stability towards cellular nucleases.?!*

The potentialities of the sulfur chemistry for the design of new biological tools can be illus-
trated by the nice work of Bruick ef al.2'” An oligonucleotide template was used to direct the ligation
of peptides to oligodeoxynucleotides possessing a 5’-thiol end via a stable amide linkage (Scheme 35).
Peptides 120, ending in a carboxylic-terminal thioester, were converted to thioester linked oligonu-
cleotide-peptide intermediates 122 using an oligonucleotide possessing a terminal 2’-deoxy-5'-thiouri-
dine 121. The oligonucleotide portion of the intermediate binds to a complementary sequence
template, placing the peptide in close proximity to an adjacent template bound oligonucleotide 123
that terminates in a 3’-amino group. The ensuing reaction results in an efficient formation of an
amide-linked oligonucleotide-peptide conjugate 124.

0 RS-SR — 0
Peptide
119 R= 120
Ocozu 5 5 DNAL

s—
121
0
123 s DNAI
DNA2 3 /7 2F9. DNAI — s —
I N, (S——— 122
K I
I
124
DNA2 3 )¢ 5 DNAI DNA2 ¥
NH  vs— I NHTY
IERE I 124
|
Scheme 35

5’-Deoxy-5'-thionucleoside incorporating oligodeoxynucleotides were used with other
modified oligonucleotides to investigate DNA ligation by DNA topoisomerase 1.2'® Oligodeoxynu-
cleotides incorporating sulfur containing linkages without a phosphorous atom were also synthesized
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from 5'-thionucleosides. 5’-Thiothymidine was used to prepare dialky! sulfide linked thymidine dimer
and the corresponding dimer 3’-phophoramidite was incorporated into oligodeoxynucleotides.2!%220
The four 2’-deoxy-5’-thionucleosides were incorporated in short oligonucleotides such as 127
containing 5’-thioformacetal internucleoside linkages with a new coupling method using
3’-0-chloromethyl intermediates (Scheme 36).22!222 5’-S-Phosphorothiolate linkage containing

NHBz 8 Bz

A
/N XN | /Ni TBDMSO o
<N P . NS0 SO o;—‘\
TBDMSO N HS —_—
W W 19% N .
T\

0\/ SCH,3 OTBDMS o
125 126 127 OTBDMS
Scheme 36

diribonucleotides such as 13222224 (Scheme 37) and oligoribonucleotides™® were synthesized, these
latter from the N-benzoyl-2’-deoxy-5'-thioadenosine 3’-O-phophoramidite derivative. This linkage
was found particularly susceptible to isomerization and/or cleavage when compared to the corre-
sponding oxo, deoxy and thiodeoxy derivatives. It is hydrolyzed rapidly under neutral and mildly
basic conditions.”**> Divalent metal cations increase the cleavage rate.”>22% Such oligonucleotides

o
o
| NH
| Y™ 1yMscnL EuN, cHyCl s N/l%o
w. L L o
o 2) (MeO)CgH,CH,SH
(Me,N),C=NH, OAc OAc
OAc OAc DMSO, RT
128 OMe 129
(0:N)CeH4SC,
o AcOH, 0°C
1) EiyN, TMSCI, (‘L NH
CH,Cl, pyo NS0 73% from 128
93% o
u
HO o o
o, 0 Thp
® og-R NH
? OH Et;NH H 131 s | /&
0=p_ s~ N Yo
o S U 2)NH3 MeOH,RT 0N °
©) 0 3) AcOH, H,0 (2:98), RT
OAc OAc
Et;NH OH OH 130
132 Scheme 37

were used as tools in the study of natural ribozymes, and in the search for ribozymes possessing new
catalytic properties 155:225227.228

5’-Deoxy-5’-thioguanosine 5’-monophosphate was obtained after deprotection of 2’,3'-
isopropylidene-5"-deoxy-5"-iodoguanosine (2.5 days, with 50% aqueous formic acid) and subsequent
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reaction with trisodium thiophosphate in 68% yield.?® This nucleotide was incorporated into RNA
with T7 RNA polymerase. Dephosphorylation with alkaline phosphatase led to the corresponding
RNA carrying a 5’-thiol function which reacts with different thiol-reactive agents.

One of the main radiation-induced decomposition products of 2’-deoxyadenosine, (5S)-5,8-
cyclo-2"-deoxyadenosine 136, was prepared photochemically from 5’-deoxy-5’-thiophenyladenosine
133 and was incorporated into oligonucleotides (Scheme 38).%*° This method was applied to the
synthesis of (5'S)- and (5'R)-5',8-cyclo-2'-deoxyguanosines which were incorporated into oligonu-

cleotides.!

NHBz NHBz 1) TBDMSCI, NHBz
N N imidazole N N
</" N a )" 79% ° CA )
s
N (E10)3P, NTON 2) Se0,, dioxane, NT N
N 3 0o
PhS o CH;CN o reflux
51% 87% or
OH OH 134 1135
133
NHBz ) NaBH,, CH;0H, 90%
XN 2)DMTICI, Py, 70°C, 60%
R, = TBDMS | /)
R, = DMTr NN 3) TBAF, THF, 72%

4) P(N-iPr)-O(CH2),CN,  62%
N,N-diisopropylammonium tetrazolate

R; = P(N-iPr,)-O(CH,),CN

OR, 136
Scheme 38

Many 5’-modified 5’-deoxynucleosides possessing a sulfur atom at the 5'-position have been
synthesized in the search for new therapeutic agents. Such 5"-modified adenosine derivatives inacti-
vate S-adenosyl-L-homocysteine hydrolase (see next part) and it was demonstrated that 5"-alkylthio-
substituted analogs of Ne-benzyl and NS-(3-iodobenzyl)adenosine 137 are selective ligands for the A,
receptor with K,’s in the nanomolar range (Scheme 39).%* Stimulation of the rat A, receptor causes
bronchoconstriction and the release of allergic mediators; partial agonists should circumvent these
effects.

) X R = CHj, CyHs, n- or i-C3Hy

RS N X=H,I

Scheme 39

In the search for inhibitors of cytoplasmic-thymidine kinase endowed with antitumor or
antiviral agents, 5’-alkylthio-5’-deoxythymidine derivatives were synthesized.?3-23
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b) 5"Thionucleosides and Derivatives in the Search for Therapeutic Agents, S-Adenosyl-L-methio-
nine Analogs and Mechanism-based Inhibitors of S-Adenosyl-L-Homocysteine Hydrolase

S-adenosyl-L-methionine 138 (AdoMet, SAM; Scheme 40) is a cofactor in numerous enzy-

matic reactions like methylation performed by methy] transferases. AdoMet decarboxylase leads to
the 5’-aminopropylsulfonium used by the cell as an aminopropyl donor for the biosynthesis of the
polyamines, spermidine and spermine. After enzymatic methylation, AdoMet is transformed into S-
adenosyl-L-homocysteine 139 (AdoHcy; Scheme 40). This product is hydrolyzed to adenosine and L-
homocysteine by the enzyme AdoHcy hydrolase after reversible oxidation of the 3’-hydroxyl group of
AdoHcy by NAD* and then B-elimination of L-homocysteine to give the o, insaturated ketone.
Michael addition of water to the intermediate affords 3'-ketoadenosine which is then reduced by
NADH to adenosine.”*¢2" 1t is crucial for the cell to remove AdoHcy for performing methylations

and thus inhibitors of AdoHcy hydrolase are interesting compounds in the search for antiviral and
antitumor compounds.**
®
eOOC

@ooc ®
4““3 NH, NH, NH2
NJI" AdoMet NZNN
| \> | \> AdoHcy
ol k\N N (SAM) | k\N N
gl < T\
OH OH OH OH

138 139
Scheme 40

The design and synthesis of inhibitors and mechanism-based inhibitors of AdoHcy hydro-
lase have received attention. 5’-Deoxy-5"-methylthioadenosine has been shown in the past to inacti-
vate AdoHcy hydrolase. Robins et al. synthesized 5'-deoxy-5'-fluoro-5’-thioalkyl or aryl adenosines
143 (Scheme 41) and found that some of them present antiviral activities.?*-2*0 They showed that a-
fluoro thioethers undergo spontaneous chemical hydrolysis in aqueous buffer to give 4’-epimeric
adenosine-5’-carboxaldehyde species that causes inactivation of AdoHcy hydrolase.

R =CH, R = CeHs,
XeF;, CH,Cl,, F A (4)CH;0CgH,, F R
RS 0 -25°Cto ambient ~ RS 0 (4)CIC¢H, RS o
OAc OAc 9% OAc OAc NH}’;‘;‘eggq OH OH
140 142 A 143
mCPBA, CHyCl,, -40°C DAST, SbCls, CH,Cl
R = CgHs, 59 - 74%
(4)CH;0CeHy,  97-99% ™ ¢ A
(4)CICeH,y RS 0
OAc OAc
141
Scheme 41
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5"-Deoxy-5'-fluoro-5’-S-methyl-5’-thicadenosine derivatives and their 5’-deoxy-5'-S-(fluo-
romethyl)-5’-thio regio-isomers were used as intermediates in the synthesis of 5’-carboxaldehydes of
2’ and 3’-deoxyadenosine and their oximes. This reaction was applied to the synthesis of the 5'-
carboxaldehyde of 9-(f-D-arabinofuranosyl)adenine (Ara A) 146 (Scheme 42).%*!

Y

A A
AcO AcO
CH;S 0. DAST, SbCl, XCH,S O- X=HY=F
X=F,Y=H
OAc CH,Cl OAc
144 145
1) NH;, MeOH
) 2) TFA, H,0
1) Dean-Stark trap, > 42% from 144
HO -H0
8 A 2) NH,OHHCI, Py OH A
N HO 2 . HO HO
o~ 26% from 146 0~
OH OH
147 146

Scheme 42

3’-Deoxy-3'-chloro and 3’-fluoro derivatives of 4',5’-didehydro-5'-deoxy-5'-fluoroadenosine
were prepared by generation of the vinyl fluorides from thermolysis of 5'-fluoro-5’-thioethersulfox-
ides.?*22*3 These 3’-modified derivatives do not produce time-dependent inhibition of AdoHcy hydro-
lase but are weak competitive inhibitors.

Guillerm et al. investigated the mechanism of inactivation of AdoHcy hydrolase by 5'-
deoxy-5"-S-difluoromethyl-5’-thioadenosine 148.244-246 They showed that the reactive adenosine deriv-
atives 5’-vinylthio 149, 5’-allenylthio 150 and 5"-propynylthio 151 cause potent time dependent inacti-
vation of this enzyme (Scheme 43).272* This group studied, with different 5'-S-methylthioadenosine
analogs, the mechanism of the hydrolysis reaction catalyzed by another enzyme AdoHcy/methylth-
ioadenosine nucleosidase from E. coli.**® This enzyme is required for regeneration of free homocys-
teine from AdoHcy in various prokaryotes and plays a significant role in the regulation of methylth-
ioadenosine concentration, a potent inhibitor of spermine and spermidine synthase.

k)I\>j k)I\> == k)I\> \, k)I\>
N TS Yy

OH OH OH OH OH OH OH OH
148 149 150 151
Scheme 43

In the polyamine biosynthetic pathway®*’, AdoMet decarboxylase (AdoMet-DC) inhibitors
have been developed as potential antitumor and/or antiparasitic agents. The diastereoisomers of the
AdoMet analog, AdoMac 152, were synthesized and used to probe the stereorequirements of
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AdoMet-DC from E. coli**'25 (Scheme 44) and the human form of the enzyme.? These compounds
act as enzyme inactivators. A related analog, AdoMao 153, inhibited trypanosomal growth with an
IC,, of 0.9 uM (Scheme 44)2%

NH;
R 'L/ | N\> 152: AdoMac: R =%H3
Q?/\Nﬁ/" (X®)2 153: AdoMao: R = 0%!‘13
OH OH

Scheme 44

In order to study the structural determinant for cofactor binding of the DNA methyltrans-
ferase M.Hhal, S-adenosyl-L-homocysteine analogs and 5’-thio-5’-deoxyadenosine were synthesized
from 5’-acetylthio-5’-deoxy-2’,3’-O-isopropyleneadenosine obtained by reaction of 2’,3’-O-isopropy-
leneadenosine and thiolacetic acid under Mitsunobu conditions.> Another analog of S-adenosyl-L-
homocysteine, a 4-C-methy! derivative, was synthesized from the S-methyl 4-C-methylribofuranoside
prepared efficiently by a new strategy involving an enzymatic step.>

Analogs of AdoMet were designed and synthesized for mechanistic studies. For example,
free radical intermediates have been identified in the interconversion of L-a-lysine and L-B-lysine
catalyzed by the enzyme lysine 2,3-aminomutase in bacteria with AdoMet as a cofactor. A 5'-
deoxyadenosy! radical was supposed to be formed from AdoMet during the enzymatic reaction. In
order to observe a stabilized allylic radical analog formed at the carbon 5’, $-3’,4’-anhydro-5'-
deoxyadenosyl-L-methionine 154 was prepared and used to characterize the 3’,4’-anhydro-5'-
deoxyadenosine-5'-yl radical (Scheme 45).2%7

G)ooc ®

NH; NH,

NZ N
k)I )
@s \N N »
T
154 M
Scheme 45

3. Modifications at the 2" and 3’ or at the 3’ and 5’ Positions

The first 2°,3’-deoxy-2’,3’-dithionucleoside was described by Reese et al. in 1994 (Scheme
46).%8 The corresponding dinucleotide was synthesized by the same researchers using the phosphotri-
ester methodology of coupling.'s” More recently, Reese er al. have prepared 3’,5’-dithiothymidine and
related compounds.>
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1. SULFUR MODIFICATION IN THE SUGAR RING

1. 4"Thionucleosides
4’-thionucleosides in which the furanose oxygen atom is replaced by a sulfur atom exhibit
interesting biological properties such as antibiotic, antitumor and antiviral activities. This class of
bioactive agents has been reported in the 2’-deoxy series by Secrist et al.?® and Walker et al..26' The
replacement of oxygen by sulfur also provides higher chemical stability of the glycosidic linkage and
higher metabolic stability of the nucleoside, and of the corresponding oligonucleotides.?
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a) 2"-Deoxy-4"-thionucleosides and Derivatives

The synthesis of 2’-deoxy-4’-thionucleosides has been reviewed.®? For example, 4’-thio-
thymidine was prepared using several strategies.?60261263.264 The X-ray structure of the corresponding
sulfone has been reported.?> Glycosidation methods using 2-deoxy-4’-thiosugar derivatives lead to
mixtures in which the a-anomer is predominant.%27 A trans glycosidation method using trans-N-
deoxyribosylase was developed for selectively preparing the S-purine anomers from the 2-deoxy-4'-
thiouridine B-anomer prepared in mixtures with its o-anomer.s” A stereoselective entry to 2-deoxy-
4'-thio pyrimidine nucleosides 166 was described by electrophilic addition to 4-thio furanoid glycal
(Scheme 47).268

OTMS

e N i 0 R =CH, i 0
N"“oTms [N X = SePh s
0 s: PhSeCl or NIS . ’go Bu;SnH, Et;B, A

I-Bugs!\o 62 - 88% T :s. / benzene, Oy, RT HO- s N, °
164 l-BUzS|\° X 62% Ho
165 166
X =8ePhor 1 R=H,CH;
Scheme 47

The stability of 2’-deoxy-4’-thioribonucleosides under acidic conditions was investigated.
These 4’-thionucleosides were shown to be from 7 to 70 times more stable than their 4’-0xo natural
analogs (pH 1-4).2° Assuming that 4’-thio substitution does not change the mechanism of hydrolysis
of purine nucleosides, it was proposed that the rate decrease reflects a lower resonance stabilization of
the developing thiocarbenium ion compared to that of the corresponding oxocarbenium.”™® Under
acidic conditions, it was observed that the glycosidic bond cleavage in 4’-thiopyrimidine o and 8
nucleosides competes with the reversible isomerization between the furano and pyrano ring
systems, 2’0

The potent antitumor activities of 2’-deoxy-4’-thiopyrimidine nucleosides have been
reported by Secrist et al.’®, Dyson et al.*' and Uenishi et al.?”' They revealed potent anti-HSV
(herpes simplex virus) and antitumor activities and their purine analogs showed potent anti-HBV
(hepatitis B virus) and anti-HCMV (human cytomegalovirus) activities.’60267.271.272 These compounds
have moderate to severe cytotoxicity in vitro and the most potent and selective purine nucleoside, 2-
amino-6-(cyclopropylamino)purine 2’-deoxy-4’-thioriboside, was found to be highly nephrotoxic in
vivo.*” During the last decade, in the search for new bio-active compounds, 2’-deoxy-4’-thionucleo-
sides which present an additional modification in comparison with the corresponding natural nucleo-
side were synthesized. Analogs possessing a modified base were prepared.26¢2"2-2" For example, the
anti-herpes agent, 2’-deoxy-5-ethyl-4’-thiouridine 172, was prepared via in situ pyranose-furanose

rearrangement (Scheme 48).% Its enantiomer was prepared more recently utilizing the iodolactonisa-
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tion of 3-(tert-butyldimethylsilyl)oxy-N,N-dimethyl-4-pentenamide.?®! An alternative synthesis of the
4’-thio analog of the anti-herpes agent, (E)-5(2-bromovinyl)-2’-deoxyuridine (BVDU), was described
recently.??
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Additional modifications were introduced in the sugar, for example, at the 3’-position, an
alternative synthesis of 3’-azido-3’-deoxynucleosides from D-xylose has been reported®, or at the
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5'-position, with the synthesis of 5'-difluorophosphonate analogs.?®* 2’- Deoxy-4’-thio-L-threo pyrimi-
dine nucleosides® and 3'-C-methyl-4'-thio apionucleosides were prepared, this latter via [3,3]-sigma-
tropic Claisen rearrangement.”® 2’,3’-Dideoxy-3’-C-hydroxymethyl-4’-thionucleosides (thymine,
cytosine, adenine) were synthesized via regioselective opening of the episulfide 174 with allylmagne-
sium bromide and were found inactive against HIV-1 (Scheme 49).2*"2 The same nucleosides were
prepared from (+)-diethyl-L-tartrate via (S,S)-1,4-bis(benzyloxy)-2,3-epoxybutane.”® L-Enantiomers
of 2’-deoxy-4'-thionucleosides were also synthesized (Scheme 50).266267271.272.281.291.292
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OH o LY N

HOM\ Lo 0Bn NN NZ N
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Scheme 50

During the search for anti-HIV agents, 2’,3’-dideoxy-4'-thionucleosides?*?* and 2’,3’-dide-

hydro-2’,3’-dideoxy-4'-thionucleosides (Scheme 51) were synthesized.”> Among the 2’,3’-dideoxynu-
cleosides prepared, L-2",3’-dideoxy-didehydro-4’-thiocytidine 190 (L-D4C) has potent anti-HIV
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Scheme 51
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activity. 4’,5"-Didehydro-2’,5’-dideoxy-4’-thiothymidine was prepared from 4’-thio-5'-
tosylthymidine.?* Enantiospecific total syntheses of D and L-2’,3’-dideoxy-4’-thioisonucleosides
(Scheme 52) and their oxo analogs have been reported via regioselective opening of optically active
C,-symmetric 1,4-pentadiene bis-epoxide.”?%

Fe I o
s OH _s OH
191 192

Scheme 52

Sulfoxidation of 2’-deoxy-5-ethyl-4’-thiouridine and separation of the diastereoisomers
followed by treatment with sodium deuteroxide allows exchange of the H-4" proton for deuterium.*”®
The yield (32%) was limited by side reactions like formation of the L-xylo isomer. Reduction of the
deuteriated sulfoxide with TFA/TMSBr furnished 4’-deuteriated 2’-deoxy-5-ethyl-4'-thiouridine
(54%). Surprisingly after these results, 1’-substituted sulfoxides were obtained selectively by forma-
tion of the carbanion at the 1’-position of the corresponding sulfoxide with LDA and then reaction
with an electrophilic reagent.’® Surprisingly, no reaction at the 4’-position, or epimerization was
observed in the reaction with diphenyl sulfide or with an excess of methyl iodide. Unfortunately, the
configuration ¢ or 3 at the 1’-position of the products could not be ascertained.

In order to investigate the role of the sugar in DNA-protein interactions, oligodeoxynu-
cleotides incorporating 4'-thiothymidine were synthesized by the automated solid phase technique
using the corresponding O-2-cyanoethyl-N, N-diisopropylphosphoramidite.'%*-*!

b) 4"-Thioribonucleosides and Related Oligonucleotides

The synthesis of 4’-thioribonucleosides (uracil, cytosine, adenine) was reviewed in 19938
Adenosine mediates a wide variety of physiological functions including vasodilatation, vasoconstric-
tion, lipolysis and platelet aggregation. Its 4’-thio analog could possess interesting biological activi-
ties. It was found 3.2-fold more potent than adenosine for A, receptors of G-proteins while at A,
receptors, affinity diminished 32-fold. Thus, the thio modification induces a 15-fold increase in selec-
tivity relative to that of adenosine.’®

Imbach et al. have reported a multistep synthesis of 4’-thiocytidine and adenosine from D-
ribose leading to B-anomers in moderate yields, especially for the S-adenine nucleoside.’®* The
anomeric selectivity was improved in the preparation of 2-chloro-2'-deoxy-4'-thioadenosine using
additional steps.” Recently, the first stereoselective chemical synthesis of 4’-f-thioribonucleosides
was described via the Pummerer reaction (Scheme 53).% 4'-B-Thiouridine 199 and 4’-B-thiocytidine
200 were obtained in 66 and 75% yields, respectively (Pummerer reaction and deprotection steps). For
the reaction with purine bases, 6-chloropurine and 2-amino-6-chloropurine were found the most suit-
able (65 and 56% for the Pummerer reaction, respectively). The nucleosides obtained were then
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converted to 4'-B-thioadenosine and 4’-f-thioguanosine under usual conditions. When separated, the
R-sulfoxide and the S-sulfoxide intermediates gave the protected 4'-B-thiouridine derivative in 87%
and 60% yields, respectively. Formation of the thiophene derivative 201 from the S-sulfoxide was
observed in 22% yield. A likely explanation for this difference is that the Pummerer reaction proceeds
via an E2 type pathway, which prefers anti elimination.

4’-Thioribonucleosides carrying modification on the base has been synthesized, for example,
chloroadenosine derivatives®>2" and a 4’-thio analog of tiazofurin, a synthetic thiazole C-nucleoside
which has demonstrated clinical efficacy as an antitumor agent, and related derivatives. "% The first
4'-thiooligoribonucleotides synthesized and studied by Imbach ef al. were obtained by oligomeriza-
tion of 4"-thiouridine 3’-phosphoramidite using classical RNA chemistry on solid support.**’ Different
4'-thiooligoribonucleotides then were synthesized and studied in view of their application for anti-
sense modulation of gene expression in regard to their resistance towards nuclease degradation and
their binding characteristics with complementary DNA and RNA strands.*®*® The synthesis of the

first oligoribonucleotide containing 4'-thioguanosine has been reported in 1999 by the same group.}®
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¢) 2-Modified-4 "-thionucleosides
The synthesis of modified 4’-thioribonucleosides was described and reviewed in 1993. More
recently, the synthesis of 4’-thio-D-arabinonucleosides such as 209 from 4-thio-D-arabinofuranose
intermediates has been reported by Secrist ef al.663!!31 In the synthesis developed from D-glucose
by Yoshimura et al (Scheme 54),*"! 1-O-acetyl-2,3,5-tri-O-benzyl-4-thio-D-arabinofuranose 208 was
the key intermediate used in the glycosylation step.3'4315

o 1) HCl, MeOH,

o 1) BnBr, NaH o 9%
o' 2) HCI, THF separation a:f R30 o. R
o o
OH 07\ 3) NalOy4 OBn 07\ 2) MsCl, Py R,
4) NaBH BnO R;0
202 4
2% 203 204
o: R =H, Ry = OMe, 1) HCl, THF
Ry=Ms S 2)NaBHy 90%  TBDPSO §.9Bn  ,;CPBA
BnO O mr 2773 7P >
B: R, =OMe, R, =H, 3) TBDPSCI,
Ri= Ms R Imidazole, OBn
Na,S, DMF, 100°C 205 2 DMF, 87% 206
a:R; =H,R, =0OMe 4)BnBr, NaH, 63%
B: Ry =0OMe,R;=H OTMS
D AR 0
o® )N\\ | R
| TMSO” N HN |
BnO ® s\OBn Ac,0 BnO S\OBn TMSOTf
I A, OAc "~ 0o N
55%, 2) BCly HO s.OH .
OBn from 206 OBn B: 37 - 52% o-anomer
207 208 OH
R = H, Me, Et, CH=CHX (E, X = Cl, Br) 209
Scheme 54

Another method of preparation of this intermediate from L-xylose was described and used
for preparing 4'-thioarabinofuranosylpurine nucleosides modified on the base.}'? 4’-Thio-L-arabinofu-
ranosylpyrimidine nucleosides were obtained more recently from D-xylose and then 1-methy}-2,3,5-
tri-O-benzyl-D-xylofuranose leading to the 1,4-anhydro-4-thio-L-arabitol intermediate®'® or via the
1-thiobenzy! derivative of 2,3,5-tri-O-benzyl-4-thio-L-arabinofuranose.?'” Thio-L-arabinofuranosyl-
5-halopyrimidine nucleosides were also prepared from 1-O-acetyl-2,3,5-tri-O-benzyl-4-thio-L-arabi-
nofuranose and no antiviral activity was found /"8

9-(4-Thioxylofuranosyl)adenine was obtained through glycosylation of N®-benzoylated
adenine with 2,3,5-tri-O-benzyl-1-thiobenzyl-4-thio-D-xylofuranose activated with N-iodosuccin-
imide.*” Formation of a transient thiocarbenium intermediate could explain the relatively good yield
of B-anomer. Other 2’-modifications of 4’-thionucleosides received a lot attention in the recent years
for obtaining 4-thio analogs of nucleosides presently used for their therapeutic activities. 2-Deoxy-2'-
methylenecytidine, 2’-deoxy-2'-fluoromethylenecytidine, 2’-deoxy-2’,2’-difluorocytidine (Gemc-
itabine) inhibit a key enzyme in the synthesis of DNA, ribonucleoside diphosphate reductase, and are
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incorporated into DNA in vivo.'s''% These 2"-modified ribonucleotides possess interesting antitumor
activities and Gemcitabine and 2’-deoxy-2’-fluoromethylenecytidine are used presently as antitumor
drugs. The 4’-thio analogs of 2"-deoxy-2’,2"-difluorocytidine, 2’-deoxy-2’-methylenecytidine and other
2’-modified ribonucleotides were synthesized from D-glucose by Yoshira et al. (Scheme 55).314315320
2'-Deoxy-2'-methylene 4'-thiocytidine 213 and 1-(2-deoxy-2-fluoro-B-D-4-thioarabinofuranosyl)cyto-
sine 217 (4-thioFAC) revealed respectively potent antiviral and antineoplastic properties.’!43!5320 4’
ThioFAC 217 has prominent and broad antitumor activities against various human solid tumor cell

lines in vitro as well as in vivo.3%!

1) BCls, o
1) Ac,0, CH,Cl, @?
TBDPSO s OH DMSO TBDPSO s 78°C 92% TBDPSO s
b ® © 2) MeOH, Py
0Bn 2) PhyP CH; Br 211oan 3) mCPBA, 2120.4
210 NaH CH,Ch,,
74% _780C
1 NHAc
DAST, CH,Cl,, -78°C
N/
|
TMSO/]\\N
7% TBDPSO F TMSOTE, 74%
e S~ 2) TBAF, THF
3) NH;3, H,0,
0Bn MeOH
215
NH.
| NHAC 1) mCPBA, 2
b ) CH,Cl, -78°C ~ o-anomer N
o-anomer NH, i i 2) Acy0, 100°C 34% + )\
43% TMSO™ N 77% 0” N
+ NZ | SnCls, CHiCN, . 13‘7H° \;S%
93% o
o)\n o TBDPSO sf onc b
HO S\F 2) BB 213
179% 3) NH,4F, MeOH 0Bn
¢ 4) II\‘IdH(g),HHzo, 216
. H (4
217: 4-thioFAC Scheme 55

The synthesis of such a thionucleoside is long and difficult and an alternative synthesis was
recently reported to overcome these problems (Scheme 56).3-32 In the original method starting from
D-glucose, the C1 to C5 atoms were used. In the new method, C2-C6 atoms closer to the tail were
employed. This method was applied to the synthesis of the guanine analog (4-ThioFAG) and 4’-thio-
cytarazid in which the fluorine atom is substituted for an azido group.*?2%%

During DAST fluorination in the synthesis of L-2’-« up »-fluoro-4’-thiothymidine, a 4'-
thioanalog of an anti-HBV agent undergoing preclinical toxicological studies, ring contraction and
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rearrangement of 4-thiofuranose derivatives were observed.’” A short and efficient synthesis of a L-

thicarabinose intermediate for the synthesis of L-2’-deoxy-2,2"-disubstituted-4’-thionucleosides has
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been reported starting from 1,2-isopropylidene-D-xylose.’63%7 2,2’- Anhydro-4'-thio-f- and o—nucleo-
sides were prepared and undergo ring-opening with azide or chloride ion to lead to the corresponding
2'-fluoro and chloro derivatives, respectively.’?® Treatment with cyanide or fluoride sources lead to
unsaturated derivatives. The 5-substituted uracil analogs of 2’-deoxy-2"-methylene-4'-thiocytidine are
active against herpes simplex virus (HSV) type 1.>!13% The purine analogs have shown broad antiviral
activities against HSV-1, HSV-2 and human cytomegalovirus (HCMYV) but are cytotoxic. Uracil and
purine modified analogs of 4’-ThioFAC were recently synthesized by Yoshimura er al.**. The 5-
ethyl, 5-iodo, 5-chloroethyluracil derivatives and the S-iodocytosine analog showed potent anti-HSV-
1 and HSV-2 activities. The 5-fluoro-4’-thioFAC has an antitumor spectrum similar to 4’-thioFAC but
it is about ten times less active. The L-enantiomers of 4'-thioFAC and of pyrimidine and adenine
analogs prepared from L-glucose showed moderate antiviral activities. 2> Novel iso-4’-thionucleo-
sides were synthesized by Yoshimura et al. using the Mitsunobu reaction (Scheme 57).3! With both
purines and N°-benzoyluracils, the reaction predominantly gives the f-anomers suggesting that these
were produced via an episulfonium intermediate.

cl
N N
<ML N o
NN X -
TBDPSO s.OH H TBDPSO~ \?sj S\/Z_{N X = H, NHAc, CI
;—F PPh;, DEAD =
0Bn OH N_<X
221 222

Scheme 57

2. 1,3-Oxathiolanyl Nucleosides

(-)-L-f-1,3-oxathiolany! cytosine 223 (Lamivudine, 3TC, Scheme 58) is an anti-HIV
dideoxynucleoside incorporating a sulfur atom used in the treatment of AIDS. This therapeutic agent
has a unique structural feature: it is a L-nucleoside with an oxathiolane ring. The synthesis of 3TC
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was reviewed previously.® Mechanistic studies of incorporation of 3TC 5'-triphosphate into DNA was
recently reported.’*
NH,

N7 |
o
\ :0\/\OH
223 3TSC
Scheme 58

Different 1,3-oxathiolanylpyrimidine and purine nucleosides possessing the natural D-
configuration such as 225 and 226 were synthesized by Chu et al. and some of them showed inter-
esting anti-HIV activities (Scheme 59).3 The key intermediate 224 used in the glycosylation step was

Y
X

~N
x_\ LK
f%)N\ N“Xo X=CHjFCLBrI

RO Y -
N*~OTMS /\g )l Y = OH, NHBz
TMSOTf

225
TBDPSO o X
OA -
—\g 7‘“‘ c \ \ § + o-anomers
224 TMSOTf </ ‘ N

e RO Y=H,F
L, N
™S 226

Scheme 59

prepared from L-gulose via 1,6-thioanhydro-L-gulopyranose. More recently, 1,3-oxathiolanyl pyrimi-
dine nucleosides with a S-fluoro®43 or with a 2’- or a 5-hydroxymethyl substituent’****7 were
synthesized and evaluated for antiviral activities. The synthesis of the (E)-5-(2-bromovinyl)uracil
analogs of 3TC was recently reported.**® An asymetric synthesis of 1,3-oxathiolane nucleosides was
developed from benzoyloxyethanal for preparing a wide range of heterosubstituted sulfur containing
nucleosides.™>* 1,3-Dithiolane analogs of 3TC were synthesized and some of them showed anti-
HIV activity but were found less active than 3TC.*! Lipophilic prodrugs of 3TC in which phosphono-
formic acid or phosphonoacetic acid was attached to the 5’-O or N* atom were prepared.**? These
nucleosides may exert their effects by extracellular or intracellular hydrolysis leading to 3TC. 5’
Polyaminated 3TC prodrugs were also prepared and evaluated.**

IV. SULFUR CONTAINING CYCLONUCLEOSIDES AND NUCLEOTIDES, LOCKED
NUCLEOSIDES AND UNUSUAL BRANCHED NUCLEOSIDES

In the past, a lot of cyclopurine and cyclopyrimidine nucleosides and nucleotides incorpo-
rating a sulfur atom in the additional ring have been synthesized'? and studied.** They are interesting
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intermediates for chemical transformations of nucleosides and nucleotides.!> Some of them were

studied as putative agonists for P2-purinergic receptors (compound 227).** In the last decade, modi-
fied antisense oligonucleotides were synthesized in which conformational restriction may lead to
favourable hybridization with the complementary

RNA target due to entropic advantage. With this \N
aim, a number of new nucleosides were synthe- 0 o o /( )
sized in which additional rings lead to conforma- ®o—u— O_L_ o—u— o o

tional restriction favorable to base pairing.'*!% OH o o w
39 In some of them, a sulfur atom was © ©

incorporated in the additional ring. Locked 227

nucleic acids (LNA) incorporating a locked

nucleoside such as 233 containing a sulfur atom in the additional ring were efficiently oligomerized
using phosphoramidite chemistry.>*352 They showed, with their oxo and amino analogs, an unprece-
dented thermal stability of duplexes towards complementary DNA or RNA, stability towards 3'-
exonucleolytic degradation, and good solubility in water (Scheme 60).

,g _TSCl ff/’to H, [LL/T:

N" o
OBn DMAP BnO 0 20% Pd(OH), /C  HO 0
HO 78% 49%
OBn OH Ts0—' 0Bn oTs Ts0—' o4 ors
228 229 230
0
TIPDSC),, Py

| /K 97% o

Hp { ==
R R ¢ e YT
TBAF KSAc 50
\s
233 69% 77% /K\(

Scheme 60 1

Nucleosides possessing a sulfur containing spiro ring at \ o
’ ops . /
the 3’-position were synthesized recently, and represent a new \V NH
|

—si
class of anti-HIV agents, for example TSAO-T 234. The presence N
of the fert-butyldimethylsilyl groups at positions 2 and 5’ are HN o) °
essential for antiviral efficacy. These nucleosides are potent and 7/ o o
highly specific inhibitors of HIV-1 replication that are able to o,,9\< 5/'\/\
. . o
interfere at the interface between the p51 and p66 reverse tran- 234: TSAO-T

scriptase subunits.¥*3%
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V. CONCLUSION

In this article, we show that a large number of sulfur containing nucleosides, nucleotides,
oligonucleotides are bioactive agents or can be used as essential tools for biochemical and biological
studies. Incorporation of a sulfur atom in nucleosides has led to efficient antiviral or antitumor agents.
Among them, we can mention 3TC, a L-nucleoside with an oxathiolane ring, which is now used in the
treatment of AIDS and 4’-thioFAC which is a promising orally active antitumor agent. We illustrate
here the large interest in sulfur nucleoside chemistry for preparing non-sulfur and sulfur modified
nucleosides in the search for potent nucleoside drugs or tools. With regard to the diversity of the sulfur
chemistry and to the numerous possible modifications in nucleosides, it is certain that in the future,
other sulfur containing nucleosides, nucleotides, oligonucleotides should emerge as therapeutic agents
or as major tools in biology.
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