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ABSTRACT

The synthesis of 95, a non-hydrolyzable dinucleotide analogue bearing an
internucleoside thioether linkage, 1s described The 3'-deoxy-3'-C-(2"-substituted-ethyl)
branched-chain sugar and nucleoside precursors were efficiently prepared from 1.2-O-
Isopropylidene-a-p-xylofuranose

in the course of this work. it was found that intramolecular 5 2 -sulfide formation occurs
very rapidly 1n spite of the trans-tusion of the bicychic nng system  This enabied the
straightforwara preparation of the novel perhydro-oxathiahydrindane nucleosides 41 and 43 as
well as the CAMP analogue 51 Detailed NMR analysis of the bicyclic compounds was pertormed

The acetolytic deacetalaticn of branched-chain thiosugars 11 and 68 was tound to give a
variety of non-furanose products, including the novel thiolanes 71 and 74, whose formation was
dependent on the reaction temperature The competing acetolysis mechanisms and the

implications on related phenomena are discussed
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RESUME

La synthése du composé 95, un analogue non-hydrolysable d'un dinucléotide
possédant un hen thioether, est décrite Les sucres intermédaires a chaine brancheée et les
précurseurs nucléotides sont prépareés a pair du 1,2-O-1sopropylidene-a-np-xylofuranose

It est demontre que la formation \ntramoléculaire d'un sultide-5,2' se produit tres
rapidement malgre le tait que le produit soit un compose bicyclique fusionné en trans Cette
reaction permet la preparation facile des nouv »aux nucleoside 41 et 43, ainsi que de | analogue
du cAMP 51 L analyse detaillee des spectres i IMN des composes bicychque est faite

La deacétalisation acetolytique des thisucres a chaine branchée 11 et 68 donne une
vanété de produit non-furanosiques, dont lexs nouveaux thiolanes 71 et74 Les divers

mecanismes de I'acétolyse sont discutés
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PREFACE

Molecutar recognition, the ability of a molecule to specifically recogmze and bind another
through various non-covalent interactions has recently become a field in s own right as chemists
prepare compounds exhibiting this property normally associated with biological molecules
Indeed. Nature 1s far ahead in the design of such systems Virtually every cellular function i1s reliant
on the abiity of proteins and nucleic acids to specitically recognize each other as well as all other
molecules within the cell

The. formation of a double helix trom two complementary nucleic acid strands 1s a splendid
example o, molecular recognition The precise base-painng of purines and pynmidines mediates
both the duplication (through DNA-directed DNA synthesis) and expression (through DNA-
directed RNA synthesis) of genetic information  The mutual recogmtion oi compiementary
strands s also invoived in other processes including the initiation of translation and the splicing of
messenger RNA

A decade ago the discovery of the translation-level contro! of gene expression by anti-
sense RNA added another example to the list of biological processes dependent on nucleic acid
recognition  Since then molecular biologists have discovered numerous examples of natural
anti-sense regulation in bactena, and are employing the strategy 1o arificially control the
expression of specific genes in a vanety of cell types The past few years have also seen an ever-
increasing interest in backbone-modiied oligonucleotides since these analogues have been
shown to exhibit much biological activity and hold great potential as therapeutic agents

In reviewing the Iterature it became apparent that synthetic chemistry wouid play a large
role in the development of anti-sense systems Although my research deals strictly with synthetic
aspects of this broadly interdisciphnary field, | have chosen to focus on the biological
developments in the introductory section of this thesis  This owes, 1n part. to the ‘act thac the only
comprehensive review! of anti-sense olionucleotides as potential therapeutics describes in fair

detail the synthetic developments

'Uhimann, E . and Peyman, A, Chem Rev . 90, 543 (1990)

vil




TABLE OF CONTENTS

Abstract

Résume

Acknowledgements

Glossary ot Abbreviations

Pretace

1able of Contents

1.

11
12
13
14
15
16
17
18

INTRODUCTION & LITERATURS REVIEW.

The Mechanism of Gene Expression

An.-Sense Regulation in Prokaryotes

Artificial Anti-Sense RNA

Ant-Sense DNA

Oligonucleotide Analogues Bearing Modified Phosphate Groups
Olgonucleotide Analogues Lacking Phosphorus

Design Considerations

Ptan of Study

2. RESULTS & DISCUSSION.

21
22
23
24

25
26

27
28
29

Synthetic Strategy
Synthesis of 3'-Deoxy-3'-C-(2"-Mercaptoethyl) Nucleosides 18 and 19
Attempted Thioether Formation - Intramolecular Cyclization
Synthesis of Thianylfuranose Nucleosides
Table | Coupling Constants for Thiane Sugars and Nucleosides
Synthesis of 5-Deoxy-5-Thiosugar 69 - Alternate Coupling Strategy
Temperature-Dependent Acetolysis of 1,2-O-Isopropylidene Furanoses
Table Il Product Distributions for the Acetolysis of 11
Synthesis of Branched-Chain Nucleosides 83 and 88
Synthesis of the Dinucleoside Analogue 95
Future Cutlook

3. CONTRIBUTIONS TO KNOWLEDGE.

1X

13
18
22
26
31

32
35
42
48
54
59
63
64
73
79
82

84




4. EXPERIMENTAL.

41 General Methods

42 Expenmental for Section 2 2
4 3 Expenmental for Section 2 3
4 4 Exper:mental for Section 2 4
4.5 Expenmental for Section 2 5
4 6 Expenimental for Sectien 2.6
47 Expenimental fo: Section2 7

5. APPENDICES.

Appendix | Discussion of Mass Spectra

Appendix I Analysis of ABX Systems in 'H-NMR Spectra
Appendix Hl  2-D NMR Zpectra

85
86
94
102
110
115
122

130
132
133



1. INTRODUCTION & LITERATURE REVIEW

1.1 Gene Expression.

Since the identification of DNA as the genetic matenal, biochemistry has been largely
devoted to elucidating the mechanisms by which the intormation stored in the genome of a cell 1s
expressed All aspects of a cell's structure, function and development, as well as its relationship
1o adjacent cells, 1s ultimately controlied by the DNA blueprint contained in it

The overall mechanism of gene expression 1s now farly well understood The
transcription of a gene to the complementary messenger RNA (mRNA) and i1s subsequent
transiation to the protein product ts briefly summarized in Figure 1 This describes the processes
occurring in bactenal cells in which the genome 1s not enclosed in a nucleus In such cells,
transcription and translation are often closely coordinated, with the nascent mRNA strand being
actively translated by nbosomes as it emerges from RNA polymerase (RNA pol)

In eukaryotic cells, gene expression occurs in more or less the same way The principal
difference 1s in the handling of mMRNA  Whereas prokaryotic RNA s translated as transcribed,
sukaryotic mRNA undergoes considerable modification in the nucleus and must then be
transported across the nuclear membrane into the cytoplasm where protein synthesis takes place
Post-transcriptional processing (summarized in Figure 2 ) 1s important in the stabilization ot mRNA
against the rapid enzymatic degradation RNA 1s subject to once It leaves the nucleus The
imtiation of translation also differs between prokaryotes and eukaryotes In the latler cells, the
tformation of the mRNA-ribosome complex occurs through a process involving many protein
initiation factors and the recognition, by the small nbosomal subuntt, of the CAP-structure tound at
the 5'-end of mature mMRNA There 1s no eukaryotic consensus seaquence similar to the Shine-
Dalgarno region found in prokaryotic mRNA

In prokaryotes, the regulation of gene expression appears to be controlled primarily at the
level of transcription In many cases, genes coding for related functions (for example, the
enzymes of a metabolic pathway) are organized into groups called operons The common
promotor for the genes in an operon contains a region called the operator to which a regulatory
protein called a repressor can specifically bind The binding ot a repressor to the promotor's
operator site sterically prevents RNA polymerase from binding to i, thus inhibiting the initiation of
transcription of the genes in an operon The levels of free repressor protein 1s generally regulated
by the cellular levels of specific molecules which can prevent repressor-operator association by
itself, binding to the protein  These are usually compounds which somehow reflect the functions

of the products of the operon genes and are referred to as inducers
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Figure 1. Prokaryotic Gene Expression. The transcription of a gene 1s inttiated by the
binding of RNA polymerase (RNA pol) to the promotor region located immediately upstream from
the first transcribed nucleotide (at +1) The promotor contains two hexanucleotide regions
centered at -35 and -10 bp The latter, known as the Pribnow sequence, I1s recognized and
bound by RNA pol The exact sequence of these hexamers (the most favored i1s shown)
determines their atfinity for RNA pol and, thus, the rate of intiation of transcription for the gene
Once bound to the promotor, RNA pol catalyzes the polymerization of 5'-nbonuclectide
triphosphates using the ‘anti-sense’ DNA strand as the template Transcription occurs in the 5’ to
3’ direction, yielding the messenger RNA (mRNA) transcript which 1s quickly acted upon by the
cell's protein synthesizzag machinery mRNA does not code entirely for protein, but contains an
untranslated leader rzgion at the 5-end This ieader contains a purine-nch region located ~10 bp
upstream from the AUG start codon, called the Shine-Dalgarno sequence The intiation of
translation involves. the recognition of thie sequence by the ribosome (through base-pairing with
the 3'-end of 16S rRNA of the small subumit) and subsequent formation of the rnbosome-mRNA
complex (with the aid of numerous protein tactors) As in the case of transcription, the rate of
intiation of translation i1s sequence-dependent (dependent on the Shine-Dalgarno sequence of
the mRNA) Once complexed, the nbosome s properly aligned with the start codon coding for N-
formyimethionine, the first amino acid in all newly transiated polypeptides The nbosome then
moves along the mRNA's coding reqion in a 5' to 3' direction, joining amino acids brought to the
nbosome-mRNA complex by transfer RNA (as amino acyl-tRNA) The amino acids, specified by
the triplet codons of the coding region are joined together in an amirie  to carboxyl- direction

(38}
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Figure 2. Processing of Eukaryotic mRNA. The modification of the initial RNA transcript
consists of 1) “capping” of the 5'-end which involves the attachment of a guanosine unit by a5’ 5'-
tnphosphate linkage, N7-methylation of this unit, and 2'-O-methylation of the first two units of the
ongnal transcript, 1) polyadenylation of the 3'-end which involves cleavage of the primary
transcript at a specific site followed by the attachment of ~250 adenosine units, and ) sphcing
out of the intervening sequences (INTRONS) which are portions of the transcript which do not
code for amino acids and must be excised prior to translation

In many operons, transcriptional inhibttion 1s normally mamntained by a constant cellular
level of repressor protein (1 e the genes are “turned off” under usual conditions) Only when the
need arises for the gene products is transcription stimulated by the inactivation of the repressor
by inducer molecules The so-called inducible promotors of these operons have become
important tools in molecular biology since they allow one to control the expression ot any gene
spliced downfield from them

Gene expression could also conceivably be regulated at the level of translation The
specific-binding of a regulatory molecule to mRNA could intertere with either the iniiation step of
translation, by blocking the tormation of the rbosome-mRNA compiex or the elongation steps by

preventing the nbosome from moving along the RNA message Such binding need not be




irreversible since MRNA does not have a very long lifetime i the cell and is steadily being turned-
over by nucleases

In eukaryotic cells. there exists a substantial pool of mature mRNA not actively being
translated which 1s usually associated with protein  Relatively short strands of RNA are also
present in the cytosol whose purpose 1s not known [t may be that sequence-specific recognition
of MRNA by regulatory proteins or small nucleic acid species are mechanisms of controlling gene
expression at the level of transiation It is now known that such translational regulation 1s present

in prokaryotic celis and 1s mediated by RNA itself
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Figure 3 Nucleic Acid Structure. DNA and RNA strands recognize one another through
the base-painng of complementary purines and pyrnmidines G and C form three hydrogen bonds,
while A and T{or U) torm two
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1.2 Anti-Sense Regulation in Prokaryotes.

Unlike DNA the sole cellular function of which 1s the storage of genetic information RNA
assumes a great many roles While much is known about the involvement of nbosomal transter
and messengetr RNA in cell processes, there exists many smaller RNA species the roles of which
have only lately become apparent> Included in this group 1s the ever-growing number of small
anti-sense RNA species (asRNA) which regulate bactenial gene expression' ¥, some examples
(see Figure 4 ) of which are described below

Anti-Sense RNA Regulation of Plasmid Replication.

The post-transcriptional regulation of gene expression by small strands of RNA termed
anti-sense RNA (asRNA) was first noticed in studies concerning the mechanisms controling DNA
replication and incompatibiity in ColE1-type plasmids in £ col

Replication, the duplication of DNA prior to cell division, begins ir £ coli ptasmids with the
transcription of small strands of RNA from the regton near the ongin of replication (the site at which
DNA synthesis is imtiated) These RNA strands are cleaved back by RNase H (an enzyme which
acts on RNA-DNA hybrids) to the origin, where the strands act as prnimers for DNA synthesis It was
found through studies® involving the small ptasmid pNT7, that the prepnmer RNA's were
transcribed from a common point and that another small RNA (called RNA 1) was atso transcnbed,
but from the other DNA strand in the opposite direction  This RNA | was found to inhibit pnmer
formation (and subsequently replication), presumably by base painng with the preprimer RNA

Subsequent studies’ involving mutant pNT7 plasmids showed that single base changes
located near the centers of three palindromes in the DNA region coding for RNA | (and preprimer
RNA's in the other direction) resulted in plasmids which could coexist with pMB9 (a plasmid in the
same tncompatibility group) In addiion, these mutant plasmids occurred in hugh copy numbers,
up to 8 imes as many copies as normal It 15 now known that RNA | controls the plasmid copy
number and numbers of incompattble plasmids by reversibly inhibiting primer formation It does so
by base pairing to the preprimers through a complex process® initiated by the interaction of three

loop-stem structures to three such structures present on the preprimers This initial interaction

2|nouye. M . Delihas, N, Cell, 53, 5 (1988)

Slnouye, M, Gene, 72, 25 (1988)

4Green. PJ Pines. O Inouye, M, Ann Rev Biochem 55, 569 (1986)

SPavidson J . Gene, 28, 1 (1984)

6Tomlzawa, JI loh, T Seltzer, G, Som. T, Proc Natl Acad Sct USA 78, 1421 (1981,
"Tomizawa, J | . ok, T, Froc Natl Acad Sci USA. 78, 6096 (1981)

8Tomizawa, J I, Cell, 40, 527 (1985)
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Figure 4. Examples of Inhibition of Bacterial Gene Expression by asRNA. A) the
step-wise binding of asRNA | and ColE1 prepnmer RNA 11, B) interaction of micF RNA and OmpF
mRNA which blocks the ribosome binding and start codon regions, C) interaction of asRNA and
nascent Crp mRNA which 1s believed to cause premature termination of transcription



eventually leads to unwinuing of the stem-loops and double-stranded RNA (d s RNA) helix
formation This inhibition of primer formation was found to be arded by a 63-amino acid protein
called the Rom (ANA one inhibition modulator) protemn which tacihtates either the initial RNA |
preprimer stem-loop interaction or the transition from it to the d's RNA helical form”

Anti-sense RNA regulation of plasmid replication 1s also observed for the FIl incompatibiiity
group!? and the pT181 plasmid of Staphylococcus aureus'' In the tormer case, a 91-base
asRNA strand i1s transcribed opposite to the mRNA tor the RepA1 proten, essential tor replication
In the case of pT181, twn asRNA's {termed RNA 1 and 2) are transcribed opposite to RepC mMRNA
Il and IV (coding for replication proteins) which are complementary to the leader region of the
mRNA strands Unlike the ColE1 group above, inhibition in both these cases appears to occur by
interaction between the asRNA and the mRNA by initial contact between complementary stem-
loops which eventually blocks translation of the mRNA coding for the replication proteins (i e
transltational inhibition)

Anti-Sense RNA Regulation of Bacterial Gene Expression

The first natural asRNA shown to block the expression of a bactenal gene was micF RNA
(mMRNA-mierfering complementary RNA) MicF RNA!Z is a 174-base s/s RNA which shows much
sequence homology to the leader region (Including the Shine-Dalgarno sequence) and 5'-end of
the coding region of ompF mMRNA which codes for the outer membrane protein OmpF  Mick RNA
tnhibits the synthesis of the pretein by base-painng with ompF mRNA and, in this way, blocks the
binding of the ribosome (translational inhibition) MicF RNA 1s coded for the rmicF gene located
just upstream from the ompC gene (coding for the second major membrane protein OmpC) #
appears that the transcnption of ompC and micF are in some way coordinated thus mantaining a
constant levei of total membrane protein

The transpasition!? of a single-copy Tn10 element was found to be inhibited by the
presence of a multicopy plasmid containing the insertion sequence 1S10 a phenomenon called
“multicopy inhibstion”  This is a result of the blocking of transposase synthesis by an asRBNA
(pOUT RNA) transcribed opposie to the transposase mRNA pOUT BNA 1s complementary to
the first 36 nt (including the start codon) of the transposase MRNA and presumably blocks the
initiation of translation!4

9Tomizawa, J 1 Som. T, Cell, 38 871 (1984)

10Rosen, J Ryder. T Ohtsubo. H Ohtsubo, E . Nature 290 794 (1981,
"t*Kumar, CC Nowvick RP . Pro- Natl Acad Sci USA 82, 638 (1985)
12Mizuno. T Chou M-Y Inouye M. Proc Natl Acad Sci USA B1 1966 (1984,
13 ewin, B Genes Il John Wiley & Sons, New York, (1987) chap 29

14simons, RW  Kleckner, N, Cell, 34, 683 (1983)




The expression of the crp gene (CAMP-receptor protein) in £ colr was found to be
controlled by an asRNA species named tic RNA!S  This RNA species 1s transcribed from a point
just upstream of the crp gene from the opposing DNA strand, and 1s controlled by a promotor
which is strongly activaled by the presence of the cAMP-CRP protein complex The 5 -ends of tic
RNA and crp mRNA are complementary to each other and it 1s believed that binding of the asRNA
to the nascent mRNA resulls In premature dissociation of the incomplete strand from the DNA

template This is the only known case of transcniptional control of gene expression by an asRNA

150Kkamoto, K . Freundiich, M ., Proc Natl Acad Sci USA, 83, 5C00 (1986)



1.3 Artificial Anti-Sense RNA.

After the discovery of MicF RNA, it became very apparent that the selective inhibition of
the synthesis of a particular protein could be achieved through the use of RNA complementary to
the mRNA of the targeted polypeptide The ability to introduce unnatural genes into bactenal
cells, using vectors such as plasmids, has enabled the cellular production of such artificial asRNA
The use of such anti-sense plasmids, as well as the direct microinjection of asRNA into cells, has
also been applied 10 a wide spectrum of eukaryotic systems The many applications of arificial
asRNA has recently been reviewed!® and a general overview ts given below

Regulation of Bacterial Gene Expression by Artificial asRNA.

An antficial mic system regulating the expression of the jpp gene (coding for the major
outer membrane lipoprotein) in E coli was constructed by Coleman et a/!7 A portion of the Ipp
gene comprising the Shine-Daigarno sequence and the first 29 codons was inserted into a
plasmid immedtately downstream from an inducible /ac promotor operon (a " switch’ which turns on
transcription of the operon in the presence of an inducer) as well as a normal lpp promotor It was
found that introduction of the plasmuid into £ coli resulted in a two-fold decrease in lipoprotein
production Induction of the artificial micfipp] gene by 1sopropyl 3-D-thiogalactoside (IPTG)
decreased lipoprotein production 16-fold In celis containing two copies of micfipp] hpoprotein
production decreased 4-fold (no IPTG) and 31-fold (IPTG added) Analogous micfompC| and
micfompA] systems blocking the production of these outer membrane proteins were also
constructed and gave similar results

Artificial mic genes coding for asRNA compiementary to regions of the genome of
coliphage SP were used to construct a novel bactenal immune system against phage infection in
E coi'¥ DNA complementary to the Stun2-Dalgarno and initiation codon regions of the viral
genes coding for two essential proteins (as well as to a region at the 3 -end of the genome) were
inserted 1n various combinations just downstream from an inducible /ac promotor operator 1n an
anti-sense orientation 1t was found that cells containing these mic immune system plasmids were
resistant to phage infection in the presence of IPTG The most effective plasmids were those
containing rmic genes against the Shine-Dalgarno and initiation codon regions, whereas those
containing only the mic gene against the 3'-end of the viral genome offered only minimal
protection against phage infection

16Takayama. KM Inouye, M, Cnt Rev Biochem Mol Biol, 25, 155 (1990)
17Coleman, J . Green, P J . inouye, M, Cell, 37, 429 (1984}
18Coleman, J Hirashima, A . Inokuchi, Y . Green, PJ Inouye, M , Nature, 315, 601 (1985)




The production of B-galactosidase, coded for by the lacZ gene in the lac operon, was
specifically inhibited by a 831-base asRNA complementary to the 5'-end of the coding region of
lacZ mRNA!" In this case. the artiicial mic gene was placed on a plasmid downstream from a P,
promotor which 1s regulated by a temperature-sensitive repressor At 30-C, B-galactosidase
production was not altered However, at 45°C when the P, repressor 1s not functional, the

production of the enzyme was greatly inhibited by the asRNA

PLASMID
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mic GENE
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Figure 5. Control of Gene Expression by Artificial mic genes. Expression vectors
coding for anti-sense RNA can be constructed by splicing a gene, or a portion of a gene, 1Mo a
plasmud n a reversed orientation  In some cases, the target mMRNA itself can be used to prepare
the anti-sense gene by using reverse transcriptase to synthesize the complementary cDNA  After
the introduction ot the plasmid into the cell, the transcription of the artificial rmic gene can be
regulated if it 1s placed downstream from an inducible promotor This allows cells containing the
mic vector {o tunction normally, until asRNA production 1s stimulated by the appropriate inducer
molecule

1Spestka. S Daugherty. BL . Jung. V. Hotta, K . Pestka, R K , Proc Nat! Acad Sci USA. 81, 7525
(1984)
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Regulation of Gene Expression by Artificial asRNA In Eukaryotic Cells

The apohicability of artificial asRNA regulation of gene expression in pukaryoles was
demonstrated in mouse L cells=" 2! Plasmids containing the gene for Thymidine Kinase (1K)
trom Herpes Simplex Virus (HSV) from chicken or a hydnd gene composed of both were
constructed A second set of plasmids composea of the coding regions of these genes placed In
an anti-sense orientation between a promotor and polyadenylation site were also constructed It
was found that microinjection, into the nucleus of Thymidine Kinase deficient (TK ) mouse t cells
of either the TK(chicken), TK(HSV) or TK(hybrid) plasmids resulted in TK activily  The TK activity
was decreased 3 to 4-fold when the corresponding anti-sense plasmid or the hybnd TK ants
sense plasmid was co-injected, demonstrating that selective inhibition could be achieved The
selective inhibition of an endogenous gene was demonstrated by the micromjection into nucler ot
normal mouse cells {TK*) of plasmids beanng an anti-sense TK(HSV) gene downstream trom an
inducible promotor Induction of the promotor resulted in a decrease in TK activity as well as cell
growth

The direct mucroinjection of asRNA into cells has also been shown to inhioit protein
production Synthetic B-globin mRNA and a number of asRNA s complementary to varying
regions of the B-globin gene were synthesized mn vitro and capped 1t was found that co injection
of the mRNA and asRNA. or injection of the mRNA 5 hours after that of the asRNA into Xenopus
oocyles (giant frog eggs), resulted 'n complete mnhibition of -globin synthesis Injection ot askRNA
5 hours after that of mRNA resulted in some protein being produced indicating that anti sense
inhibition occurs only prior to translation imitiation  Only asRNA strands complementary 1o the
leader andsor iniiation codon of the mRNA were effective inhibtors  These studies also showed
by re-isolation of RNA trom the cell and digestton by RNaseA and RNaseT1 that d/s
mRNA asRNA hybnds do form in vivo

The application of artificial asRNA methodolgy to eukaryotic cells has proved extremely
usefu! since it allows one 1o correlate particular genes to ther tunctions””  This 1s a common
problem n fugher organisms where classical genetics. which depends on mutant organisms 1s
often not practical The simulation ¢t mutant phenotypes by selectively turning off a gene in a
wild-type individual using asRNA has been termed “phenocopying” As in bactenal cells, such
blocking of gene expression can be controlled by regulating the production of the asRNA

through the use of the appropriate inducible promotor Phenocopying has been used to study

2012ant, J G Weintraub, H . Science, 229, 345 (1984)
2Y1zant, U G Weintraub, H , Cell. 36, 1007 (1984)
22Wemtraub, H, lzant, J G . Harland, R M, Trends in Genstics, 1, 23 (1985)
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gene function 1n an array of orgamisms including Drosophila (fruit fly)23, Dictyostehum (an

amoeba)°! and various plants species=3:26.27

23Rosenberg. U B . Preiss, A . Seifert, E . Jackle, H . Knipple, D C, Nature, 313, 703 (1985)

24Knecht, DA Loomis, W F . Science, 236, 1081 (1987)

25gcker JR Davis, RW Proc Natl Acad Sci USA, 83, 5372 (1986)

26Rothstein SJ DiMawo. J Strand. M. Rice. D Proc Natl Acad Sci USA, 84, 8439 (1987)

27vian der Kroi, AR Lenting, P E . Veenstra, J , van der Meer, | M . Koes, RE , Gerats, AG M, Mo,
JNM . Stutie AR, Nature, 333, 866 (1988)
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1.4 Anti-Sense DNA

Unmodified DNA Oligomers

Zamecnik and Stephenson® were the first to use an unmodified olrgonucleotide 1o
specifically inhibit protein synthesis  In 1978, they prepared a 13-mer DNA strand (protected at
the ends as phenylisocyanates) complementary to the 21 bp sequence repeated at the ends of
Rous Sarcoma Virus (RSV) 35S RNA it was found that treatment of chick embryo fibroblasts
infected with RSV with the asDNA resulted in inhibition of viral devolopment as monitored by
reverse transcriptase activity
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OR’ oR’
o-Anomeric DNA Natural (B-Anomeric) DNA

Figure 6. Anti-sense DNA linked to intercalators

More recently2?, synthetic asDNA strands complementary to regions of the Human T-Cell
lymphotropic virus Type I (HTLV-III) genome were found to inhibit viral replication up to 95% in
intected cultures of peripheral human blood cells and transformed T-lymphocytes Labelling
studies showed that the DNA strands (12 to 26-mers) are taken up by human cells (Hel.a)
surprisingly quickly Anti-sense DNA has also been shown to inhibit the replication of human

28Zamecmk, P C . Stephenson, ML, Proc Natl Acad Sci USA, 75, 280 (1978,
292amecn|k, P C , Goodchild, J , Taguchi, Y , Sann, P S, Proc Natl Acad Sci USA, 83, 4143 (1986)
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immunodeficeincy virus*? DNA oligomers complementary to various regions of the viral RNA
genome were added to cell cultures prior to HIV infection  This treatment was found to inhibit viral
growth most efficiently when targeted against sequences within the R repeats at the ends of the
genome where a number of func wt-3 are potentially blocked

The activity of asDNA has >e-n increased by the use of poly(L-lysine) conjugates3! A
DNA 15-mer complementary to the 5'-leader of the vesticular stomatitis virus (VSV) N-protein
mRNA was attached to a lysine homopolymer (66 amino acids) via an N-morpholine linker Such
conjugates were found to be highly inhibitory towards in vivo VSV protein synthests 1n a specific
dose-dependent manner The effectiveness of this system 1s believed to stem from increased
uptake of the oligomers by cells, but may also involve better delivery of the inhibitor to the
appropniate cell, increased olhigomer stabilty and/or higher affimity to the target sequence

DNA Attached to Intercalators

C Hélene and collaborators demonstratad that the attachment of 9-amino-6-chloro-2-
methoxyacridine to DNA oligomers greatly increases the strengh of binding to complementary
RNA strands by stabilizing the mixed helices32:33 and have used these compounds as asDNA
inhibitors 1n a wide range of systems

3-Acndine-DNA dernvatives were found to inhibit the translation of gene-32 encoded
mRNA of T4 phage in vitro when complementary to a repeating hexamer located immediately
upstream from the Shine-Dalgarno sequence of the mMRNA34 Whereas the intercalator-inked
oligomers were very active, unmodified DNA of the same sequence resulted in very little
inhibition  3'-Acrnidine-DNA denvatives (7- and 11-mers) targeted to the RNA sequence common
to the eight s/s RNA strands comprising the influenza type A viral genome were found to greatly
inhubit viral multiplicaiiv. 0 cell cultures at 50 um concantrations3>  The fact that the most active of
these was totally inactive towards Influenza type B, which has a different 3'-end sequence,
demonstrates the specificity of translational inhibition  Selective translational inhibition was also
observed for acridine-DNA complementary to the initiation codon region of B-globin mRNA36 |t

was found that the acnidine-DNA intibitors were much better than analogous unmodified DNA In

30Goodchild, J | Agrawal, S , Civera, M P, Sann, P.S , Sun, D, Zamecnik, P C., Proc Natl. Acad Sci
USA., 85, 5507 (1988)

31Lemaitre, M , Bayard, B . Lebleu, B, Proc Natl Acad Sci USA, 84, 648 (1987)

32psseline, U . Toulme, F . Thuong, N T . Delarue, M . Montenay-Garestier, T , Hélene, C , EMBO J, 3, 795
(1984)

33Lancelot, G Asseline U Thuong, N T . Helene, C . Biochemistry, 24, 2521 (1985)

3471ouime, J -J Knsch, HM Loreau, N, Thuong, N T Helene, C, Proc Natl Acad Sci USA, 83, 1227
(1986)

35Zenal. A Thuong, N T . Helene, 7 . Nucleic Acids Res , 15, 9509 (1987)
36Cazenave C Loreau, N , Thuong, N T . Toulme, J -J . Héléne, C , Nucleic Acids Res, 15, 4717 (1987)
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Xenopus oocyle cytos.l, but that both had simular activity in wheat germ extract This was
attributed to RNaseH activity (see below) in the latter system

in @ novel application of anti-sense strategy. acridine-DNA was used to kill Trypanosoma
brucer, the unicellular protist responsible for sleeping sickness In humans'  The unusual
processing of the mRNA in this organism is such that nearly all mature mRNAs have a common 35
nl sequence (mini-exon) at the 5-end Acnding-DNA oligomers complementary to this sequence,
dubbed AMEXQO's (Anti-mini-exon ohgonucleotides), were found to bilock T brucer protein
synthesis 1n vitro and to kill the organisms when added to culture media at 130 uM concentration
The fluorescence of the acndine unit proved useful In monitoring the uptake of the AMEXOs and
the hydrophobic nature of the group no doubt plays a role in the uptake into celis

o~Anomeric asDNA

The pnimary imitation of the anti-sense oligonucleotide strategy ts the rapid degradation
that short DNA and RNA strands are subject to within the cell  One must keep in mind that the
MRNA targets are extensively modified, primarily to protect them against cellular enzymes

it was hoped that DNA composed of a-nucleoside units might overcome this problem
(see Figure 6) aDNA hexamers were prepared and found to be much more stable 1o S1
nuclease, calf spleen phosphodiesterase and snake venom phosphodiesterase than their natural
(BDNA) counterparts3® o DNA oigomers were also observed te be much more resistant than
natural strands n vivo 39 The t,,» of an a-16-mer was found to be greater than 8 hours In
Xenopus oocyte compared to ~10 sec for small strands of natural DNA

Studies involving «-Tg (octathymidylate) strands showed that a-anomenc DNA binds
more strongly to natural oligonucleotides than does normal BDNA, and that RNA 1s bound more
tightly than DNA40  The attachment of an acnidine group could increase the binding even further
Fluorescence studies revealed that the strands in «aDNA BDNA hybrids exist in a parallel
onentation, uniike natural d’sDNA, d/sRNA or DNA RNA hybrids™*!

The effectiveness of oDNA at inhibiting translation was evaluated m vitro using a rabbnt
reticulocyte lysate system3? An oDNA 20-mer complementary to the initiation codon region of
the mRNA coding for a viral protein (26 kD protein of VSV ) was synthesized This anti-sense

37Versp|eren. P . Cornelissen, AW C A, Thuong, N T, Hélene, C . Touime, J -J, Gene, 61, 307 (1987)

38Morvan, F |, Rayner, B, Imbach, J -L , Thenet, S, Bertrand, J -R . Paoletti, J , Malvy, C , Paoletti C,
Nucleic Acid Res , 15, 3421 (1987)

39Cazenave. C, Chevrier, M Thuong, N T . Helene, C . Nucleic Acids Res , 15, 10507 (1987)

40Thuong, N T, Asseline, U Roig. V. Takasugi, M . Helene, C, Proc Natl Acad Sci USA, 84, 5129
{1987)

415un, J-S . Asseline, U . Rouzaud, D Montenay-Garestier T Thuong, N T Helene, C, Nucleic Acids
Res, 15, 6149 (1987)

42Gagnor, C . Bertrand, J -R . Thenet, S Lemaitre, M . Morvan, F - Rayner, B, Malvy, C Lebleu, B
Imbach, J -L , Paoletti, C , Nucleic Acids Res, 15, 10419 (1987)
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oDNA strand had no effect on the production of the viral protein  Neither did a natural asDNA 20-
mer of the same sequence When RNaseH was added to the lysate system, however, the natural
DNA completely blocked synthesis of the protein, whereas the aDNA still had no effect These
results indicate that the inhibition of translation of the viral mMRNA by asDNA stems from the
selective stimulatiun o1 its degradation by RNaseH

DNA GENE
] E ]
IR AR
TRANSCRIPTION
mRNA
asDNA
RNase H
nbosome
other RNases

Figure 7. Mechanism of Anti-Sense DNA Regulation of Gene Expression. The
interaction of asDNA {or certain asDNA analogues) and mRNA is believed to block translation of
the message by either 1) blocking the binding of the ribosome to mRNA or preventing the
nbosome from moving along the stand The most commonly used term for this inhibition 1s the
“hybrid arrest of translation”, or n) causing RNase H, a ubiquitous enzyme which cleaves the RNA
strand of DNA RNA hybrnid duplexes, to hydrolyze the mRNA Once cleaved, the RNA fragments,
which are no longer protected by capped or polyadenylated ends, would be quickly degraded by
other cellular nucleases This latter process has been termed the “RNase H mechamism” or “Killer
mechanism”
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The RNase H Mechanism

RNaseH 1s a ubiquitous enzyme in both prokaryotic and eukaryotic celis which is involved
in the replication of the DNA template where it cleaves the RNA strand of DNA RNA hybnid
duplexes Since the asDNA strategy presumes that such mixed helices are formed with the target
mRNA sequence, the question arnses whether asDNA-mediated translational tnhibition results
from the anti-sense strand preventing the ribosome from binding to the target mRNA . or trom it
rendering the mRNA target susceptible to degradation by RNaseHH Once cleaved internally,
mMRNA s rapidly broken down by other nucleases n the cell

The tailure of a-anomernic DNA to infubit the translation of target mRNA was explained by
the latter process which has been termed the RNase H mechanism The process has also been
shown to be important in some studies utilizing phosphate-modified anti-sense oligonucieotides
(described later) The evident importance of the RNase H mechanism has caused probiems in the
interpretation of results for translation systems where the enzyme may be present in smalt but
signifigant amounts, namely reticulocyte lysates (Xenopus oocytes and wheat germ extract 1s
known to contain RNase H )

The role of the RNase H mechanism n rabbit reticulocyte lysate was clearly established by
Walder et a/43 Anti-sense DNA 15- and 25-mers complem«ntary to the 5 -end. imtiation codon
region and coding region of mouse globin MRNA were prepared and all were found to inhibit
globin synthesis, the anti-5' end strand being the least active When poly(rA) oligo(dT) was added
to the lysate (which was shown to inhibit any RNAse H activity in the lysate), the inhibitory action of
the anti-imtiation codon and anti-coding region asDNA's were ¢ mpletely blocked The ant-5' end
oligomer retained less than half its activity  Analysis of RNA after incubation in the lysate (no
RNase H inhibitor) showed than the mMRNA was cleaved at a site corresponding to the targeted
sequence

43walder, R Y., Walder, J A, Proc Natl Acad Sci USA, 85, 5011 (1988)
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1.5 Oligonucleotide Analogues Bearing Modified Phosphate Groups

The studies described so far have deall exclusively with the use of natural ohgomers (with
the exception of the aDNA's) in which the nucleoside units are joined by phosphodiester
hnkages As discussed above, a central problem in using natural oligonucleotides as anti-sense
inhibitors in vivo 1s that of degradation by celiular nucleases Modification of the phosphodiester,
such that it 1s no longer a substrate for these enzymes, has been an approach taken by many
groups during the last 15 years44.45.46  Syuch phosphate-modification, examples of which are
shown in Figure 8, serve a number of purposes besides conferring resistance towards
nucleases Removal of the negative charge was believed to increase the strengh of binding to
target sequences Neutral oligonucleotide analogues are also believed to be more easily taken
into cells These points will be discussed in detail in Section 1 7

in early work, Paul S Miller, who has pioneered the study of backborie-modified
ochgomers, synthesized short ethyl phosphotriester-inked oligodeoxynucleotides  These
analogues were found to inhibit the formation of amino acyl-tRNA in vitro when complementary to
either the 3'-end (the site of amino acylation) or the anti-codon of the tRNAY7  Short ethyl
phosphotriester-inked ohigonbonucieotides {2'-O-methylated) compiementary 1o the 3-amino
acylation site were prepared in an attempt to inhibit protein synthesis 1n vivo Studies using
hamster fibroblasts, however, showed that the phoshotriesters are taken up by the cells, but are
hydrolyzed within, yielding phosphodiesters which are quickly degraded*®

Recently, a comparison of different types of phosphate-modified asDNA strands showed
that altemating (a diester every second unit) ethyl or 1sopropyl phosphotnesters are very poor anti-
sense inhibitors (see section describing phosphothioates, below)4?

By far the most thoroughly studied of the phosphate-modified systems are the
methylphosphonate analogues of oligonucleotides These systems were first prepared by
solution techmques®! In 1979, and later synthesized by automated solid phase methodology>!

4470n, G, in Martin, J C (Ed ), Nucleotide Analogues as Antiviral Agents ACS Symposium Series No 401,
Amencan Chemical Society, Washington, D C (1989), Chap. 10.

45Marcus-Sekura, C J, Analytical Biochem , 172, 289 (1988)

46Koziolkiewicz, M , Uznanski, B, Stec, W J , Zon, G, Chemica Scripta, 26, 251 (1986)

47Barret, JC . Miller, PS , Ts'o, POP , Biochemistry, 13, 4897 (1974)

48Miller, P S . Bratterman, L T, Tso, PO P, Biochemustry, 16, 1988 (1977)

49Marcus-Sekura, CJ . Woerner, AM . Shinozuka, K . Zon, G. Quinnan, GV, Nucleic Acids Res , 15,
5749 (1987)

50Miller, PS  Yano, J . Yano, E , Carroll, C , Jayaraman, K, Ts'o, P O P Biochemstry, 18, 5134 (1979).

S5Miller, PS . Reddy. M P . Murakami, A . Blake, KR, Lin, S -B , Agris, C H , Brochemustry, 25, 5092
(1986)
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The biological activity of the phosphonate oligomers (MePhosDNA) was demonstrated
using strands complementary to the 3'-end of bactenal 165 rRNA™  This is the region of
nbosomal RNA which base pairs with the Shine-Dalgarno sequence ot mRNA durning the mihation
of translation (1e the MePhosDNA has the same sequence as the Shine-Dalgarno sequence)
The binding ot MePhosDNA to ribosomes was observed n vitro, and the oligomers were tound to
inhibit protein synthesis in cell free extracts of £ coli  No inhibition however, was observed for
itact cells, except for a mutant £ col strain whose cell membrane 1s very permeable These
results indicate that oligomer uptake remains a problem, even for these uncharged analogues In
a similar study, MePhosDNA complementary to the anti-codon loop of tRNA!'Y> was shown to

specifically inhibit the amino acylation of the tRNA in a cell-free system“
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Figure 8. Phosphate-Modified DNA Analogues. For the phosphotriesters R = ethyl,
isopropyl  For the phosphoramidates R, = H, R, = H, Me, n-Bu, MeOCH,CH,, R;.R; = (CHy)s,
(CH2)20(CHy)z, (CH3)aNMe(CH3),

52Jayaraman, K, McParland, K . Miller, P, Ts'c, PO P, Proc Nall Acad Sci USA, 78, 1537 (1981)
53Milter, P S , McParland, KB , Jayaraman, K , Ts'o, PO P, Biochemustry, 20, 1874 (1981)
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MePhosDNA strands compiementary to the inttiation and coding regions of a- and B-
globin mANA were used In a series of elegant expenments®+:55.56  The oligomers were found to
specifically inhibit translation of the targeted globin mRNA in rabbit reticulocyle lysate The
binding of the MePhosDNA to the complementary mRNA sequences was ineguivocably
demonstrated by using reverse transcriptase which synthesized DNA using the MePhosDNA's as
prnmers As expected, MePhosDNA strands targeted to the iniiation region were more effective
than those complimentary to coding regions MePhosDNA complementary to stem-loop
structures in the mRNA were found to not be inhibitory unless first preannealed with the target
RNA This has implications in the choice of target sequences The strong inhibitory effect of
oligomers which bind to coding regions when wheat germ extract was used suggests that the
RNase H mechanism may be important, even with this backbone-modified system

The ettectiveness of MePhosDNA in vivo was demonstrated in mouse L cells infected
with vesticular stomatitus virus (VSV)?7 Oligomers complementary to the initiation regions of viral
mRNA's were found to inhibit viral protein synthesis without affecting the production of
endogenous protein In addition. MePhosDNA targeted against a particutar viral mMRNA was found
to halt production of all viral protein in the cell, whereas the inhibition was more mRNA-specific in
vitro  MePhosDNA complementary 1o a viral pre-mRNA splice site was found to inhibit the growth
of herpes simplex virus type | (HSV-1) in human cells’®  The inhiotion of viral growth was most
eftective when the oligomer was added just pnor to infection

Phosphoramidate analogues of oligodeoxynucleotides are now routinely synthesized by
solid-phase techniques®® A study involving a senies of pnmary and secondary amine-derived
phosphoramidate DNA 15-mers showed that the binding of the uncharged strands to natural DNA
1s considerably weaker than that between natural diesters®)

The replacement of a phosphoryl oxygen with a sulphur atom 1s likely the simplest
modification Even though the alteration is munor and the negative charge 1s retained,
phosphorothioate-linked oligodeoxynucleotides have proven to be potent inhibitors A senes of
ditterent phosphate moditied 15-mers complementary to the imitiation codon region of the mRNA
for chloramphenicol acetyltransterase (CAT) was used to compare the various analogue types4?
By comparing the ant:-sense inhibition of CAT activity in cells transfected with CAT-gene

S4Blake, K R Murakami, A , Miller, P S , Biochemistry, 24, 6132 (1985)

55Blake, K R . Murakami, A |, Spitz, S A, Glave, S A, Reddy, MP , Ts'o, PO.P, Miller, P S,
Biochemistry, 24, 6139 (1985)

56Miller, P S Agris, CH Aurelan, L, Blake, KR, Murakami, A, Reddy, MP , Spitz, SA, Ts'o, POP,
Biochimie 67 769 (1985)

57Agns CH Blake, KR, Mller PS Reddy, MP, Tso, P O P, Biochemstry, 25, 6268 (1986)

58Smith CC  Aurellan, L . Reddy. MP Miller, PS . Ts'o, PO P, Proc Natl Acad Sci USA, 83, 2787
(1986)

SOF0ehler, B C  Tetrahedron Lett, 27, 5575 (1986)

60Fr0etler, B C Ng, P . Matteucci, M, Nucleic Acids Res , 16, 4831 (1988)
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containing plasmids. it was found that the phosphorothioate derivative was the most active, more
eftective than the corresponding methylphosphonate or alternating methylphosphonate strands
Phosphorothioate analogues of DNA oligomers have also been shown to exhibit potent
activity against human immunodeficeincy virus (HIV) 01 Anti-sense 14-mers targeted against
sequences tn the coding region of the art/trs genes of HIV inhibited viral replication n cell
cultures A dC,g homopolymer analogue was found to be a potent inhibitor ot viral DNA synthesis

at 1uM, but the mechanism of action 1s unciear

61Matsukura, M , Shinozuka, K , Zon, G . Mitsuya, H . Reitz, M, Cohen, J S , Broder, S, Proc Nall Acad
Sci USA, 84, 7706 (1987)
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1.6 Oligonucleotide Analogues Lacking Phosphorus.

Virtually all of the biological studies dealing with non-natural DNA analogues so far have
used anti-sense oligomers in which the modification consists of replacing one or both of the
phosphoryl oxygens with a different atom or group This owes primarily to the fact that such
phosphate-modifted systems are accessible by relatively small changes to existing solid-phase
synthetic methodology, faciltating the production of longer strands in addition, the preparation
of oligomers containing internucleoside groups very different from phosphodiesters were no
doubt beyond the synthetic capabilities of iabs better equiped for biological rather than synthetic
work  While many di- and tnnucleotide analogues bearing novel “dephospho” linkages have
been synthesized, i 1s only rece.tly that chemists have become aware of the possible apphication
of such work to the anti-sense ohigonucieotide strategy Some notable members of this second
class of backbone-modified systems are shown in Figure 9

Perhaps the simplest possible modification leading to a dephospho-oligonucleotide 15
the replacement of the phosphoryl with a carbonyl group Carbonyl-hnked d- and trinucleotide
analogues have been reported®2 However, the instability of the carbonate group towards
hydrolysis himits the usefuiness of such systems The joining of nucleoside units by methyiene
groups (formacetal linkages) has also recently been reported®3

Polynucleotide analogues bearing internucleoside carboxymethyi groups have been
prepared®.53  The poly(dA) analogue was shown to bind to a complementary RNA strand but,
again, hydrolysis of the ester inkage was problematic The analogous acetamidate-linked system
was found to be very stable to hydrolysis®® Oligomers beanng this group, however, gave no
indication of base-stacking nor binding to complementary natural strands®’ Adsorption of the
ohigomers onto glass was aiso problematic The failure of this system to form a helix was explained
by the greater rigidity of the amide group which was presumed to prevent the strand from attaining
the required conformation

Ohgonucleotide analogues in which the phosphorus 1s replaced by silicon were prepared
in thus department by Ogilvie and Cormier The initial preparative studies involved

82Tuensor, J R, . Chem Soc (C), 2656 (1971)

63Matteucci, MD , Tetrahedron Lett, 31, 2385 (1990)

64Edge. M D, Hodgson, A . Jones, A S , MacCoss, M . Walker, RT., J Chem Soc (C) 290 (1973)
65jones, A S . MacCoss, M . Walker, R T, Biochim Biophys Acta, 365, 365 (1973)

66Gat, M J . Jones, AS . Walker, RT ., J Chem Soc (C), 1684 (1974)

87Gat, MJ , Jones, AS Jones, M D . Shepherd, M J , Walker, R T, J Chem Soc (Perkin 1), 1390
(1979)
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diphenylsiloxane linkages®® Hexamers bearing disopropylsilyl groups were eventually
syn*hesized. but very poor water solubility prevented any binding studies®”

While the chemical and enzymatic stability ot carbamate-inked di and trinucleotide
analogues have long been known’! it 1s only lately that the binding ability of this class of
compounds has been investigated Two groups have independently reporied the syntheses ot
carbamate-linked hexanucleotide analogues The dC; analogue was observed’! to bind strongly

to natural poly(G) and poly(dG) as demonstrated by thermal melt studies Oddly, no binding nor
base-stacking was observed for the T penta-carbamate analogue’?
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Figure 9. Backbone-modified oligomers lacking a phosphorus-containing group

GBOgtiwe, K K, Cormier, J F , Tetrahedron Lett, 26, 4159 (1985)

69091Iv1e, K K, Cormier, J F , Nucleic Acids Res , 16, 4583 (1988)

7OMungall, W S . Kaiser, J K, J Org Chem, 42, 703 (1977)

71St|rchak, E P, Summerton, J E. Welier, DD , J Org Chem, 52, 4202 (1987)
72Coull, JM ., Catlson, DV , Werth, H L , Tetrahedron Lett, 28, 745 (1987)
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With the exception of the carbamate and acetamidate-linked systems, all of the
dephospho-analogues described above contain intact deoxynucleoside unts  The two
exceptions are denvatives of easily prepared 2',5-deoxy-5-amino nucleosides This ho doubt
stems from the convemence of using commercially available starting matenals There are,
however a few examples of oligonucieotide analogues which incorporate unnatural nucleoside-
hke bullding blocks These systems, summarized in Figure 10 , may be viewed as the third and
latest generation of anti-sense analogues

The previously known methods of converting ribonucleosides to morpholine derivatives
were employed to prepare a novel carbamate-linked hexa-cytidine analogue’3 This highly-
altered system appeared to bind to complementary DNA, but not RNA This fact was attrnibuted to
the shorter “Internucieoside” distance in the analogue, coupled to the low flexibility of RNA
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N ~
n'o/Ko OR’ OoR'
Morpholino Glyceronucleosides Bishomo-deoxy
Carbamate nucleoside

Sulfide / Sulfone

Figure 10. Olgonucleotide analogues composed of unnatural nucleoside units.

S A Benner has studied oligonucleotide analogues in which the furanose sugar Is
replaced by glycerol, anc then hinked by phoshodiesters Such acyclic analogues have been
shown to be resistant to nuclease degradation’4  Although isosteric to natural strands, the
greater flexibility of the glyceronucleoside units was found to greatly reduce the ability of the

73Stirchak, EP  Summerton, J E Waller, D D . Nucleic Acid Res , 17, 6129 (1989)

74Oga‘vue, KK . Nguyen-Ba, N Gillen, MF , Radatus, B K, Cheriyan, U O ., Hanna, HR , Smtth, S M,
Galloway. KS , Can J Chem . 62, 241 (1984)
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modified strands to bind to complementary sequences“ In fact, the presence of a single open
chain unn in an otherwise natural DNA nonamer substantially reduced its ability to torm a helix with
a complementary strand (as seen as a 15 drop in 7))

Finally, the synthesis of the monomeric units for a non-hydrolyzable sutfide or sultone
oligonucleotide analogue has recently been reported by Benner’® In this bis-homo system the
3'- and 5'-oxygens of deoxyrnbonucleosides have heen replaced by methylene groups and the
units are to be linked by a sulphur atom which c2:t later be oxidizec to the sulfoxide or sulfone

This system wili be further discussed later

75gchneider, K C , Benner, SA, J Amer Chem Soc, 112, 453 (1990)
768chnelder, K C, Benner, S A, Tetrahedron Lett, 31, 335 (1990)
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1.7 Design Considerations

The large body of pnmanly biological research devoted to anti-sense regulation,
summarized 1n the previous sections. has shown that certain design critena will have to be met for

a successiul artificial anti-sense system A general overview of these constraints 1s given below

Overall Anti-Sense Strand Design.

it 15 obvious that the proper choice of target sequence within the mRNA 1s of central
importance to the design of an effective anti-sense oligomer’? The in vivo and in vitro study of
both natural and modified oligonucleot:de analogues has demonstrated that certain regions along
the eukaryotic message, in particutar those at the extreme 5'-end (CAP-site) and near the initiation
codon, appear to be the most etfective targets ‘or anti-sense transiational inhibition  The same
has been concluded for the Shine-Dalgarno and intiation codon regions in bactenal messages |t
has aiso been shown that mRNA regions existing as stem-loop structures make poor targets.
presumably due to the inability of anti-sense strands to bind to them. BNA RNA duplexes are
especially stabie

Another important design parameter 1S the length of the anti-sense oligomer It is clear
that the strength of binding between an as-oligomer and MRNA target, as well as the speciicity,
will increase with iength  In opposition to this, however, s the uptake factor  Shorter
ohgonucleotides or analogues will no doubt cross cell membranes more easily

n the case ot asDNA 1t appears that ohigonucleotides shorter *har. decamers used at
reasonaple concentrations) are generaily inactive  Further increases in the strana length s
miurrored by greater anti-sense intubition, but this effect levels off greatly beyond a 20-mer One
would expect modified oligonucleotides, whose RNA binding 1s comparable to that of DNA, to
behave similarly  An important finding with regard to strand length 1s that asDNA oligomers,
targeted in tandem, appecs '0 act synergistically’$:79 It was shown that two asDNA 14-mers,
complementary to contiguous mRNA sequences. inhibited translation in a cell-free system to an
extent comparable to that for a 20-mer at 8-times the concentration This phenomenon no doubt
reflects some cooperativity in helix formation

't 1s clear that the strength of binding to RNA. the strand length, and the etfective
concentration tor an anti-sense ohigomer to be effective are interdependent factors While
concentration has obvious constraints «solubility and toxicity). the use of very lengthy strands also

poses potential problems  For uncharged analogues solubiity ana uptake oroblems as well as

Z7Dolntck B J . Biochem Pharm , 40, 671 (1990)
"8Goodchild. J Carroli I, E |, Greenberg, J R . Arch Biochem Biophys , 263, 401 (1988)
"OManer lll, L J, Dolnick, BJ , Arch Biochem Biophys . 253, 214 (1987)

26




non-specific association with sub-cellular structures, may occur Long sequences may also bind
to regions of partial complementanty on non-target RNA spectes This may have serious
consequences if the oligomer 1s a DNA analogue, transient association to non-target RNA
sequences followed by cleavage by RNase H may result in random destruction of mRNA  In this
light, tandem targeting may be an important strategy

This last possibility brings up the question of preterred mechamism  As outhned in
Section 1 4, asDNA, or analogues thereof, can act by promoting the RNase H-catalyzed cleavage
of targeted mMRNA |, as well as by the usual transiation arrest mechamism While the RNase H
mechanism offers the potential for the irreversible inactivation of target strands. poor selectivity or
cell-dependent vartations in enzyme activity may be problematic  The process may indeed
become nothing more than a comphicating factor Oligonucleotide analogues whose RNA hybrd
duplexes are not substrates t - RNase H may, tn the end, be the most desirable systems Ths,
and the other design consic 2rations discussed above will no doubt be subjects of the ever

Increasing body of biologica, investigation devoted to the anti-sense strategy

Blological and Chemical Stability

Nature's settling on phosphate diesters 1o link nucleoside units in RNA and DNA no
doubt stems from the groups extreme chemical stability Since maintaining the integrity of a cell's
genetic information s perhaps the primary biological function, this choice 1s understandable
Nonetheless, the phosphodiesters in RNA and DNA are rapidly cleaved .n vivo in a controlled
manner, by cellular nucleases The enzymatic degradation of mRNA Is essential 1o prevent the
“build-up” of messages which would render transcription-level contror of gene expression
purposeless As briefly described in Section 1 1, the extensive modification found 1n mature
mRNA serves, in large part, to protect the strand from such degradation

Modification of the backbone such that it 1s no longer a substrate for cellular nucleases 1s
the most straightforward solution to the problem ot biclogical stabiity The phosphate-modified
systems outhined in Section 1 5 are the only ciass of artificial anti-sense compounds to be studied
in any detal Thus 1s due, primarily, to the fact that these systems are accessible through the
modification of existing sohd-phase synthetic methodology, allowing for the relatively
straightforward preparation of sequences of biological consequence

A drawback to phosphate modification, however, I1s that in going from a phosphodiester to
an uncharged analogue, one comprnmises chemical stability This can comphcate the automated
preparation of modified oligomers in which certain transtormations 0 particular the deprotection
of the nitrogenous bases, were onginally developped with the stahility of phosphodiesters in
mind In addition, the long-term chemical stabitity /n vivo i1s also reduced in modifying the

phosphodiester, especially considenng the array of nucleophilic species within the cell




Thoughttully designed dephospho-oligomers are the obvious answer to satisfying the
need for both chemical and bioiogical stabiiity The drawback of such an approach, of course, s
the nabilty to utilize automated synthetic methodology It 1s here that the anti-sense field
Intersects with synthetic chemistry

A possible comprimise between the advantages of a non-cleavable dephospho-strand,
and the practicality of using known solid-phasc techmques, ts the incorporation of modified
sequences into, and at the ends of, natural ohgomers. This has been demonstrated for short
formacetal®® and methylphosphonate-linked sequences®? whose presence in natural DNA
afforded protection against degradation by exonucleases The frequency of modified hnkages
within a natural strand required for protection against endonucleases has not yet been
determined

Helix Fosrmation

In the past decade, the understanding of the factors involved in nucleic acid double helix
formation and stability has greatly increased This progress has been aided, in particular, by X-ray
diffraction studies which have led to the discovery of different hehcal types (namely, A-, B- and Z-
forms), and has aliowed for the detatled conformational analysis of the sugar, base and
phophodiester moetties of the various duplexes®!  While the importance of base-paring and
base-stacking 1n double helix stability 1S well recognized®?, the role of the sugar-phosphate
backbone i1s not fully understood

The anti-sense field has aided this aspect of nucleic acid chemistry which, in turn, will no
doubt play a large part in the design of anti-sense compounds Since anti-sense regulation
depends on helix formation between the as-ohgomer and mRNA target, the evaluation of a new
analogue often involves an initial melting study to determine the strength of binding between
complementary strands Early studies involving short oligomers appeared to indicate that
uncharged analogues bind more strongly to DNA (or RNA) than their natural counterparts  This
was rationalized as being due to the absence of electrostatic repulsion between the phosphate
groups of opposing strands, which are held in tarly close promiximity in the double helix  The fact
that the T, for these mixed systems does not vary with salt concentration supports this
assessment

A study of longer (~20 nt), uncharged phosphate-modified analogues, however, showed
that the binding 1s much weaker than for unmodified systems This discrepancy between short

80Agrawa\l, S . Goodchild, J , Tetrahedron Lett, 28, 3539 (1987)

81Dickerson. RE . Kopka, M L . Drew. HR , in Clementi, E , Sarma, R H (Eds ), Structure and Dynamics
Nucleic Acids and Proteins, Adenine Press, New York, NY (1983}, p149

82Cantor, CR . Schimmel, PR , Biophysical Chemustry, Part |, WH Freeman & Co, San Francisco (1980),
Chap 3
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analogues and lengthy strands may be due to solvation effects The naturatl double helix in
solution 1s known to possess what has been termed a “spine ot hydration’, consisting ot an
orderly arrangement of water molecules along the major and minor grooves It 1s likely that this
torm of solvation requires charged phosphate groups along both polynucleotide strands In short
ohgomers lacking a charge, 1t 1s possible that the alleviation of interstrand charge repuision 1s the
predominant factor, leading to stronger binding In longer strands. however, the helix stabthization
resulting from charge removal may be more than offset by the resulting inability to form the
stabilizing hydration spine  Nonetheless, these systems do bind to natural complementary
sequences 1h a manner which appears to involve double helix formation

An additional problem inherent in phosphate-modified ohgonucleotides 1s
stereochemical The replacement of a single phosphoryl oxygen with another atom or group
results in a chiral phosphorus center Consequently, oligomers bearing the altered group are
actually mixtures of a great many diastereomeric strands While each of these components
presumably possess the potential to bind to the target sequence. only a certain proportion will
have the optimal arrangement of stereocenters This has been cited as a tactor contributing to the
reduced binding of phosphate-modified systems, although the seriousness of the problem has
been questionned The preparation of stereochemically pure oligomers is being nvestigated®®,
but the long-term practicality of this approach 1s somewhat in qguestion

It 1s generally accepted that altering or replacing the phosphodiester should not disrupt
the binding of the modified oligonucieotide to s/'s RNA or DNA, provided that the length oi the
new linkage 1s close to that of the natural C-O-P(Q),-O-C bnidge This apphes to dephospho-
systems as well, as exemplified by the carbamate-inked systems There are, however, limits to
the allowable alterations Too much flexibilty, as in the glyceronucleoside oligomers, or major
alterations, as in the morpholino-carbamates, should be avoided The latter example, tn which
helix formation 1s observed with DNA but not RNA, brings up an mportant point  DNA 1s
polymorphic89.84 and can alter its conformation to accomodate many modes of binding to a
complementary strand The presence of the 2-OH, however, renders RNA much less flexible, d/s
RNA occurs only as an A-type duplex An apparent consequence of this 1s that DNA RNA hydnd
duplexes occur only as A-type helices85, the conformational constraints of RNA presumably

830zaki, H, Yamana, K , Shimidzu, T, Tetrahedron Lett , 30, 5899 (1989)

84Sundarallngam. M, and Rao, S T, international Journal of Quantum Chemistry Quantum Biology
Symposium 10, J Wiley & Sons, New York, NY (1983), p 301

85Wang, AH-J ., Fup, S.van Boom, JH , van der Marel, G A, van Boeckel, SA A, Rich, A, Nature,
299, 601 (1982)
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forcing the system to assume this form” Therefore, the observation of binding to s/s DNA does
not necessarily imply that an ohigonucleotide analogue will also bind to a s/s RNA target In ight of
this, the design of oligomers which are highly flexible may be better One the other hand,
analogues which have a rnigid conformation similar to those of RNA strands may be especially
strong binders of MRNA targets

One reason for the lack of flexibiity in RNA containing duplexes 1s believed to be steric interaction
between the 2-OH and one of the anionic oxygens of the phosphodiester 3'- 10 the sugar in question In
addition, the ribose sugars exist tn a paricular conformation (Cs-endo) which greatly favors the A-type
helix
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1.8 Plan of ° :dy.

The overall goal of my project was to design and synthesize a backbone-moditied
oligonucleotide analogue which possesses a high degree of stabihity, both biological and
chemical Careful study of the large volume of work performed in the anti-sense hield revealed to
us that synthetic chemustry could make a valuable contribution by developping the methods for
preparing anti-sense analogues tnaccessible to the biologically-oriented researcher

A recurnng theme in the design of so-called 'dephospho-" oligonucleotides has been
the joiming of natural nucleosides by non-phosphate-like functionalities, no doubt tor reasons ot
synthetic expediency While stable to enzymes, these systems are often plaqued by nsuthicient
chemicai stability \Ve felt that the compiete replacement ot the C-O-P O-C bridge could give an
oligonucteotide analogue possessing complete stability to hydrolysis deal tor use as an anti-
sense inhibitor 't should be mentionned that such a system could also tind apphcanon as an inert
binding group for DNA or RNA whose attachment to 4 phosphodiester-cleaving tunction would
yield an artificial restriction enzyme

The desire for high chemical stabiiity led us to choose a thioether-inked system in which
the 3'- and 4'-carbons of adjacent sugars are joined by an alkane chain contaming a single sulphur
atom  The corresponding sulfone and suifoxides could also be easly obtained The
straightforward formation of sufides from a thiol and an appropriately activated alcohol was another
factor making the group an attractive choice The decision to piace the sulphur at the position
shown in Scheme S1 Secuon 2 71 was hased on both vnthetic outhned n Section 2 1y inag
structural considerations 7o tamiianze curseives with the latter a scale model o1 1 double Nk
was constructed”™ Caretul study of the molecular models did not reveal any obvious untavorable
steric interactions upon replacement of the phosphate with the thioethytene group

Thus, the plan of study for this project was to devise an efficient synthesis of 3" deoxy-3'-
C-(2"-substituted-ethyi) nucleosides bearing suiphur atoms, and develop the methodology tor
coupling them to yieid a thioether-linked system

T This model can be seen on the cover of Interface, 9(2), (1988)
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2. RESULTS & DISCUSSION

2.1 Synthetic Strategy.

Unhke most synthetic endeavors, the fact that we were not restricted as to the type of
sugar (nbo- or 2'-deoxyribo-) or the placement of the sulphur atom allowed us the luxury of some
flexibility in the final target molecule’s structure Nonetheless, devising an adequate synthetic
scheme for a thioether-inked analogue proved chalienging, owing to the ditficulties inherent in
dealing with relatively small molecules containing many functionaities

It was decided from the beginning that, although it most closely resembled the natural
system, replacing the internucleoside O-P(0),-O groups with a CH,SCH, linkage wouid
necessitate lengthy syntheses of the monomeric units This decision proved most fortunate
considering Benner's recent preparation of the 3',5'-bss-homo-deoxyribonuciecside building
blocks for such a system An approach in which the internucleoside sulfide 1s placed at the 5'-
position was chosen which would involve nucleoside units bearing 2-substituted ethyl groups at
the 3'-position Thus, the target system was $1
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The next choice was whether to place the sulphur at the 2"-position {(end of the ethyl
branch-chain) of the monomer unit. displacing a 5'-leaving group on the next nucteoside (route
A), or the reverse strategy (route B) We assumed that sulfide formation would be straighttorward
In either case and settled on the first route (A) This decision was based largely on our opinion
that the monomer nucleoside S2 could be more easlly prepared than S3  We were also wary of
placing a leaving group X at the 2"-position, mindtul that a 2'-substituent (R’ = OH or OR) would
likely be present in our system and raise the problem of participation or intramolecular cyclization

Scheme S2
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The retrosynthesis of the branched-chain thiosugar nucleoside S4 i1s shown in Scheme
S2 The overall strategy Is more or less the same as that employed by Rosenthal and Nguyen®® in
the preparation of 3-deoxy-3-C-(2'-hydroxyethyl)adenosine from diacetone glucose The 2"
hydroxyl group was kept since 1t 1s required, in the form of an ester, for the stereoselective
attachment of the nitrogenous base We felt that the 1,2-di-O-acetate sugar S5 could be formed
by the acetolytic deacetalation of the corresponding 1,2-O-isopropylidene sugar S6, although we
were somewhat concerned by the presence of the suiphur in the sugar It was clear that the
choice of protecting groups would have to be carefully considered, keeping in mind the later
coupling of the nucleoside units

1,2-O-Isopropylidene furanose sugars are ideal precursors tor branch formation at the 3-
position of sugars since the cis-fused “envelope” allows for control of the stereochemistry at C-3
(via reduction of the Wittig products of the 3-oxo-sugars) This has been made use ol in

86Rosenthal, A . Nguyen, LB, J Org Chem, 34, 1029 (1969)
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numerous syntheses involving carbohydrate starting matenals87 and appeared to be the fastest
route to S7 Thus, 1,2-0O-1sopropylidene-n-xylofuranose was chosen as the starting material

Another possible route to monomer S4 s through the modification of natural
nucleosides One might be able 1o carry out the introduction of the 2-mercaptoethyl branch to a
nucleoside by the same methods planned for the sugar It appeared improbable, however, that
the mitrogenous bases could survive all ot these transformations The straightforward
incorporation of branch-chains has been accomphshed using a radical addition to allyftnbutyitin, via
a 3'-O-phenoxythioxomethyl dervative of thymidine88 This approach Is presently being studied
in the 1ab, but may not be applicable to all of the required bases

87Hanessian S, Total Synthesis of Natural Products The 'Chiron’ Approach, Pergamon Press, Oxford,
UK (1986).p 116

88Fnandor. J Tam. SY, Tetrahedron Lett, 31, 597 (1990)
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2.2 Synthesis 3'-Deoxy-3'-C-(2"-Mercaptoethyl) Nuceotides (18) and (19).

Synthesis of Thiosugar (11).

The key branched-chain thiosugar 11 was prepared from 1.2-O-i1sopropyhdene-n-
xylofuranose 2 via the previously described 1,2-O-i1sopropylidene-5-O-trityi-«-b-
erythropentofuranos-3-ulose 3 Monoacetoride 2 was intially prepared from the free sugar by
known procedures8?, but commercial material was later used The previously described??
trtylation (TrCl/ pyndine / RT) and Moffatt oxidation (Ac,O / DMSO) of 2 were readily performed on

a large scale, yielding the crystalline (m p 133°C, iterature value, 132¢C) 3-oxo-furanose 3 in
consistently good yields, typically between 70 and 75 % overall for the two steps

Scheme 1
HO, HO Tro
\PO 1 acetone / TsOH / CuSO, \Po 1 TCl py o
oH 2 H'/H,0/MeOH OoH 2 Ac,0 DMSO
) o
OH oﬁ/ ° oﬁ/

(1) (2) (3)

Condensation of 3 and the anion of trimethyl phosphonoacetate was initially carned out
by a described8¢ method (+-BuOK / DMF) but afforded only moderate yields of 4 The reaction
employing sodium hydrde in THF, however, produced excellent yields of the two 1somernic «,3-
unsaturated esters 4 and 5 The olefin 1somers could easily be separated by column
chromatography, and the respective stereochemistries were determined through '"H-NMR n O e
experniments The ratios of the esters remained surprisingly constant over a large number of
reactions at 38 1 in favor of the Z-olefin 4

Detaled analysis of the '"H-NMR spectra of the « f3-unsaturated esters (Figure 11)
revealed that certain signals were more complex than expected Decoupling experniments
showed that in addition to the couplings between H-2, H-4, and the olefimc proton, 4-bond
coupling between H-2 and H-4 was also operative with a value of -1 8 Hz for both4and 5 This
was somewhat surprising cons:dering that these two protons are in no way oriented in the “W"-
manner normally required for such coupling (Cassiopaeia effect)”!

8gHelfench, B, Burgdorf, M, Tetrahedron, 3, 274 (1958)
9050wa, W, Can J Chem , 46, 1586 (1968)
91Cooper, J W, Spectroscopic Techniques for Organic Chemists, John Wiiey & Sons, N Y , (1980}, p 83
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Figure 11. Portions of the high-resolution 200 MHz "H-NMR spectra of a,B-unsaturated esters
4 and 5 in CDCl,

Esters 4 and 5 were found to b2 highly resistant to hydrogenation over palladwm and,
under forcing conditions, detntylation became a problem However, refluxing the mixture of
isomers 4 and 5 in THF over ithium aluminium hydnde resulted in complete stereoselective
reduction of the unsaturated esters, affording the desired 3-deoxy-3-C-(2'-hydroxyethyl) sugar 8
in 79 % yeld The nbo-configuration of 8 was contirmed by "H-NMR spectroscopy (Figure 12 ),
which showed coupiings of 4 7 and 10 0 Hz for 3Jy, 13 and 3Jus we, respectively  The structure of
the alcohol was also confirmed by derivatization to the 2'-O-acetate 9.

Attempts to introduce the sulpt ur via the conventional route92 of mesylation followed by
displacement with potassium thiolacetate, proved unsatistactory” While mesylate 7 could be
prepared (MsCl ' pyndine / CH,Cl,) in excellent yield, the subsequent treatment with thiolacetate

925wann, D A Tumnbull, J H . Tetrahedron, 24, 1441 (1968)

" We later discovered that these low yields may have stemmed from the commercial potassium thiolacetate
being contamirated with considerable amounts of potassium acetate
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in DMF would not procede to completion, and the use of large excesses of thiolacetate resulted in
the formation of troublesome side-products The transformation was much more easily ettected in
a single step through the Mitsunobu coupling of 8 and thiolacetic acid (PPh,/ DIAD 7 THF) as
described by Volante®? The presence of the thiolacetyl group in 6 was confirmed by "*C NMR
signals at 195 47 and 30 50 '3C-NMR was found to be most useful in detecting the thiolacetyl
group since the spectral differences between S-acetates and O-acetates are much more
pronounced than 1s the case in either IR or '"H-NMR

The instability of the trityl group towards the somewhat harsh conditions required for
removal of the 1,2-O-1sopropylidene group required that it be replaced with a more acid-stable
functionality  This new protecting group would also have to be compatibie with the planned
attachment of the nitrogenous bases. as well as the eventual coupling of the nucleoside units, a

silyl ether .. *meared 1o best fit these requirements Treatment of 6 with methylene chlonde

93Vo|ante, R P, Tetrahedron Lett,K 22, 3119 (1981)
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saturated with HCI resulted in selective cleavage of the tntyl group, but the reaction rarely
proceeded to completion Anhydrous trichloroacetic acid proved far superior, affording the 5-
alcohol 10 1n approximately 90 % yield Alcohol 10 was then quanttatively converted to the tert-
butyidiphenyisilyl ether 11 by standard means (TBDPhSICI / imidazole / DMF)%
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!
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Figure 12. The 300 MHz 'H-NMR spectrum of aicohol 8 in CDCl, after D,0O exchange (aromatic
signals omitied)

A more expedient route to 11, introducing the tert-butyldiphenylsilyl group to the 5-
hydroxyl at the beginning of the scheme, was also investigated Selective silyiation of
monoacetone xylose 1o 13, followed by Moffatt oxidation, afforded the 5-O-tert-
butyldiphenylsilyl-3-oxo-sugar 14 1n 80 % combined yield for the two steps The subsequent
Wittig condensauion with the anion of tnmethyl phosphonoacetate (--BuOK / DMF) did give the
o, B-unsaturated ester 16, but in only farr yields (~40 %) It had been reported®’ that the
hydrcgenation of a similar unsaturated sugar bearng a 5-O-tert-butyldiphenylsilyl group showed
poor stereoselectivity  Attempts to carry out the hithium aluminium hydride reduction to alcohol 15
atforded complex mixtures which appeared to include the allylic alcohol and desilylation products,
and this approach was avandoned

94Hanessian S . Lavallee, P, Can J Chem 53, 2975 (1975)
95Tam, TF Fraser-Reid. B, J Chem Soc, Chem Comm , 556 (1980)
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The most cntical step in our strategy was the conversion of acetomde 11 to the
corresponding di-O-acetyl turanose 12, which we hoped could e accomplished without loss of
the other protecting groups or rearrangement of the sugar The conditions required to carry out
the conversion in 70 % yeld (camphorsulforuc acid * AcOH  Ac,C © 70 °C) were eventually

determined, but only after much investigation A detalled discussion of the studies mvolving the
acetolysis of 12, as well as many other sugars, 1s given Section 2 6
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Synthesis of Nucleosides (18) and (19).

With the 1,2 diacetate 12 in hand, the nitrogerious bases were attached following
Vorbruggen's methodology?0:97.9%  The tnimethylsily! tnflate-catalyzed coupling (CICH,CH,CI /

reflux) of 12 and bis-(tnmethylsilyl)cytosine, prepared from the unprotected pyrimidine by a
described method”?, afforded nucleoside 17 In 86 % yield We found that the cleanest results
were obtained when the one equivalent of triflate was added in two portions, 0 4 equivalents at
the start of the reaction and the difference immediately after refluxing began Benzoylation (BzCl /
pyndine) afforded the fully protected monomenc unit 18
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The Vorbruggen coupling of 12 and brs-(tnmethylsilyl)-Né-benzoyladenine proved less
straightforward  The reaction nvolving preparation of the silylated base in situ using
hexamethyldisilazane and chlorotrimethyisilane%’ was found to be unreliable, giving excellent
yields of nucicoside (>80 %) in some cases, but yielding very littie in others A superior method
was to use a stock solution of silylated base NS-benzoyladenine was prepared by a described
method'%0, and reacted with TMSICI to yield the bis-silylated base®? as a clear, yellow glass atter

98vorbruggen, H . Krolikiewicz, K . Angew Chem mnternat Edit, 14, 421 (1975)
97Vorbruggen H Hotle, G, Chem Ber, 114, 1234 (1981)

98Vorbruggan. H . Krolkiewicz, K . Bennua, B, Chem Ber, 114, 1257 (1981)
9ONishimura, T.twai, | Chem Pharm Bull, 12, 352 (1964)

100Prokop. J Murray, DH, J Pharm Sct, 54, 359 (1965)
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bulb to buib distiliation A stock solution of this matenal n 1 2-dichloroethane was tound to be
stable for months The Vorbruggen couphing (0 1 equiv. TMSIOTf  CICH-CH,CI * retlux) of 12
and silylated base consistently afforded the adenosine derivative 19 in very good yields
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Figure 13. The 200 MHz "H-NMR spectrum of the branched-chain thuasugar nucleoside 17 in
CDCl; “s” indicates peak due to CH,Cl, in sample.
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2.3 Attempted Thioether Formation - Intramolecular Cyclization,

Model Studies.

To tamiharize ourselves with the chemustry involved in forming the internucleoside sulfide
inkage, the following model studies were performed 2,3-O-isopropylidene-ribonolactone was
intially used since t w=s available from other work being carried out in the lab It was hoped that 5-
sulfide formation might be accomptished In a single step through a Mitsunobu coupiing!0!
Treatment of 20 with triphenylphosphine and either diethyl- or disopropylazodicarboxylate, in the
presence of benzylmercaptan (THF / RT), resulted in no reaction Attempts to proceed via the 5-
bromide 192 generated in situ (PPhs / CBr, / BnSH / TEA / THF) gave complex mixtures which
included much unreacted 5-o0l The bromolactone 21, however, could be prepared (PPh;/ CBr; /
MeCN)!0% in 76 % yield  This suggests that the 5-hydroxyl can be activated, but the subsequent
displacement by the thiol 1s very siow It 1s knowr. that the nucieophile 1n such reactions must be
acidic The fallure of BnSH to meet this requirement may, n part, explain the failure of the

reaction, even though couplings employing thiophenol have been performed!V4

Scheme 5
HO X BnS
o o o
> > °<
(20) (21) X=Br (23)
(22) X=SBn
HO X BnS
OMe OMs OMe
o, o, BnSH/DBU o
DMF
(24) (25) X =Br (28)
(26) X =OTf
(27) X=0OMs

1mMntsunobu. O. Synthes:s, 1 (1981)

102yamamoto, |, Sekine, M, Hata, T, J Chem Soc (Perkin 1), 306 (1980).
103appel, R, Angew Chem internat Ecit, 14, 801 (1975)

104 0bner H Zbrral, E . Helv Chim Acta, 59, 2100 (1976)
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In displacing the 5-bromide with thiol (BnSH ' TEA / CH,Cl,). we d.scovered that
elimination competes with the substitution The benzy! sulfide 22 was formed. but accompanied
by a lesser amount of 23, presumably formed by the elimination of HBr followed by attack by the
thiol at C-4

Considernng thus result, we felt a better model sugar should be employed Methyl 2,3-O-
iIsopropylidene-B-p-ribofuranoside 24 was chosen, which is easily prepared from the free sugar in
a single step‘°5 Again, all attempted Mitsunobu couplings with BnSH failled The 5-bromo sugar
25 could, as 1n the case of the lactone model, be obtained in 77 % yeld The 5-tnflate 26 was
cleanly formed (Tf,0 / pyndine / CH,Cl,) as monitored by t 1 ¢ , but quickly decomposed upon any
attempts to 1solate it The addiion of BnSH to solutions of the triflate generated in situ appeared
to result in little sulfide formation The 5-mesyl sugar 27 was easlly tormed (MsCl / pyndine) in 95
% yield 1t was found that the treatment of either the bromide 25 or mesylate 27 with the model
thiol using diazabicycloundecene (DBU) in DMF, resulied in clean thioether formation  Thus, this
method was used for further work

105 gonard, N J, Carraway, KL, J Heterocyclic Chem , 3, 485 (1966)
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Deprotection of Monomers.

Encouraged by the model studies, the 5'- and 2"-positions of the monomeric nucleoside
unit 18 were selectively deprotected The desilylation of 18 using nBu.NF 3H,O in THF resulted
In considerable deacetylation accompanying cleavage of the silyl ether Even after thorough
drying of the ammonum salt over P,Og (50 C / vacuum), noticeable deacylation was observed
The problem was easily overcome by carrying out the reaction in the presence of two equivalents
of AcOH which cleanly afforded the 5-0l 29 in 95 % yield Mesylation of 29 (MsClI / pyndine /
CH,Cl,) aftorded the 5'-activated nucleoside 30 in 99 % yield

Scheme 6
NHB2 NHBz NHB2
(KN f\u E\\N
si0 HO MsO
o o o, (Ao
0 nBu,NF (H,0)4 0 MsCl/ py Te)
AcOH ' THF CH,Ci,
OAc OAc OAc
SAc SAc SAc
(18) (29) (30)
NaOH /H,0 NaOH / H,0
dioxane / DTT MeOH
NHBz NH,
=N N
8i0 | N/K HO | N/K
o (o}
o o]
OH OH
SH s
(31) (32)

The selective removal of the acetyl groups in 18 could not be accomplished with
methanolic NaOH, debenzoylation of the base always accompanied cleavage of the esters Good
selectivity was attained when the reaction was performed by the careful addition of aqueous
sodium hydroxide 1o a dioxane solution of 18 However, oxidation of the resuiting 2"-thiol to the

symmetrical disulfide, even employing solvents which were previously degassed by ultrasound /
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vacuum, was a problem This was overcome by adding dithiothreitol (Cleland's reagent) to the
reaction which afforded 31 in 80 % yield. but removal of the remaining DTT (or disultide) from the
product proved to be difficult Attempts to cleave only the S-acetyl from 18 by the slow addition
of a single equivalent of base repeatedly tailed

The complete deprotection of the branched-chain nucleosides was performed by the
base-hydrolysis of the 5'-alcohols  The addition of aqueous NaOH to methanolic solutions of
nucleoside 29 afforded only the symmetrical disulfide 32, the free thiol could never be isolated
Again, the oxidation was rapid, even using degassed solutions Desilylation of the adenosine
monomer 198 (mMu,NF 3H,0 / AcOH / THF) to 33, followed by deacylation (NaOH / H,O ' MeOH),
also afforded the symmetrical disulfide 34.

Scheme 7
NHBz t NH, |
|
N N N \
sio </ i ; HO ¢ ;
NNy NNy
(o] NaOH [o)
ﬁ NBU,NF (H,0), H,0
ACOH/ THF MoOH
OAc OH
SAc SAc [ S S
~ -2
(19) (33) (34)

Attempted Coupling of (35) and Benzyimercaptan.

Since mesylate 35 was more easlly obtained, we first perfformed a model coupling, again
using benzylmercaptan as the model thiol Treatment of 35 with BnSH in DMF 1n the presence of
DBU resulted in the formation of a new compound as observed by tic  The 'H-NMR of this
product, however, was In no way consistent with 5'-benzylsulide formation, but suggested a
cyclized product 36 (Note that this paricular reaction was carned out using the nucleoside
bearing the o-toluoyl group rather than the benzoyl protecting group on the exocyclic amino The
toluoylated nucleoside 35 was prepared from 17 by methods identical to those used in forming
30.)
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Scheme 8
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The observed formation of 36 suggests that the attack of the model thiol on the carbonyl
of the 2"-thiolester group, followed by cychzation, occurs much faster than the direct
displacement of the 5'-O-mesylate The intramolecular attack of the intermediate 2"-thiolate must
be very rapid since no dimenc or polymenc compounds, nor oxidation products, were observed

To ensure that this interpretation was correct, the following experiment was performed
The 5-O-mesyl sugar 37 was prepared from 10 by the standard method (MsCl / pyndine / CH,Cly)

in quantitative yield Treatment of 10 with BnSH in a manner identical to that used for 35 resulted
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in formation of the novel tricyclic perhydrothiahydrindane sugar 38 in 85 % isolated yield A very
small amount of the 5-benzylthioether 39 was also isolated in ~3 % yield Conclusive proof that
transthiolesterification was indeed occurring was provided by the isolation of benzyl thiolacetate
(73 % yield with respect to the mesylate), the 'H-NMR spectrum of which was identical to that of

commercial matenal
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Figure 14. The 300 MHz 'H-NMR spectrum of the cyclic sulfide 38 in CD,0D
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2.4 Synthesis of Thianylfuranose Nucleosides.

The apparent ease of formation of the trans-fused 5.6-ring system 1n 38 was surprising to
us since they are generally regarded as being strained It may be that a thiane ring can
accommodate the trans-fusion much better than one containing oxygen atoms

Nucleosides in which the 5" and 3'-positions are linked through 6-membered nngs are not
unknown (Figure 15) The ezomycins and octosyl acids are a group of natural antifungal agents
which contain a trans-fused bicyclic perhydrofuropyran system!06.107.108,109  The presumed
strain of the rning-junction has been used to explain the difficulties encountered in forming the
trans-fused system in the total synthesis of octosyl acid A10.111 More familiar 1s the second
messenger cyclic AMP!12 in which the 5 and 3'-oxygens are linked by a phosphodiester group
A piethora of analogues of both cAMP and ¢cGMP have been synthesized and the lopic has been
reviewed! ! .14

Since bicyclic nucleosides containing the bicyclic perhydro-oxathrahydrindane system as
in 38 have not been reported. we set out to synthesize them, including the cAMP analogue 51

o NH,

\(“\NH a N
oH o "/k° o 0 \ /
[

o OH o//'/ —~o0 OH
HOOC o
Octosyl acid A 3',5'-Cyclic Adenosine
Monophosphate
(CAMP)

Figure 15. Examples of naturally occurrning bicychc nucleosides bearing trans-fused 5,6-
membered ring systems

106gakata K . Sakurai, A, Tamura, S, Tetrahedron Lett , 4327 (1974)

107gakata K Sakurai, A, Tamura, S, Tetrahedron Lett, 3191 (1975)

108i50n0, K , Cran, PF , McCloskey, J A , J Amer Chem Soc, 97, 943 (1975)
109anessian S Dixt, DM . Liak, TJ , Pure and App! Chem , 53, 129 (1981)
110panishetsky. SJ . Hungate, R . Schulte, G, J Amer Chem Soc, 110, 7434 (1988)
11 Hanessian S Kioss, J Sugawara, T, J Amer Chem Soc, 108, 2758 (1986)
1127ubay G Biochemistry Addison-Wesley, Reading. MA, (1983), p 719

T13Miller, JP in Cramer. H Schultz, J . (eds ), Cyclic 3.5-Nucleotides Mechanisms of Action, John
Wiley & Sons, London, U K, (1977), chap 6

114Revankar GR Robins, RK in Nathanson, J A . Kebabian, J W . (eds ), Cyclic Nucleotides I, Handb
Exp Pharm Vol 58, Springer Verlag, Berlin, (1982), chap 2
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Synthesis of (41) and (43)

An interesting aspect of the thiol-induced cyclization of 35 i1s that it occurs with the
selective cleavage of the thiolester, while leaving the 2'-O-acetyl group intact  This allowed tc: the
clean conversion of cytidine mesylate 30 to the cyclic sulfide 40 1n 95 % yield The subsequent
deacylation in methanol saturated with ammonia, atforded the novel bicyclic nucleoside 41 as a
crystalline sohd (Figure 15) The corresponding adenosine analogue was prepared by a similar
route It was discovered that treatment of mesylate 42, formed in 96 % yield from 33 (MsCl /
pyndine / CH,Cl,), with catalytic sodium hydroxide in methanol resulted in cyclization as well as

complete deacylation, leading directly to nucleoside 43

Scheme 10
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An obviously more expedient route to these cyclic nucleosides 1s to form the bicyclc
sugar prior to the attachment of the base Treatment of either the mesylate 37 or tosylate 44 with
methanolic sodium hydroxide afforded the crystalline thianyliuranose 38 in quantitative yield
This result underhines the unreactivity of mesylates towards displacement by hydroxide (aitkoxide)
In the case of the tosylate 44, an intermediate observed by t | ¢ was found to form immedately
after the addition of base, which was converted to the cyclized product over four hours  This
species i1s presumably the 2'-thiol which 1s not observed in the cychzation involving mesylate 37
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Figure 15. The 300 MHz 'H-NMR spectrum of bicyclic nucleoside 41 in CD30D. “s” indicates

residual solvent peaks
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Figure 16. The 300 MHz "H-NMR spectrum of 43
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H must be mentionned that the above described reaction of mesylate 37 (when used
without furthur purification) iniially gave up to 20 % of an unwanted side-product whose structure
after much consternation was concluded to be the 2 -methylsultide 47 Its tormation was
eventually traced to residual MsCl which, surprnisingly to us survived the workup prior to the

mesylation of the 2'-alcohol. and presumebly then reacted with methoxide during the cychization
reaction, generating the methylating agent, MeSO,OMe

Scheme 11
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The first attempt to transform 38 to the corresponding 1,2-di-O-acety! sugar involved an
acetolysis The reaction (camphorsulfonic acid / AcOH / Ac,O / 75'C) however, gave only the
nng-opened 1-O-acetyl-1,2-O-1sopropyhdene sugar 48 (see Section 2 6) The acetontde group
of 38 was eventually hydrolyzed under tairly harsh conditions using acidic resin  The subseqguent
acetylation of the free sugar yielded the desired 1,2-di-O-acety! turanoses 45 and 46 as a 1 1 56
(o B) mixture of separable anomers in a combined yield of 87 % The tact that the acetylation of
the free sugar did not yield any of the 4-O-acety! aldehyde suggests that the presumed strain of
the trans-fusion i1s not sufficiently high to prevent reclosure of the turanose ring

The trimethylsilyl triflate-catatyzed Vorbruggen coupling of 45 and bis-(tnmethyistyl)-Ne-
benzoyladenine (CICH,CH,CI / reflux) cleanly gave the bicychic nucleoside 49 in 88 “ yield
Overnight stirring 1n methanolic ammonia afforded the tree nucleoside 43 (Figure 16, The

oxtdation of the sulphur in 49 was performed using the Oxone reagent in aqueous methanol as




&

described by Trost!!5 and gave the desired sulfone 50 Deacylation in methanolic ammonia

atforded the uncharged cAMP analogue 51 1n 72 % yield for the two steps
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Since we had in hand the branched-chain furanose 52, the tricyclic oxygen analogue 55
was prepared Cugar 52 was mesylated to 53 in the usual manner (MsCl pyndine CH.Cl.). and
the silyl ether cleaved with fluoride (nBu,NF 3H,O  THF) to attord the highly unstable alcohol 54
We expected that this compound mught cyclize spontaneously under the basic desilylation
conditions, but found rather, that it was ve.y prone to decomposition It appeated that the mesyl
group was being hydrolyzed, perhaps catalyzed intramolecularly by the tree 2° hydroxyl
Treatment of 54 with sodwm hydnide in THF did afford the tncyciic ether 55 in 25 % yieid
demonstrating that the perhydrodioxahydnndane system 1s also accessible by this route
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Figure 17. Thiane and furanose ring proton signals of the 300 MHz H-NMR (high-resolution)
spectrum of nucleoside 41 in CD20D
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NMR Data and Conformational Analysis

Detailed analysis of the 'H-NMR spectra of the thiane ring-containing sugars and
nucleosides was possibie owing to the tact that the signals were generally first order This 1s
exemplified by the spectrum of 41 whose enlargement 1s shown in Figure 17 The couplings
between the protons of the thiane nings of these molecules are listed in Table | The values are
remarkably constant over a varety ot compounds indicating that they all exist in very similar
conformations The only exception to the consistency in J values 1s found in the four-bond "W~
coupling between the equatonal H5 and H2' protons (sugar numbering used), where the central
atom influences 1t's magnitude This four-bond coupling ranges from -2 8 Hz for coupling over a
sulfone group, to 0 Hz for the cyclic ether

TABLE I
Coupling Constants for Thiane Sugars and Nucleosides.

H
Hsax O 3

Hy'ax
H_r,aq
]
., _H
H'eq H,'ax
H-H Coupling (Hz) 41 43 51 38 46 49 55
H3 - H4 108 10 2 113 103 103 10 6 103
H4 - H5¢q 37 38 41 37 39 36 43
H4 - H54¢ 111 109 114 110 10 8 108 100
HSBQ-HSax -119 -120 -126 -120 -12 2 -12 0 -9.8
H3 - H1'gq 30 3 32 3.0 28
H3 - H1'ay 118 120 119 12 1 120 125 -
H1'eq - H1'ax -13 2 -128 -14 0 -132 -131 -125 —
H1'eq - H2'eq 30 3 34 30 29 - 25
H1'9q-H2'ax 30 31 34 29 29 -— —-
H1'ax - H2'eq 40 38 48 41 55 41 35
H1'ax - H2 3% 12 3 118 127 12 1 105 125 -
H2'eq - H2'ax -135 -135 -14 -13.6 - -13 -115
H2'aq - HBeq 09 11 28 <05 <05 <05 0
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Figure 18. Portions of the 300 MHz 'H-NMR spectra of the tnicychc sugar 38 and
thianylfuranose nucleosides 41 and 43 showing the signals for the thvane and furanose ring
protons (excluding H-1) “s” indicates restdual solvent peaks
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A consequence of the nearly :dentical couplings throughout this series of compounds 1s
that the proton NMR signals are very similar with respect to sphitting pattern. a happening which
greatly facilitated their assignment A comparnison of the spectra of compounds 38. 41 and 43 is
shown in Figure 18 1n which the similarty between corresponding signals is clearly evident  The
figure aiso offers a nice demonstration of the influence of the nitrogenous base upon the
chemical shifts of the sugar protons in a nucleoside Spectra of 41 and 43 are virtually identical
except tor marked changes in the p .sitions of the H-2' and H-3' signals (The anomeric proton
signals of 41 and 43 appear at 6 » 61 and 591 respectively ) This s due primarnly, to the
different anisotropic etfects operative in the pynmidine and purine aglycones of the nucleostdes

The sole compound, the H-NMR of which does not follow the general signal pattern
shown in Figure 18 . 1s the perhydrodioxahydnndane acetormde 55 This was somewhat
gxpected considenng the presence ot a different heteroatom Nonetheless the significantly
different spectra obtained tor 38 and 55 was somewhat surprising :Fiqure 12, Most notable 1s
the fact that tor the tricyclic 2ther the diastereotopic H-5 and H-2° protens have mucn different
chemucal shifts (~1 and 08 ppm differences between the equatonal and axial protons.
respectively) while the H-1' signals have very similar values, for the analogous sulfide 38. the two
H-5 and H-2' protons have simiiar shifts whereas the H-1' equatonal ard axial signals are
separated This latter situation 1s more or less the case for all the cyclic sulfides

This difference can be explained by the ditferent sterecelectronic properties of oxygen
and sulphur  The lone electron pairs on the ether oxvgen 1n 55 strongly mtiuences the adjacent
methviene group the eguatonal protons >N C 3 and C 2 heing maore strongly downteid shitted
owing to therr positions gauche with respect (0 both 2sp? orbitals  «n the case ot the suifide 38
the more difuse and larger electron clouds have much less an etfect on the adjacent protons but
appear to attect the C-1' protons twc carbons away

The coupling data for the thianylfuranose systems listed in Table | are consistent with the
6-membered sulfide ring of the compounds existing 1n a chair conformation, perhaps best
described as *Cs When companng the values of Jygus for uncyclized branched-chain
compounds and those containing the cyclic sulfide, one finds iittie variation A range of 10 2-11 3
Hz 1s found for the latter group while couptings within 10 1 and 10 8 Hz are observed for nine
branched-chain nucleosides Such consistency 1s also nabserved for J.y» 43 where 1n both groups
the values are generally within 4 and 5 Hz This suggests that in both cyclized and open systems,
the turanose ring 1s puchered such that *he C-3') and C-4! ' substituents are pseudo-=quatoral
and that iittle contormational change 1s required in the sugar for cvchization to occur his may
contribute to the rapid sulfide formation otserved for 30 and 37 The X-ray crystallographic

structure ot 41 contirms our NMR analyses clearly showing the thiane ring in the predicted chair
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Figure 19. The 200 MHz 'H-NMR spectra of the tricyclic compounds 38 ana 55 in CDCI, The
abbreviations “e” and “a" are used to denote equatonal and axial protons
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conformation fused to a virtually pertectly 3E-puckered (C3 -endo) turanose nng The value for
the (C-2)-(C-1)-O-(C-4') dihedral angle obtained from the X-ray data 1s very close t0 0

The very weli-delined contormation of these thianyifurany! nucleosides and the apparent
ease of forming the bicyclic system may find application in the design of nucleoside probes where
the controlied placement of functional groups with respect to the base or sugar 1s desired

Figure 20. X-ray crystallographic structure of nucleoside 41.
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2.5 Synthesis of 5-Deoxy-5-Thiosugar (69) - Alternate Coupling Strategy

The unexpected cyclization clearly demonstrated the incompatibility of the mesyl and

thiolacety! groups within the same molecule We felt that this could be easily overcome by using a

3'-end unit which lacked the branched-chain mercapto group

The mesylate 59 was prepared in 85 % yield (MsCl pyridine CH,Cl.) from cytidine §6 via

the previously described N benzoyl-2.3'-O-1sopropylidene cytidine §7'1¢ 117

involving BnSH in DMF using various bases were only moderately successful Kellogg! '™ !

Model studies

¥ has

described the use of Cs,C0O4 in the efficient preparation of macrocyciic polysuliides The model

coupling using various thiols, pertormed according to this method (DMF
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116Takeshi, K , Hayatsu, H, Uktta, T, Biochim Biophys Acta 195 304 (1969
"17Holy, A Pischel, H . Coll Czech Chem Comm , 39, 3863 (1974)

1188yter, J  Kellogg. R M . J Org Chem . 46, 4481 (1981)

"9yesema, BK . Lemaire, M, Buter, J , Kellogg, RM, J Org Chem , 41, 5169 (1986)

59

RT) gave a single

NHB:?
|
o
|
S0
RN SNTNo
07*
j OH
NHB2
1
s AN

S N
I -0

N/
(o}

o}

X

(60,




product which, disappointingly, was found to be the anhydro-nucleoside 58 The dimer 60 did

appear to form when NaH was used as base in DMF, but the compound could not be separated

from unreacted staring matenals as well as numerous side products |t was concluded that,

although primary. the 5'-mesyl groups are too stencally hindered for efficient displacement by the

incoming nucleophile

Scheme 15
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Mode! Study.

The alternate strategy was to couple In the opposite direction 1n other words have the
nucleophilic sulphur at the 5 -position displace a certainly unhindered leaving group at the end of
the 2'-branch chain as shown in Scheme S1 (route B) This approach however would require
forming a 2"-mesylate in the presence of the 2'-O-acelate  We were nol cerlain whether acelate
migration during either 2"-aicoho! formation, mesylation or the displacement by the thiol would
be problematic To investigate this potential problem. the following model studies were
performed

The 2'-alcohol 8 was silylated in 98 % yield (TBDPhSICI ‘ imidazole - DMF) to give 61 The
high temperature acetolysis of this sugar (camphorsuifonic acid ' AcOH ' Ac-O 70 C) resulted in
deacetalation, as well as cleavage of the trityl group and subseguent acetylation and atforded

furanose 62 in 52 % yield, accompanied by the expected side products (see Section 2 6)
Desllylation of 62 (nBu,NF 3H,0O AcOH ' THF! cleaniy gave the 2 alcohol 65 In 88 %. yield

Mesylation by the usual method {MsCl ' pyndine * CH,Cl») yietded the model mesylate 64 in a
quantitative manner

The Mitsunobu coupling of 2'.3'-O-1sopropylideneundine 67!~ with thiolacetic acid
(PPhs  DIAD 7 THF) was used to prepare the 5'-deoxy-5'-thiolacetyl nucleoside 67a in 95 °. yield
This method proved superior to a described!!" method involving the displacement of the 5°
lodide with thiolacetate Deacetylation employing methanolic ammonia yielded the known!-!
cyclic sulfide 66 1n 80 % yield The formation ot the 5'-thiolate 67b upon treating suitide 66 with
NaH could be easily monitored by t I ¢ since the Michael aaduct is not UV active whereas the
thiolate 1Is  Reaction of 67h. formed in situ, with the 2'-mesyl sugar 64 in DMF, gave the model
thioether 63 in a straightforward manner

12°T:pson, RS . in Zortbach, WW . Tipson, RS , (Eds ), Synthetic Procedures in Nucleic Acid Chemislry.
Vol 1, John Witey and Sons, N Y, (1968), p 431

121Bannister, B, Kagan, F . J Amer Chem Soc, 82. 3363 (1960)
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Synthesis of Thiosugar (69).

With positive results for the model coupling reaction in hand the S-thiosugar 69 was
prepared The trityl group of 61 was selectively cleaved (Cl,CCOOH / CH,Cly) to afford 52 in 92
% yield demonstrating the acid-stability of the TBDPhSI group The Mitsunobu coupling with
thiolacetic acid (PPh,/ DIAD / THF) gave the 5-thiosugar 68 in 84 % yield Subjecting 68 to high-
temperature acetolysis (camphorsulfonic acid / AcOH / Ac,0) at 75°C gave tniacetylated thiosugar
69 in a straightforward manner A detailed account of this reaction and the temperature-
dependent formaticn of side-products 1s given in Section 2 6
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2.6 Temperature-Dependent Acetolysis of 1,2-O-Isopropylidene Furanoses.

Acetolysis reactions have been used extensively in carbohydrate chemistry as a means 10
obtain acetylated sugars'22.123 124 One application of the procedure 1s the conversion of
isopropylidene derwvatives to the corresponding acetylated compounds. this 1s particularly usetul
In the case of 1,2-O-1sopropyhidene sugars where the protecting group 15 especially stable '25
While the method has been widely employed, the mechanism of the conversion has not been
studied in detail

The formation of novel non-furanose products during the course of the acetolys!s of 11,
and the marked dependence of their formation on the reaction temperature, led us to speculate
on the mechanisms of the processes involved

Scheme 17
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Acetolysis of (11).

Our inihial treatment of 11 with an acetolytic mixture composed of p-toluenesulforic acid
(TsOH) and acetic anhydride in glacial acetic acid, when carried out at ambient temperature,
afforded two products seen as two very closely separated spots by t1c The more polar product
was found to be the desired 1,2-di-O-acety! furanose 12 which was formed in 37% yield The

122Guthrie, RD  McCarnhy, J F . Adv Carbohydr Res, 22, 11 (1967)
123Gelas, J, Adv Carbohydr Chem Biochem 39,71 (1981)
124Haines. AH . Adv Carbohydr Chem Biochem .39. 13 (1981)
125Collins, P M, Tetrahedron, 21, 1809 (1965)
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structure was confirmed by the '"H-NMR spectrum, which shows the anomeric proton signal as a
singlet at 6 6 08, consistent with an acety! furanose of the 3-configuration, as well as three acetate
peaks, Including one at & 2 31 indicative of a thiolacetyl function The "3C-NMR spectrum of 12
includes signals at 6 98 78, again consistent with an acetyl furanose!26-127 and charactenstic
thiolacetyl peaks at & 194 94 and 30 46

TABLE Ii.
Product Distribution for the Acetolysis of (11).

temperature acd time (h) % yield (1solated)
71 12 12048

0%to RT 15equiv TsOH 22 44 21 0
RT 5equiv TsOH 067 13 32 6
RT 4 equiv TsOH 15 20 48 10
RT 3 equiv TsOH 2 34 40
RT 0 5 equiv BF30Ety 20 9 34
RT 1 equiv BF30Et, 5 24 30 29
RT 4 equiv CSA 8 34 36
480 3equiv CSA 0.75 9 60
700 3 equiv CSA 0.25 <1 70 <1

a g-anomer of furanose 12

The less polar component, isolated in 42 % yield, was assigned the cis-disubstituted
thiolane structure 71 The 'H-NMR spectrum of this compound displays an anomeric proton
signal at & 6 86. too far downfield for erther a furanose or thiopyranose system and consistent with
a diacetyl acetal!?® The chemical shifts of § 3 52 and 4 92 for H-2 and H-4, respectively, point to
acetylation at O-4 rather than O-2 The C-NMR spectrum of 71 exhibits a C-1 signal at 8 90 63,
again inconsistent with either a furanose or pyranose ring, and three carbonyl peaks in the range
for O-acetyl groups The stereochemustry at C-2 was assigned from the 3Jy, 43 coupling of 4 7 Hz,
consistent with a cis-geometry when compared to data obtained for other 2,3-substituted
126gpek K Thorgerson, H, Ann Reports in NMR Spectros , 31, 1 (1982)

12780ck K Pederson, C , Adv Carbohydr Chem Biochem , 41, 27 (1983)
128g;schitberger, K , Hall, R H , Carbohydr Res, 42, 175 (1975)
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P Se—

thiotanes129.130.131  Brief treatment of 71 with methanolic sodium hydroxide atforded the
comresponding aldehyde which shows a charactenstic '"H-NMR signal at 8 9 18

The acetolysis was subsequently repeated numerous times under varying reaction
conditions {summarized m Table Il ) Substituting the TsOH with anhydrous camphorsuitonic acid
(CSA) or boron tnfiuonde etherate had httle effect on the product distribution which generally
remained within 15 and 3 1 1n favor of furanose 12 In all cases, the 3-furanose was largely
tavored over s a-anomer The latter could never be punfied and was observed as a contaminant
in early column fractions containing thiolane 71 It was discovered, however that the reaction
temperature had a profound influence on the course of the reaction When cooled (0 C to RT)
the thiolane 71 was preferentially formed by a factor of 2 1, whereas heating of the redction to 45
increased the selectivity for 12t0 6 7 1 At 70°C, the desired furanose was formed in 70 Vo yield
with only traces of the thiolane being tormed When the reaction temperature was turther
increased to 100°C, the yields of 12 dropped substantially. presumably due to loss of the silyl
group

AcO AcO
OAc
(70)
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' 1 i
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Figure 21. The proton-decoupled '3C-NMR spectrum of thiopyranose 70 in CDCl,

129LaLonde, R T, Codacovi, LM, Cun-heng, H Clardy,J Knshnan, BS J Org Chem 51 4899
(1986)

130Anklam, E . Margaretha, P, Helv Chim Acta, 67, 2198 (1984)
131Abbot, F S, Haya, K, Can J Chem , 56.71 (1978)
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We also investigated a related method of converting isopropylidene dernvatives to
acetates! 32133 When 11 was treated with boron trifluonde etherate in acetic anhydnde at 0-C,
the 1,2-di-O-acety! thiopyranose 70 was formed as the exclusive product in 70% yield The "3C-
NMBR spectrum of the ring-expansion product shows only O-acetyl carbonyl signals and a C-1 peak
at & 76 58 as expected for an acetyl thiopyranose Only the a-anomer was obtained, exhibiting a
31 Hzof 29 Hz  This and the 3J, 43 coupling of 11 4 Hz indicates that the thiosugar exists as the

4C, confcrmer

Scheme 18
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Acetolysis of (68).

The acetolysis of acetonide 68 was carned out using camphorsulfonic acid as the acid-
catalyst When performed at 75-C. the treatment atforded the desired 1 2-di-O-acetyl furanose
69 1n 83 % yield Only the 3-anomer was obtained, the 'H-NMR spectrum of which displays a
singlet at & 6 02 for the anomeric proton The thiopyranose 75 was found to be a minor side-

'32pgrin, AS . Lesage, S. Can J Chem . 56, 2889 (1978)
1330gawa, T Kawano, T . Matsui, M. Carbohydr Res . §7, C31 (1971)
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product (< 5 %), 1solable only from large scale reactions As expected, the reaction pertormed at a
lower temperature (15 C over 24 h) produced a much lower yield (8°6) of furanose 69 The major
procucts were the open-chain 1-O-acetyl-1 2-O-isopropylidene sugars 72 and 73 which were
formed as a 57 1 mixture of separable anomers in a combined yield ot 80 s The anomenc 'H
NMR doublets at 6 6 24 and 6 19, as well as the anomeric *C-NMR signals at 8 96 92 and 0 93 77
for 72 and 73, respectively, were consistent with the data obtained for the analogous denvatives
of glucose!3* Such aldehydrol-derivatives are not unknown, but have not peen well

characterized!27.135

Unbke the straightforward resulls obtamned for the 2'-thioacetate 11, treatment of
acetonide 68 with boron trifluonde etherate in acetic anhydnde afforded a compiex mixture trom
which only the tnsubstituted thiolane 74 could be isolated in a yield of 25 °% This diacetyl acetal
shows a C-1 '°C-NMR signal at & 89 00 consistent with the value obtained for 71 The strongly
downtield-shifted acetal 'H-NMR peak at & 7 26 (Figure 22 ) suggests that the chemical shift of
this proton 1s sensitive to the conformation of the acetoxy groups on C-1 At least tour other
compounds were obtained as an inseparable mixture which included the open-chain compounds

72 and 73
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Figure 22. The 200 MHz 'H-NMR spectrum of thiolane 74 in CDCl3 The anomeric proton lies
over the residual chloroform peak at 6 7 26

134Bock, K . Pederson, C, Acta Chem Scand . Ser B, 28, 853 (1974)
135Magnam, A Mikuriya, Y, Carbohydr Res, 28, 158 (1973)
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Mechanism

When furanoses 12 and 69 were resubjected to acetolytic conditions at room
temperature, none of the low-temperature products were observed, nor were any furanose
products formed from thiolane 71 upon heating to 50°C i the standard acetolysis solution, clearly
demonstrating that the temperature-dependent product distributions do not simply represent
equilbrium ratios Studies!27.136 concerning the effect of the composition of the acetolyzing
mixture on product distribution have been carried out, but we are not aware of any which have
deait with the etfect of temperature

A cyclic oxonum ion formed by scission of the exocyclic glycosy! bond is generally
acknowiedged to be the intermediate tn the formation of 1,2-di-O-acetates, and this 1S no doubt
the case for the formation of the desired furanose sugars 12 and 69 At lower temperatures
endocyclic C-O bond cleavage 1s evidently favored, yielding an open-chain oxomum intermediate
The addition of an acetate would result in a 1-O-acetyl-1,2-O-1sopropylidene aldehydrol such as
72 or 73 We believe that the acetyl group at C-1 participates 1n the subsequent solvolysis of the
Isopropylidene moeity, yielding an acetoxonium ion bridging C-1 and C-2 as shown in Figure 23
Attack at C-2 by the sulphur of a thiolacetyl group at erther the 2'- or 5-positions would give the
thioianes 71 and 74, respectively, and account for the doubie inversion at this center

Resubjecting a sample of acetyl acetonide 72 to the standard acetolytic solution at room
temperature resulted only in the appearance of a small amount of its C-1 epimer 73 Thus, these
two 1-O-acetyl-1,2-O-acetomdes appear 10 proceed to thiolane 74 only in the presence of boron
trifluonide etherate in acetic anhydnde, uniike the case for the formation of 71 where the
proposed 1-O-acetyl-1 2-O-i1sopropylidene precursor(s) 1s never observed The ditfering
tendencies of the thiosugars to rearrange to the corresponding thiolane likely retlects the relative
stabiliies of the thiolane nngs, 74 being less readily tormed due to the additional ring substituent

We were relieved that appreciable ring-expansion from furanose to thiopyranose ook
place only in the treatment of acetoride 11 with boron triflucride etherate in acetic anhydnde,
which aftorded thiosugar 70 There exists ample precedent for both ring-expansion from 5-
thiofuranoses to thiopyranoses!7.138.139.140 35 well as ring-contraction from 4-thiopyranoses to

thioturanoses ! 1 142,143, 144 ynder standard acetolytic conditions We were concerned that

13650wa, W, Can J Chem 49,3292 (1971)

'37Fea!h9r, MS Whstler, R L, Tetrahedron Lett, 15, 667 (1962)

138Chiu, CW  Whistler, J Org Chem . 38, 832 (1973)

1395hin, JEN Perlin AS Carbohydr Res 76 165 (1979)

1405hin, JE N Perlin, AS Carbohydr Res . 84, 315 (1980)

'41Raist EJ Guefioy DE Goodman L J Amer Chem Soc 86. 5658 (1964)
142Reist EJ Fisher LV Goodman L J Org Chem . 33. 189 (1968)
143Gross B Oriez F X Carbohydr Res . 36, 385 (1974)

144yarela O Cicero. D de Lederkremer, RM . J Org Chem , 54, 1884 (1989)
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Figure 23. Proposed mechanisms for the formation ot acetolysis products

69




rearrangement to the thermodynamucally favored thiopyranoses could be a sernous drawback in
our strategy towards the target nucleosides

Acetolyses were also carned out on a number of sugars racking the sulphur-containing
group Not surprisingly, only mixtures of 1,2-di-O-acety! furanoses and aldehydrol-derivatives
were observed For the tritylated sugar dernivatives 61 and 7, the reaction (camphorsulfonic acid /
AcOH 7 Ac,0) carned out at 70°C yielded the corresponding 1,2,5-O-triacetates 1n 52 and 49 %
yields respectively  The isomeric pairs ot acetyl acetonides 77 and 78, and 79 and 80 were also
obtaned Nn30% (51, 1-R/1-S) and 25 % ylelds (4 1, 1-A/ 1-5) respeclively The presence of
the C-3 branch-chain no doubt destabilizes the furanose ring, facilitating the nng-opening
pathway In the case of the thianylfurany! acetonide 38 the acetolysis afforded only the nng-
opened product 48 In 65 % yield In this case. the strain of the trans-tused system appears to
render furanose rnng-opening the exclusive acetolysis pathway

Scheme 19
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Figure 24 shows the "H-NMR spectra of acetyl acetomnides 77 and 78 As is observed tor
all of these compounds, the spectra of the two isomers dre vitually identical except to' the
position (and appearance) of the H-2 doubiet of doublets The turther downlield position ot this
signal for the major 1-(A) 1somers lixely stems from the deshielding etfect of the adjaceint O acetyl
group which 1s cis- to H-2 The relatively consistent preference for the 1 (R) i1somer no doubt
stems from the preferred attack of acetate from the unhindered side of the dioxalane
oxocarbonium 76 The bulk of the thiane nng system in 48 renders this isomer the sole product

for thus particular reaction
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Figure 24. The 200 MHz 'H-NMR spectra for the aldehydrol-denvatives 77 and 78 in CDCl4
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In simple sugars. endocychic C-O bond scission 1s no doubt much less favored,
accounting for the generally clean formation of furanose products upon acetolytic deacetalation at
the standard low temperatures This 1s exemphified by the acetolysis of 3-O-acetyl-5-O-tert-
butyldipheny'silyi-1,2-O-isopropylidene-u-n-xylofuranose {TsOH AcOH Ac-O ' RT) performed
as a model study, which atforded the corresponding 1 2-di-O-acetyli luranose as the exclusive
product In 80 % yield It is also possible that hoth pathways are operative but ultimately afford the
same sugar The formation of an open-chain oxomum ion intermediate which eventually recloses
by the attack of the 4-oxygen atom may account for phenomena such as C-2 epimerization
Partial inversion at this center has been observed in the acetolysis of a variety of 1 2-O-
isopropylidene ‘“iranoses!3®. 130 147148 1t wag recently demonstrated !+ that this inversion
occurs during the removal of the 1sopropyiidene group, not after its removal as was previously

assumed

"5 Jgrneman P Acta Chem Scana 17 2769 .1963)

"468oon PJ Schwartz AW Chitenden G JF Carbonydr Res 30 “79(1973)

"3 ’Chitenden GJF Carbohyor Res 22 491 1972)

148Sowa. W, Can J Chem . 50, 1092 (1972)

149Bmgelman, L N . Gurskaya, G V. Tsapkina, EN . Mikhaillov, SN, Carbohydr Res ., 181, 77 (1988)
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2.7 Synthesis of Branched-Chain Nucleosides (83) and (88).

Synthesis of (88).

To briefly review, the model studies described in Section 2 5 demonstrated that the
intermolecular displacement of a 2"-mesylate by a 5'-thiol could be efficiently carned out It was
decided that a non-sulphur containing nucleoside should be used as the 5-end, anda 5" to &
chain growing approach be taken

The 5'-end required for the coupling was prepared from the tni-O-acetyl sugar 62 The
Vorbruggen reaction of 62 and bis-(tnmethylsilyl)cytosine (TMSIOTt  CICH.CH-CI  retlux) yielded
the nucleoside 81 1n 90 % yield Subsequent benzoylation (BzCl pyndine CH.Cl.) gave 82 in
80 % yield The selective removal of the silyl group, however proved more ditticult than tor the
model sugar, owing primanty to solubiity problems When carried out in the usual manner
(nBusNF 3H,0 / AcOH / THF), the solution would solicdify, preventing completion ot the reaction
This was overcome either by using 10 % DMF in the solvent, or adding Hi trimethylpyndine
complex tothe reaction How the use of the latter in place of acetic acid prevented gel formation
1s not known Either treatment attorded the 2"-aicohol 84 in greater than 85 . yield Mesylation
(MsCl/ pyridine / CH,Cly) yielded the 2"-activated nucleoside 83 ready tor the coupling reaction
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We also attempted to convert the silyl ether 82 to the mesylate or bromide in one-pot
The addtion of MsCl and vanous bases to the THF solutions after desilylation resulted in complex
mixtures Removal of the silyl group, using various forms of fluoride (NaF KF HF pyridine
complex, nBu,NF 3H,0), In solvents such as DMF or pyridine all resufted in very slow and
incomplete cleavage of the silyl group The direct conversion of tert-butyldimethyisityl ethers to
bromides has been reported‘5” but the reaction failed in our case, where a more stable tert-

butyldiphenylsilyl ether 1s present

Scheme 21
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The apparent stability of mesyl groups noted by us, as well as others!%9 led us to attempt
a more direct route to 83 trom the key alcohol 8 The mesylation of 8 (MsCi / pyndine / CH,Cl,)
afforded, in 99 % yield, acetonide 7 which was then subjected to acetolysis at 78 C  The mesvl
group survived this conversion to the diacetyl furanose 64 which was formed in 49 % yield (see
Sect:on 26) The Vorbruggen coupling with bis-silylated cytosine and subsequent benzoylation
by the usual method gave the desired product 83 but In only 51 %% for the two steps The

majonty of the loss of matenal occurred during the coupling of base and sugar

15°Mattes, H . Benezra, C, Tetrahedron Lett, 28, 1697 (1987)
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Scheme 22
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Synthesis of (88) - Competing Thiopyrananone Formation

The thiol-containing coupling unit was prepared Irom the thiosugar tnacetate 69 The
inmethylsily! tnflate-catalyzed Vorbruggen couphing ot this sugar and silylated base carned out in a
manner identical to that described for the preparation ot 85 atforded the nucleoside 86 1n 78 Y%
yield Subsequent benzoylation (BzCl ' pyridine) gave the fully protected monomer unit 89 in 97
% yield

The selective deacylation of 89 was attempted in a number of solvents he standard

method using dioxane and aqueous base could not be employed due to solubilty problems
Varying the ratio of dioxane and water resulted in precipitation of either the nucleoside 89 or the
baese (NaOH, KOH, K,C0O,) Using aqueous base n etther imethanol or ethanol gave better
results, but noticeable debenzoylation of the cytosine amino group always accompanied
deacetylation Acceptable results were finally obtained using isopropancl to which 1N KOH was
carefully added The reaction atforded thiol 88 in 35 % yeld

it must be pointed cut that poor selectivity in the deacylation was not the only problem
The oxidation of the free thiol to the disulfide was troublesome especially for very small scale
reactions It was found that both the alcohol and the hase solutions had to be caretully

deoxygenated prior to use Degassing of the solvents by uitrasound and vacuum was not
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sufficient  Bubbling argon or nitrogen through the hquids for at least one hour, immediately
before use, proved necessary to prevent the oxidation

The fact that the cytidine analogue 86 was obtamed in, at most, 78 °6 yield, perturbed us
since the analogous Vorbruggen coupling leading to 81 which differs from 86 only in the lack of
the 5'-thiolacelyt group, consistently gave the latter nucieoside in ~90 °% yield A second product
ot the tarmer reaction was eventually 1solated and found to be the novel tetrahydrothiopyranone
denvative 87 which accounted for an additional 16 % of the material The structure of this
unexpected compound s supported by high-resolution mass spectrometry and the H- and '3C-
NMR data (in particular the olefimic "3C-signals at § 108 32 and 141 66) Brnef exposure of 87 to
base (NaOH ' methanot . 25 C 10 min) gave further proot of its structure resulting in cleavage of
the enol acetate and subsequent glimination of the remaining ester to yield the unstable a.f3-

unsaturated ketone 90
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Figure 25. The 75 4 MHz '3C-NMR spectrum of enol acetate 87 in CDCl,
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Figure 26. The proposed mechanism for the competing formation ot 87 during the
trimethylsilyi tnflate-catalyzed Vorbruggen coupling of 69 and bis-(inmethylsilylicytosine

The great utility of the Vorbruggen reaction stems trom the stereoselectivity ot
Jlycosidic bong tormation  This 1S @ result of participation oy the 2D 1cetyl ror Denzovi aroup o
the sugar wnich ensures 3-attack by the incoming base”’™ In the case of normal suqQdrs
participation by the 5-O-acyl groups does not intertere with the reaction A thiolester at the 5
position, however can evidently compete with the 2 O-acetyl in stabiizing the oxocarbomum
(Figure 26 ), resuiting 10 a bicychic intermediate 92 Such systems are not unknown' Y and the
transfer of an acetyl group from a glycosidic suiphur to oxygen atom in a similar intermediate has
been proposed!+* for the acetolytic rearrangement of certain thiosugar derivatives The
examination of molecular models ciearly shows that the H-2 and anomernc oxygen in 91 are
onented ideally for ehmination to 87
Although otten assumed suiphur containing functionalities do not necessartly behave as
do their oxygen counterparts the observed tetrahydrothiopyranone tormation s a clear example
of this  While undesirable in this work this previously unknown -earranqement may

application in the synthesis of chiral carbocycles or cyclic sultides from carbohydrate precursors
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Figure 27. The 200 MHz 'H-NMR spectrum of thiopyranone 90 in CDCl,
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2.8 Synthesis of the Dinucleoside” Analogue (95).

The successful coupling ot the branched-chain nucleosides 83 and 88 was dependent
on selective attack by the 5'-thiol We assumed that the greater nucleophilicity ot sulphur in hand
with the stenc congestion about the 2'-hydroxyl of 83. would be sufticient to ensure speciic
sulfide formation indeed reaction of the two compounds in the presence ot Cs-COy n DMF
afforded the dimer 93 1n 89 % yield The structure of the suifide 1s confirmed by detailed 'H and
3C-NMR analyses as well as mass spectrometry, in which the molecular 1on 1s observed

The dimer was deprotected by successive desilylation and deacylation  Treatment of 93
with nBusNF 3H,0 under acidic conditions {AcOH ' THF) afforded the diol 94 which was

immediately deacylated in methanolic ammonia  The purnification of the tinal product, however

Scheme 23
NHBz
| N NKBz NHR'
|
AcO W No o ~TNN
0 |
AcO ! N/K RO
—_ \ 0 ~ ~ N/ .\\\0
o o
< Y
OAc N \ y
OMs OAc ; OR
e ©aBuLNEH O L
(83) Cs,CO, NHB2 ACOH THE NHR
DMF s (\N 2 Nely MeOH - 5 "N
NHBz
\N/\o \’ \N/\O
1 N o | -0
Hs % 7
[o] NXO 1 { ’
e / OH e OH
$i0 HO
OH
(93) (94) R =Ac R =8Bz
Sio (95) R=R=H
(88)

The standard rules for naming nucleic acids defings a dinuclectide as a dimer finked by 4 pnosphate group
which bears an additional phosphate at either the free 5 - or 3 hydroxyls It only the uingle
internucleoside phosphodiester s present, the dimer is called a dinucleoside phosphate  Qur system
would, therefore, be best described as a 'dinucleoside phosphate analogue’, but the term  dinucleoside
analogue” will be used
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proved difficult  Tnturation of the crude solid with acelone. followed by removal of the
supernatant and repeated washing. atiorded a fine white sohd The "H-NMR of this matenal clearly
showed the presence of about one equivalent of methyl benzoate. even after repeated washings
with acetone Oddly, the distictive odor of the ester, which was not noticeable 1n the sohd,
became very apparent after samples were dissolved in deuterated methanol and rotovapped after
NMR spectra were obtained This led us to suspect that methyl benzoate forms a stable complex
with the dinucleoside analogue when precipitated from acetone The problem was overcome by
dissolving the solld 1in a minimal volume of methanoi and quickly adding ethy! ether The white
sold obtained in this way was found to be the product of high purity without any traces of the
troublesome ester The '3C-NMR spectrum of the backbone-modified dinucleoside analogue 95

IS shown in Figure 28
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Figure 28. Portion of the proton-decoupled '3C-NMR spectrum of dimer 93 in CDCl; The

carbons of the branched-chain sugar units at the 3'- and 5'-ends of the molecule are denoted by
(small case) “c’ and (captal) “C". respectively “s” indicates solvent signal
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Figure 29. The proton-decoupled '3C-NMR spectrum of dinucleoside analogue 95 in CD,OD
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Figure 30. Portion of the 200 MHz 'H-NMR spectrum ot 95 in CD,0OD showing the base and
anomeric proton signals ¥ and v indicate the coupled pairs of doublets
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2.9 Future Qutiook

Meantngful oligonucleotide binding studies cannot, generally be carried out using very
short strands Important information could, nonetheless. be obtamned from the dinucleoside
analogue 95 The molecule was found to be very water-soluble, a solution of 50 mM
concentration at ambient temperature was easilly prepared This 1s an important inding since,
one observed poor solubility at the dimer stage, one would no doubt be faced with dire solubiiity
problems once much longer strands are prepared

A very interesting feature of the "H-NMR spectum of the dinucleoside analogue 95 is the
chemical shift difference between the two pyrimidine H-6 signais (Figure 30 ) The two doublets
are separated by 0 38 ppm and, in both cases, are shilted downfield from the values generally
observed tor monomeric analogues (eg nucleoside 41 1n which the H-6 signal appears at 7 61
ppm in CD,0D) Such ditterences in shift are generally acknowledged to stem from the effect ot
the ning-current magnetic anisotropy of the neighbournng base, and suggests that base-stacking
1s occurnng!S L1932 "H.NMR conformational studies have been carred out for natural CpC. but
the modified structure of 95 prevents direct companson The data. nevertheless suggests that
the analogue 95 exists in a particular conformation in which the cytosine rings are interacting
rather than treely “tlopping around” randomly

Although the complex nature of the "H-NMR spectrum of 95 cbscures any information
concerning the conformation of the furanose rings. It 1s very probable that they are puckered in a
manner similar to that for the monomeric nucleosides As described in Section 2 4 (p 56), these
compounds all appear to exist in a C3 -enco envelope i which the C3 and C4 methylene
substituents are pseudo-equatonal The rnbose sugars in RNA are also known to assume a Cg -
endo contormation  The preterence of nbonucleotides to exist as such resuits in RNA double
helices and RNA DNA hybnd duplexes assuming only A-type helical structures the more ngid
RNA strand forcing DNA tnto this conformation in the latter case®!%*  Thus, the fact that the
branched-chain nucleoside units are “correctly” puckered in systems such 95 may result in them
being especially good binders of targeted mRNA

The points described above underline the potential use of longer thioether-linked
analogues ot 95 as non-degradable anti-sense inhibitors of gene expression There obviously
remains much work belore such systems can be studied in this manner The thesis describes the

detailed investigations of brancied-chain thiosugars and nucleosides. as well as the

151Cantor, C R . Schimmal, P R, Biophysical Chemistry, Part lil, W H Freeman & Co , San Francisco, CA,
(1980), pp 1125-1130

15270, POP ., inTSO.POP. (Ed)), Basic Principles in Nucleic Acid Chemistry, Academic Press, N Y,
{1974), pp 331-333
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development of a viable coupling strategy The eventual synthetic route used to obtain the dimer
in an overall yield of 30 % from ketone 3 1s shown in Figure 31 This work lays down a sold
foundation for the efficient preparation of ionger thioether-linked stands. and these studies are
ongoing

The oxidation of the internucleoside sulfides would yield sulfoxide- and sulfone-linked
analogues The problem of cturality in the linkage would have to be addressed in the former case
In addition, the synthesis of the monomeric nucleoside units allows for the removal ot the 2'-
hydroxyl through a radical reduction Thus, sulfide- and sultone-linked oligonucleotide analogues
of, both, RNA and DNA are accessible for study and comparison in tuture work A shorter-term
goal 1s to prepare appropnately protected and/or activated backbone-modified dimers and trimers
for incorporation into natural DNA strands

Tr0 . TrO o AcS\ oA
o 79% o 60% .‘<‘0 | c
R ° 2 steps o 4 steps 7
oAr o~ - Onc
(3) HO | $i10
(8) (69

NHB2 ' NHB:
IKKN I//\N
HS C AcS A
89% o N/Ko 95% \| o\\f‘ o
DIMER (93) — ( /
30% overall OH - OAc
from (3) sio 310
(88) 189)

Figure 31. The synthesis of the dimer 93 was carried out in an optimum overall yield of 30 %
from ketone 3 The overall yield of the protected monomer 89 was 36 %
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. CONTRIBUTIONS TO KNOWLEDGE

. A number of 3'-deoxy-3'-C-(2"-substituted-ethyi) ribonucleosides were etficiently prepared
from 1,2-O-1sopropylidene-a-p-xylofuranose The synthetic approach allows for the specitic
placement of various functionahties at ether the 5'- or 2"-positions

. A senes of thianylfuranose nucleosides, including an uncharged cAMP analogue were
synthesized The well defined conformation of these compounds was established by
detalled 'H-NMR analysis and was corroborated by an X-ray structure

. A mechanistic temperature-dependence in the acetolytic cleavage of 1,2-O-isopropyhdene
furanoses was discovered An unprecedented rearrangement of sulphur-containing sugars
to nuvel thiolanes {tetrahydrothiophenes) during these reactions, as weli as the tormation of
aldehydrol-denvatives, was studied

. The rearrangement from 5-deoxv-5-thiosugar to thiopyran-3-one enol acetate was shown to
compete with nucleoside tormation duning the Vorbruggen coupling of the tormer with
silyfated nitrogenous base

. A dinucleoside analogue beanng a non-hydrolyzable internucleoside linkage was prepared
The synthetic methods used to form this dimer are applicable to the preparation of longer
oligomers which are potential anti-sense intubitors
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4. EXPERIMENTAL
4.1 General Methods.

Melting points (mp ) were determined using an Electrothermal MP apparatus and are
uncorrected Optical rotatr n measurements were carried out in the indicated solvents employing
a Jasco DIP-140 digttal yulanmeter and a 1-dm cell UV spectra were recorded on a Hewlett-
Packard 8451 diode array spectrophotometer Low-resolution chemical ionization mass spectra
(Cl) were obtained on an HP 5980A quadrapole mass spectrometer in the direct-inlet mode High-
resolution Cl and FAB mass spectra (HRMS) were obtained on a VG ZAB-HS sector mass
spectrometer, again, in the direct-inlet mode The measurements were generally carried out at a
resolving power (res ) of 10000 unless otherwise indicated Elemental analyses were performed
by Guelph Chemical Laboratones Ltd (Guelph, Ontarnio) All compounds were shown to be
homogeneous by t 1 ¢ and high-field NMR, or to have a punty of >35% by elemental analysis

'"H-NMR specira were recorded on either Vanian XL.200 or Vanan XL300 spectrometers
and the assignments are based on homonuclear decoupling and / or COSY experiments When
deuteriochloroform was employed as solvent, internal tetramethylsiane (TMS) was used as the
reference The residual proton signals of DMSO and methanol (assigned values of 62 43 and
335 ppm) were used as reference in these solvents The multiplicities are recorded vsing the
following abbreviations s, singlet, d, doublet, t, triplet, g, quartet, g°, quintet, h, hextet, h”
heptet, o. octet, m, multiplet, m™, symmetical signal of n hnes, br, broad Some of the coupling
data for certain compounds are recorded in Table | (p 54) 3C-NMR spectra were all obtained at
75 4 MHz using a Vanan XL300 spectrometer  The '3CDClj, '3CD,0D, 3CD43S(0)CD4, and
3CD,CI, signals (assigned values of 877 00, 43 060, 39 50 and 53 80 ppm, respectively) were
used as reterences in these solvents Peak assigments were, In some cases, made with the aid of
APT or HETCOR expenments Selected 2-D spectra are shown in Appendix Il

Tetrahydrofuran was distilled from sodium benzophenone ketyl Methylene chlonde and
1,2-dichloroethane were distilled from P,Os Toluene was dned over sodium wire Pyndine was
distilled trom caicium hydnde  N,N-Dimethylformamide was dried by shaking with KOH followed by
distiliation, at reduced pressure, i-om BaO Thin-layer chromatography (t1 c ) was performed
using Kieselgel 60 F-g, aluminium-bachcd prates (0 2 mm thickness) and visualized by UV and / or
dipping in a solution of ammomum molybdate (2 5 g) and ceric sulfate (1 g) in 10 % v/v aqueous
sulphuric acid (100 mL). followed by heating Kieselgel 60 (Merck 230-400 mesh) silica gel was

empioyed tor column chromatographym

133541, W C . Kahn, M, Mitra, A, J Org Chem , 43, 2923 (1978)
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4.2 EXPERIMENTAL FOR SECTION 2.2,

Wittig reaction of 3) to unsaturated esters (4) and (5).

Trimethyl phosphonoacetate (2 10 mL, 12 8 mmo!) was added dropwise to a cooled (0 C)
suspension of sodiui+s hydrnde (60 % oil disp , 510 mg, 12 8 mmol) in dry tetrahydroturan (100 mL)
and the mixture was stirred under a nitrcgen atmosphere for 30 min A solution of ketone 3%¢
(500 g, 11 6 mmol) in dry tetrahydrofuran (40 mL) was then added over 30 min  After 20 h of
stirnng at ambient temperature, the resulting clear solution was concentrated 1 vdcuo and the
residue extracted with ethyl ether (2 x 200 mL) and washed with saturated agueous sodwm
bicarbonate (200 mL) and water (200 mL) The combined ether layers were then dried (MgS0O,)
filtered and evaporated in vacuo yeelding esters 4 and 5 as an amorphous white solid in
quantitative yield The product was generally reduced in the next step without any further
purification The two isomeric esters were easily separated by chromatography over silica gel (5 1
hexanes / ethyl acetate, v/v) which yielded two products in a 38 1 ratio  The major product (Ry
0 24), obtained as colorless crystals by recrystallizaticn from hexanes, was found to be the £ ester
4 m.p. 119-120° C, 'H-NMR (CDClg, 200 MHz) § 1 39 and 1 47 ppm (two s, 6H. CMe;) 3 39 (A
of ABX, 1H, H5,), 3 51 (B of ABX, 1H, H5g), 3 57 (s, 3H, COOMe), 5 26 (dt, 1H, H2), 558 (9>, 1H,
H4), 6 05 (apparent t, 1H, =CH), 623 (d, 1H, H1), 7 15-738 (m, 15H phenyls), coupling
constants (Hertz) Ju: 2 =46, d3rohs = -1 8, Yho Holerr = -1 4 “dititioeon = 21 Jjaiina = 19 di
hsa = 2 4, 2Jusa wsa = -9 9, '3C-NMR (CDCly, 75 4 MHZ) & 165 47 ppm (COOMe) 160 41 (C3).
143 61, 128 56, 127 77, 127 01 (phenyl), 116 06 (=CCOOMe), 113 30 (CMe ), 10456 (C1)
87 16 (CPhy), 82 34 and 81 02 (C2 and C4), 65 70 (C5) 5136 (COOMe), 27 85 and 27 68
(CMe2), [a]® = +11C° (c =0 5, CHCly), MS (Ci - NHj), m/e 243 ([PhaC*}, 100 %) Anal calcd
for CaoHqa00s C, 74 06, H, 6 21 found C, 73 70, H, 6 26

The minor E-ester 5 (Rt 0 41) was also obtained as coiorless crystals by recrystailization
from hexanes mp 115-116°C, 'H-NMR (CDCl;, 200 MHz) & 1 46 and 1 50 ppm (two s, 6H,
CMe,), 3 22 (A of ABX, 1H, H5,), 3 37 (B ¢t ABX, 1H, H5), 376 (s 3H COOMe), 495 (h’, 1H,
H4), 5 73-5 76 (m, 2H, H2 and =CH), 6 05 (d, 1H, H1), 7 20-7 46 (m 1&H, phenyls), coupling
constants (Herz) Juruz =45, Juz e~ -1 8. Jnarioern ~ -1 8. Jhansa = 3 3 Jhanisis = 4 1 dhion risp =
-100, '3C-NMR ( CDCl;, 754 MHZ ) § 165 20 ppm (COOMe), 156 70 (C3), 14338 128 46,
127 77, 127 01 (phenyls), 115 96 (=CCOOMe), 112 73 (CMe,), 105 27 (C1), 8688 (CPhy),
79 51 and 78 51 (C2 and C4), 65 32 (C5), 51 56 (COOMe). 27 41 and 27 14 (CMe,) [ u |'%, =
+252° (C = 05, CHCly), MS (C! - NH,), mve 243 ([Ph,C*] 100 %) Anal calcd for CH, O, C
74 06, H, 621 found C, 7381, H, 662
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3-Deoxy-3-C-(2'-hydroxyethyl)-1,2-O-isopropylidene-5-O-trityl-a-n-ribofuranose
(8).

A solution of the 1someric esters 4 and 5 (33 0 g, 67 8 mmol) in dry tetrahydrofuran (350
mL) was added over 20 min to a stiried suspension of hithium alumimum hydnde (23 4 g, 617
mmol) In dry tetrahydrofuran (2 L) cooled to 0°C  The mixture was then refluxed under nitrogen
resulting in the appearance of a bnght red color After 22 h the mixture was cooled in ice and the
remaiming hydride destroyed by the careful addiion of water The resulting slurry was filtered, the
solids washed with coptous amounts of ethyl ether, and the filtrate evaporated mn vacuo
Chromatography of the crude syrup over silica gel (2 1 hexanes / ethyl acetate, v/v) afforded
alcohol 8 as an amomhous white solid (25 2 g, 79 % yield) "H-NMR (CDCl,, 200 MHz) & 1 34 and
1 50 ppm (two s, 6H, CMey), 1 38-1 53 (m, 1H, H1'4), 1 6 (br and es«changeable, 1H, -OH), 1 67-
188 (m, 1H, H1'g), 2 13-2 34 (m, 1H, H3), 3 08 (A of ABX, 1H, H5,), 3 45 (B of ABX, 1H, H5g),
3 56-367 (m, 2H, H2'a ), 3 94 (dt, 1H, H4), 4 71 (apparent t, 1H, H2), 5 90 (d, 1H, H1), 7 20-7 51
{m, 15H, phenyls), coupling constants (Herntz) Jyy.q2 =38, Jhona =47, Juz Ha = 100, Jua Hsa =
41, Juansg = 28, 2ysansg = -107, SC-NMR ( CDCls, 200 MHz ) & 143 81, 128 64, 127 81,
126 98 ppm (phenyis), 111 35 (CMe;), 104 92 (C1), 86 56 (CPhj), 81 46 and 80 83 (C2 and
C4), 63 33 (C5), 61 14 (C2'), 4228 (C3), 27 92 and 26 70 (CMey), 26 40 (C1"), [a %2y = +39° (c
= 05,CHCl3), MS (C! - NHg), mve 383 ([MH* - PhH], 0 8 %), 243 ([Ph3C*], 100), HRMS (Ci - NHy),
mv/e caled for Cy3H,;05 [MH* - PhH], 383 1858 found 383 1853, Anal calcd for CooH4,GCs C,
7563,H,700 found C, 7569, H, 7 25

A small sample of alcohol 8 was acetylated (AcC! / pyndine / CH,Cl,) to give the 2'-O-
acetylated sugar 9 as a clear, colorless syrup 'H-NMR (CDCl,, 200 MHz) 8 1 33 and 1 48 ppm
(two s, 6H, CMey), 1 40-1 80 (m, 1H, H1'y), 1 72-1 92 (m, 1H, H1'g), 1 96 (s, 3H. OAc). 2 14-2 30
(M, 1H, H3), 3 07 (A of ABX, 1H, H5,), 3 42 (B of ABX, 1H, H53), 3 90 (ddd, 1H, H4) 4 00-4 24
(m, 2H, H2'), 4 68 (apparent t, tH, H2), 589 (d, 1H, H1}, 7 17-7 52 (m, 15H, phenyls), coupling
constants (Henz) Juyyup =3 7, dya iz = 45, Jugna = 101, Jpansa = 39, Jpaerisg = 3 0, 2Jpsa wsg = -
106

2’-S-Acetyl-3-deoxy-1,2-O-isopropylidene-3-C-(2'-mercaptoeihyl)-5-O-trityl-o-D-
ribofuranose (6).

Via Mesylate (7): Methanesulfonyl chlorde (218 1L, 2 82 mmol) was added to a
stirred solution of alcohol 8 (649 mg, 1 41 mmol) and dry pyndine (515 uL. 6 34 mmol) in dry
methylene chlonde (5 mL) cooled to 0°C, and reaction allowed to warm to ambient temperature
under nitrogen  After 5 h, the reaction was extracted with methylene chlornide (2 x 30 mL) and
washed with aqueous sulphuric acid (3 % wiv, 20 mL), saturated aqueous sodwm bicarbonate (20
mi), and water (2 x 20 mL) The combined organic layers were then dried (MgSQ,). filtered and
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the solvent removed in vacuo The resulting syrup was generally used in the next step without

furthur punfication  An analytical sample was obtaned by chromatograg.ly over sifica gel (2 1
hexanes / ethyl acetate, viv) which &ffordged mesylate 7 as a clear colorless syrup (726 mq 96 o
yield) 'H-NMR (CDCls, 200 MHz) & 1 33 and 149 ppm {two 5. 6H CMe,), 1 58-1 80 (m. 1H,
H1'3), 1 80-2 02 (M, 1H, H1'g), 2 16-2 35 (M, 1H. H3), 2 90 (s, 3H MsCH,), 3 12 (A of ABX. 1H,
H54), 3 40 (B of ABX, 1H, H5g), 391 (dt, 1H, H4), 4 22-4 33 (m 2H H2'xy), 4 70 (apparent t 1H,
H2), 590 (d, 1H, H1), 7 20-7 49 (two m, 15K, phenyls), coupling constants (Henz) Jyy o = 3 7.
JioHa =46, Jpara = 99 Jug nsa = 40, Jua nsg = 35, “Jnsa s = 105, C NMR (CDC!y 754
MHz) 5 143 56, 128 41, 127 65, 126 85 ppm (phenyis). 11132 (CMe»), 104 77 (C1) 86 39
(CPhy), 6020 (2xC, C2,C4), 67 78 (C2'). 62 88 (C5). 41 50 (C3) 3/ 02 (MsCH,) 26 48 and
26 17 (CMe,), 24 47 (CY1)

A solution of mesylate 7 (726 mg, 1 35 mmol} and potasswum thiclacetate (200 mg. 1 76
mmol) in dry tetrahydrofuran (12 mL) was refiuxed under nitrogen, resulting in the formation ot a
gelatinous solid  After 30 h, the solvent was evaporated /n vacuo and the product extracted with
ethyl ether (2 x 50 mL) and washed with aqueous sodium bicarbonate (5 % wiv, 50 mL) and water
(2x 50 mL) The combined ether fayers were dried (MgSQ,), filtered and the solvent removed n
vacuo ytelding a deep red syrup Chromatography over siiica gel (4 1 hexanes ‘ ethyl acetate, v/v)
afforded thiolester 6 as a shightly yellow sohd (555 mg, 79 % yeid)

Via Mitsunobu: Disopropyl azodicarboxylate (117 mbL 590 mmol) was added
dropwise to a stirred solution of trnphenyiphosphine (1 55 g, 5 90 mmol) in dry tetrahydroturan (15
mL) cooled to 0°C  After 30 mun of stirnng under nitrogen, a creamy white suspension tormed 1o
which was added a solution of aicohol 8 (1 35 g, 2 95 mmol) and thiolacetic acid (422 pl - 5 90
mmol) in dry tetrahydrofuran (10 mL) After an additonal 30 min at 0 C the reacticn wdas allowed 10
warm to room temperature One hour later, the solvent was removed in vacuo yielding a yellow
syrup which was chromatographed over silica gel (8 1 hexanes ¢ ethyl acetate v/v) atfording
thiolester 6, contaminated with a non-sugar impurity, as a colorless sohd  The subsequent
hydrolysis was generally carnied out on this crude matenial  An analytical sample was obtained by
recrystallization from hexanes which afforded 6 as white crystals mp 85 5-87 C, H-NMR
(CDCl3, 200 MHz) 3 1 33 and 1 47 ppm (two s, 6H, CMe,), 1 30-1 50 (m, 1H, H1 4), 1 72-1 92 (m,
1H, H1'g), 2 12-2 30 (m, 1H, H3), 2 25 (s, 3H, SAc), 2 86-296 (m, 2H, H2',3) 3 03 (Aot ABX 1H,
H54), 3 39 (B of ABX, 1H, H5g), 3 86 (dt, 1H, H4) 4 68 (apparentt 1H H2) 587 (d 1H H1),
7 20-7 48 (m, 15H, phenyls), coupling constants (Hertz) Jiy- 2 = 37 dipyy = 46 Jyyy e = 102,
Ja-Hsa = 38, Jpanss =31, 2psansg = -106, SC NMR (COCl,, 200 MHZz) o 195 47 ppm
(SCOMe), 4384, 12863, 127 74, 126 90 (phenyls) 11142 (CMe,) 10488 (C1) 8638
(CPhj3), 80 70 and 80 52 (C2 and C4), 62 76 (C5), 43 87 (C3) 30 50 (SCCMe) 27 19 and 26 69
(C1'and C2'), 26 37 and 24 62 (CMe,), [ ® )% = +54 4 (c =1, CHCl), MS (FAB nitrobenzyl
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alcohol), mve 441 ([MH* - PhH], 1 4 %), 259 ([MH* - Ph;COH*], 28) 243 ([PhyC*]. 100), HRMS
(FAB - glycerol, res 7500), m/e calcd for CysHagOsS [MH* - PhH] 441 1736 found 441 (734,
Anal caled for C4,H3.0sS C. 7179.H, 661, S, 618 found C,7199.H. 650.5.6 13

2'-S-Acety!-3-deoxy-1,2-O-isopropylidene-3-C-(2'-mercaptoethyl)-o-D-
riboturanose (10).

The 1mpure thiolester 6 prepared (by Mitsunobu coupling) above was dissolved in dry
methylene chlonde (80 mL) To this solution was added dropwise, a solution of trichloroacetic
acid (previously dried by azeotroping with benzene) in dry methylene chloride (1 4 w/v 28 0 mL)
After 3 h of stirnng at ambient temperature under nitrogen. the reaction was diluted with
chlorotorm (150 mL), washed with saturated aqueous sodwm bicarbonate (300 mL) and water
(300 mL), and reexiracted with chloroform (250 mL) The combined organic phases were then
dred (MgSQ.,), filtered and evaporated i1 vacuo yielding a yellow syrup which was
chromatographed over silica gei (1 1 hexanes / ethyl acetate v/v) affording alcohol 10 as a clear,
colorless syrup (638 mg, 78 % yield from 8 above) 'H-NMR (CDCl;, 200 MHz) 6 1 34 and 1 50
ppm (two s, 6H, CMez). 1 46-1 66 (m, 1H, H1'), 1 8 (br and exchangeable, 1H, -OH), 1 83-2 17
(m, 2H, H3 and H1'g), 2 34 (s, 3H, SAc). 301 (m, 2H, H2'4g), 3 55 (A of ABX, 1H, H5,), 3 82-395
{mncluding B of ABX, 2H, H4 and H5g), 4 68 (apparent t, 1H, H2), 5 81 (d. 1H, HT), couplng
constants (Henz) Jyy o = 36. Jyp iz =4 4, Jnamsa= 4 3, 2ysa sg = -13 0, '3C-NMR (CDCl5, 75 4
MHz) 6 195 65 (SCOMe), 111 60 (CMe,), 104 77 (C1), 81 81 and 80 82 (C2 and C4), 61 31
(C5), 42 55 (C3), 30 50 (SCOMe), 27 02 and 26 55 (C1" and C2'), 26 24 and 24 71 (CMey) [«
1°°h = 4918 (C =114, CHCly). MS (CI - NHy), m/e 294 ([M + NH,*], 16 %), 236 ({[M + NH,* -
CaHg0], 36), 219 ([MH* - C3Hs0], 18), 201 (100), HRMS (CI - NH,, res 8000), m/e calcd for
CioH240sSN M + NH4] 294 1375 found 284 1376, Anal calcd for C,5H5005S C, 52 16, H,
729,5,1160 found C, 5187, H,714,S, 1182

<'-S-Acetyl-5-0O-tert-butyldiphenylsilyl-3-deoxy-1,2-0O-isopropylidene-3-C-(2'-
rnercaptoethyl)-o-D-ribofuranose (11).

tert Butyldiphenylchlorosilane (4 27 mL, 16 7 mmol) was added dropwise to a solution of
alcoho! 10 (4 52 g, 16 4 mmol) and imidazole (2 34 g, 34 4 mmol) in dry N.N-dimetrviformanude
(21 5 mL} and the resulting solution was stirred at ambient temperature under nitrogen  After 2 h
the solution was poured into water (800 mL}, extracted with ethyl ether (2 x 750 mL), and washed
with water {2 x 800 mL) The combined ether phases were dried {(MgSO,) filtered and the solvent
removed /1 vacuo yelding a slightly brown syrup  Chromatography over silica gel (12 1 hexanes
ethyl acetate. viv) afforded 11 as a clear, colorless syrup (8 41 g, 99 % yield) 'H-NMR (CDCly, 200
MHz) 8 1 05 ppm (s, 9H. t-butyl), 1 33 and 1 48 (two s, 6H, CMe,), 1 50-1 68 (m, 1H H1'4), 1,80-
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203 (m, 1H, H1'5), 2 19-2 36 (m, 1H, H3), 231 (s 3H. SAc) 292-310 (m 2H H2) 368 (Aot
ABX, 1+, H5,), 383 (m. 1H. H4), 388 (B of ABX, 1H H5y), 4 68 (apparentt 1H H2) 5§81{d 1H
H1), 732-7 76 (M, 15H, phenyis), coupling constants (Herz) Jy- > =36 Jivr =46 Jii i -
27, Jarse= 29 2Uysanse = -108, *C-NMR (CDClj, 754 MHZz) & 195 20 ppm (SCOMe) 13573
135 46, 133 16, 132 91, 12952, 129 48, 127 54, 12750 (phenyls), 111 35 (CMe.), 10479
(C1), 8173 and 80 70 (C2 and C4), 62 71 (C5), 42 99 (C3), 30 38 (SCOMe) 27 14 and 26 42
(C1' and C2), 26 63 (CMe,), 26 28 and 24 72 (CMey), 1908 (CMes), [ 7' = +378 (c =15,
CHCl,), MS (Cl - NH3), mre 457 ((MH* - C4H ). 2 3 %), 339 (9), 241 (84), 199 ({Ph.SiIOH*], 100)
HRMS (Cl - NH,, res 80090), nve calcd for C,oyH+90SS1 [MH* - C,H.3] 457 1505 found
457 1506, Anal calcd for CogH g0SS1 C, 6533, H, 744, S, 623 found C 6525, H 758 S
6 05

Attempied Synthesis of (15).

Xylose monoacetonide 2 (400 mg) was silylated and worked up 1in a manner 1dentical to
that described for the preparation of thiosugar 11 above The 5-O-silyl sugar 13 thus obtained
was dissolved in freshly distilled dimethyi sulfoxide (8 0 mL) to which was added acetic anhydride
(0.90 mL) After stirnng at ambient temperature under nitrogen for 30 h the reaction was poured
into saturated aqueous sodium bicarbonate (150 mL) and stirred for 1 b The product was
extracted with chloroform (4 x 75 mL), and washed with water (4 x 100 mL) The combined orgamnc
extracts were then dried (MgSQ,), filtered and evaporated /n vacuo yielding a yellow syrup
Chromatography over silica gel (4 1 hexanes ' ethyl acetate vv) afforded ketone 14 ..s a clear
colorless syrup (721 mg, 80 % yeld from 2) "H-NMR (CDCI,; 200 MHZz) o 100 ppm ts 9H
butyl}, 148 (s, 6H, CMe,), 386 (Aot ABX, iH, H54). 391 (B of ABX 1H H55) 440 (m 1 H4)
4 43 (dd, 1H, H2), 6 25 (d, 1H, H1), 7 32-7 75 (two m, 10H, phenyls) coupling constants (Hertz)
Jr1H2 =45 Jhape=-11, JHansa =2 2, Juansg = 1 8. “disa s = 109

Tnmethyl phosphonoacetate (0 90 mL) was added to a solution of polasswum tert
butoxide (233 mg) in dry N, N-dimethylformamide (4 mL) cooled to 0 C, and the soluton allowed 10
warm to ambient temperature The reaction was then cooled again dnd a solution ot ketone 14
(721 mg, 1 69 mmol) In N,N-dimethyiformamide (4 mL) was added After stirring for 2 days al room
temperature, the solvent was evaporated n vacuo {(vacuum pump; and the residue extracted with
ethyl ether (2 x 75 mL) and washed with water (2 x 75 ml) The combined etherlayers were then
dried (MgSQ.). fitered and evapotated in vacuo to yield a colorless syrup  Chromatography over
sihca gel (7 1 hexanes ' ethyl acetate) yielded a clear, colorless symp (366 mg 44 “% yield) whose:
'H-NMR is consistent with an o B-unsaturated ester 16 The stereochermistry of the nlefin was not
established "H-NMR (CDCis, 200 MHz) 6 1 02 ppm (s 9H ¢t butyl), 1 45 and 148 (two s AH
CMe,), 372 (Aof ABX, 1H, H5,), 381 (s, 3H, COOMe) 3 87 (B ot ABX 1H H5y 490 (m 1H
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H4), 572 (m, 1H, H2), 597-6 01 (m, 2H, H1 and Hgigtin). 7 32-7 70 (two m, 10H, phenyls).
coupling constants (Henz) Jyaysa =2 7, Jnamsg = 4 1, 2Jusa usg = -10 8

Attempts to reduce the ester 16 to the alcohol 15, using ithium aluminium hydnde in
refluxing tetrahydrofuran as described for the preparation of 8, gave complex mixtures whose

components could not be completely separated

2’-0-Acetyl-2"-S-acetyl-5'-O-tert-butyldiphenylisilyl-3'-deoxy-3'-C-(2"-
mercaptoethyl)-cytidine (17).

Trnmethylsilyl tnfluoromethanesulfonate (182 pl, 0 942 mmol) was added dropwise to a
stiring solution of tnacetate 12 (876 mg, 1 57 mmol) and bis-(trmethylsilyljcytosine”” (401 mg,
1 57 mmo!y in dry 1,2-dichloroethane (12 mL) and the resulting solution was heated to reflux
under nitrogen a atmosphere After 1 h an addition portion of trimethylsilyl
trifluoromethanesutfonate (121 ul, 0 628 mmoi) was added ana the refluxing continued After an
additional 2 5 h the solution was cooled in an ice bath and poured into ice-coid aqueous sodium
bicarbonate (5 % wiv, 250 mL) The mixture was then shaken vigorously with methylene chlonde
(225 mL) The resulting emulsion was broken by filtration and the organic phase dried (Na,SO.),
fitered and the solvent removed n vacuo yielding a white foam Chromatography over silica gel
(20 1 methylene chloride / methanol, viv) afforded nucleoside 17 as an amorphous white sohid
(823 mg, 86 % yield) 'H-NMR (CDCly, 200 MHz) 1 11 ppm (s, 9H. t-butyl). 1 30-1 68 (m 2H
H1'5g), 2 15 (s, 3H, OAc), 227 (5. 3H, SAc) 240-256 (m, 1H H3') 258-276 and 2 88-3 04
{twom, 2H, H2"4 g), 3 71 (dd. 1H, H5'4). 393 (br d, 1H. H4'), 4 14 (d, 1H, H5%5), 535 (d 1H H5),
556 (d, 1H, H2), 592 (s, 1H, H1'), 735-7 74 (m, 10H. phenyis), 8 02 (d 1H. H6). 8 6 (br and
exchangeable, 1H, NHBz), coupting constants (Hertz) Jys w2 ~ 0, Ji2 w3 =50, Juz ne = 10 4,
Jamsa ~ 02, s s ~ 0,%0usamse =120, Jus.g = 7 3. 13C-NMR (CDCl,, 75 4 MHz) 194 84
ppm (SCOMe), 169 14 (OCOMe), 16593 (C4), 155 47 (C2), 140 01 (Cs), 135 37, 135 22,
13250, 13210, 129 91, 12974, 12775, 127 70 (phenyis), 94 72 (C5), 90 01 {C1’). 84 19
(C4), 77 11 (C2), 62 09 (C5), 39 17 (C3'), 30 30 (SCOMe), 26 98 (C2", 26 76 (CMe;), 24 66
(C1"), 20 63 (OCOMe), 19 02 (CMe;), [ @ ]2y = +76 8° (¢ = 1, CHCl3), UV (methanol), .., 274
nm (e 7500). MS (CI - NH3), m/e 552 ([MH* C,H.], 08 %), 339 (10), 309 (12), 241 (36). 225 (21),
199 ([PhpSiOH*], 100), HRMS (CI - NH3), nve caled for C,,Hz00gN;SSH [MH* - C,H.g] 552 1625
tound 552 16268, Anal calcd tor CzyH3g0gN3SSI C, 6106, H. 644, N. 689. S, 526 found C,
6134 H 658 N 688 5 534
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2'-0O-Acetyl-2"-S-acewyl-N4-benzoyl-5'-O-tert-butyldiphenylsilyl-3'-deoxy-3'-C-

(2"-mercaptoethyl)-cytidine (18)

Benzoy! chioride (234 ul 2 00 mmol} was added dropwise 10 an ice cold solulion of
nucieoside 17 (814 mg, 1 33 mmol) n dry pyndine (4 mL) and the reaction allowed 1o warm 1o
room temperature under mtrogen  After stirning for 6 h the reaction was poured Into aqueous
sodium bicarbonate (5 % wrv, 150 mL), extracted with methylene chlonde (2 x 100 ml) and
washed with dilute sulphunc acid (1 % wiv, 100 mL) and water brne (100 mL) The combined
organic phases were then dried (Na»,SO,), fitered and the solvent remove.d 11 vacuo yelding a
yellow syrup which was chromatographed over silica gel (2 1 ethyl acetite hexanes v v)
atfording nucleoside 18 as an amorphous white solid (853 mg 90 . yieldy  Recrvstatlizauon from
methanol yielded white needles mp 191 C, "H-NMR (CDCly 200 MHZz) o t 15 ppm (S YH. ¢
butyl), 128-1 72 (m, 2H, H1"ag5), 2 21 (s, 3H, OAC) 223 (s 3H SAc), 245274 (m 2H H3 and
H2"p), 2 89-3 03 (m, 1H, H2"3) 370 (dd, 1H, H5'4), 400 (brd 1H H4), 4 24 (dd. 1H H5 ), 565
(d, 1H, H2"), 6 01 (s, 111, H1'), 7 28-7 91 (m, 16H, phenyls and H5) 8 53 (d 1H H6), 8 6 (br and
exchangeable, 1H, NHBz), coupling constants (Hertz) Jy« o ~0 Jp 1y =48, J1y g = 104,
Jansa=19, Jhs s < 1. Wnsamse = 123, Jus ug = 76, "3C-NMR (CDCI,, 75 4 MHZ) o 195 02
ppm (SCOMe), 169 04 (OCOMe), 166 70 (C4), 162 30 (NCOPh) 154 30 (C2) 144 19 (CB).
13549, 13528, 133 14, 13283, 13225 13198 13012 13002 12872 12791 (2C)
127 58 (phenyls), 96 48 (C5). 90 50 (C1) 84 88 (C4) 76 86 (C2) 6153 (C5; 3858 (C3)
30 40 (SCOMe), 27 02 (C2"), 26 86 (CMe4), «4 50 (C1 ), 2069 {OCOMe) 19 11 (CMe )
[0]P=+885"(c=1, CHCly), UV (methanol) A .,, 262 nm (v 23600) and 304 nm (¢ 10600) MS
(Cl - NHg), m/e 856 ([MH* - CiH.o], 0 8 %), 596 ([MH* C.H., AcOH| 4) 399 (2) 341 (11) 241
(60), 215 ([Cyt-Bz + H*], 10), 199 ([Ph,SIOH*], 98) 105 ([PhCQ*] 100 HRMS (C! NH,) mre
caled for C34H3,0,N3SS1 [MH* - C4H.o] 656 18868 found 656 18866 Anal calcd tor
CagHa3O;N3SSI C, 6393, H, 607, N, 589,55, 449 found C 6423 H 632 N 557 S 441

2'-0-Acetyl-2"-S-acetyi-N6-benzoyl-5'-O-tert-butyldiphenylsilyl-3'-deoxy-3'-C-
(2"-mercaptoethyl)-adenosine  (19).

Chiorotnimethyisilane (86 ulL, 0678 mmol) was added to a suspension ol N°
benzoyladenine!® (213 mg, 0 890 mmol) in hexamethyldisiazane (6 mL) and the mixture was
refluxed under a nitrogen atmosphere  After 15 h the clear solution was evaporated n vacuo
(0 02 mm Hg, 50*C) yielding a thick yellcw syrup which was dissolved in dry 1 2 dichloroethane (2
mL) To this solution was added a solution of triacetate 12 (474 mg 0 848 mmol, n dry 1 2
dichloroethane (3 mL) followed by trnimethylsily! tnfluoromethanesulfonate 125 ul 0 128 mmol)
The resulting solution was then refluxed under nitrogen  After 15 1 the reaction was cooled in
ice, poured into ice-cold aqueous sodium bicarbonate (5 ° w/v 150 mi; and the product
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extracted with methylene chlornide (150 mL) The organic phase was then dried (Na,S0.), titered

and the soivent removed :n vacuo yielding a brown foam Chromatography over silica gel {11

ethyl acetate / hexanes. v/v) afforded nucleoside 19 as an amorphous white solid (563 mg. 90 %
yield? (!t was found that a more convenient method is to use a stock solution of bis-{tnmethyisilyl)-
N6-benzoyladenine In 1,2-dichloroethane rather than to generate the silylated base n situ) “H-
NMR (CDCl,, 200 MHz) 6 1 04 ppm (s, 9H ¢ -butyl), 1 72-193 and 1 48-1 67 (two m. 2H, H1"4 ),
2 24 (s, 3H, OAC), 230 (s, 3H, SAc), 267-2 82 (m, 1H, H2"), 2 83-3 09 {(m, 2H, H3' and H2"y),
374 (Aof ABX, 1H, H5'4}, 4 01-4 14 (overtapping B of ABX and dt, 2H, H5'g and H4'), 5§ 88 (d. 1H.
H2'), 6 15 (d, 1H, H1), 7 30-8 04 (two m, 15H, phenyls), 8 35 (s,1H H8),8 81 (s, 1H H2). 3 0 (br
ard exchangeable, 1H, NHBz), coupling constants (Hertz) Jy q> =10, o 113 =53 Jug s =
108, Jpa 154 =34, Jna yisg =27, 2usansg = -119, "3C-NMR (CDCly, 75 4 MHz) § 195 24 ppm
(SCOMe), 170 01 (OCOMe), 164 46 (NCOPh), 152 82 (C6). 151 00 (C2). 149 46 (C4), 141 45
(C8), 13556, 13542, 13379, 13265, 13250, 129 97, 129 85, 128 81, 127 78 (phenyls},
123 16 (C5), 89 12 (C1'), 85 10 (C4'), 77 42 (C2'), 62 86 (C5'), 40 00 (C3’), 30 57 (SCOMe),
27 09 (C2"), 26 82 (CMe,), 25 13 (C17), 20 78 (OCOMe), 19 11 (CMe;), [« ]2 = +14 1 (C =
16, CHCl,), UV (methanol), Amax 282 nm (e 19000), MS (CI - NH3), mve 680 ({MH™* - C.H.o], 2 %).
576 (4), 399 (10), 339 (12), 279 (11), 241 (57), 240 ([Ade-Bz + H*], 10) 239 ([Ade-Bz*], 14), 199
({PhaSiOH*], 93) 105 ([PhCO*], 100), HRMS (Cl - NHa3, res 5000), mve calcd for CasH3.0sNgSSH
[MH* - C4H,] 680 1999 tound 680 1998
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4.3 EXPERIMENTAL FOR SECTION 2.3.

Model Studies Involving Ribonolactone (20).

To a stirted solution of ribonolactone 20 (200 mg, 1 06 mmol) and tnphenylphosphine
(334 mg, 1 28 mmol) 1n dry acetonitnle (5 mL), was added a solution ot carpon tetrabromide (423
mg, 1 28 mmol) in dry acetonitrile (1 mL), and the reaction was stirred at ambient tlemperature
under a nitrogen atmosphere After 2 h methano! (3 mbL) was added and the reaction was
evaporated m vacuo The resulting yellow syrup then was chromatographed over silica gel (6 1
hexanes ‘ ethyl acetate v/v) atfording the bromide 21 as a clear colorless syrup (202 mg 76 .
yield) "H-NMR (CDCly, 200 MHz) o 139 and 1 47 ppm (two s 6H CMea) J 63 (A of ABX 1
H5,), 3 66 (B of ABX, 1H, H5g), 4 69 (d. 1H. H3). 4 86 (apparent t. 1H. H4), 493 (d 1H H2)
coupling constants (Henz) Jippa =61, da s ~ 0. Jnanisa = 25, Jharisn = 40 Jpeapmn 116

Bromolactone 21 (50 mg, 0 199 mmol) was dissolved 1n dry methylene chlonde (0 5 miL
containing tnethylamine (67 pl., 0 48 mmol) and benzylmercaptan (28 plL 0 240 mmol) wds then
added After stirning for 75 h under a nitrogen atmosphere at room temperature the redction
mixture was loaded directly onto a column of silica gel  Elution (6 1 hexanes ethyl dcetate v'v)
afforded two products, the more polar (R¢ 0 23) comporent 5-benzylsulfide 22 as a colorless oil
(28 mg, 48 % yleld) "H-NMR (CDCl3, 200 MHz) 6 1 36 and 1 47 ppm (two s 6 CMey) 2 67 (A of
ABX, 1H, H5,) 274 (B of ABX 1H H5g) 371 and 3 76 (two doublels of AB quartet 2H
PhCH,S, 2J = -13 2 Hz), 446 (d. 1H H3), 4 77 (dd, 1H H4) 495(d 1H 12} 726 7 36 m 5H
phenyl), coupling constants (Hertz) Jipin =57 Jinya ~0 Jivisa =28 Jiiey =53 divann -
-14 9 , and the less polar (R{ 0 40) component lactone 23 as a colorless syrup (5 mg 8 % yield)
'H-NMR (CDCl3, 200 MHz} 6 1 40 and 1 48 ppm (two s, 6H CMey) 181 (s 3H BnSCCH4 3 97
and 4 04 (two doublets of AB quartet, 2H PhCH,S 'J = -125Hz) 452 (d 1H H3) 435(d 1H
H2), 7 26-7 36 {m, SH. phenyl), coupling constants (Henz) Jyyy =53 MS(CI NH,) mee 312
(IM + NH,*], 26 %), 295 ([MH*], 100), 237 ([MH* - C4H,O], 26)

Model Studies Involving Methyl Ribofuranoside (24).

Methyl furanoside!> 24 was brominated by a procedure identical to that descnbed tor
the preparation of 21  Chromatography of the crude syrup over siica gel (10 1 hexanes * ethyl
acetate, v/v) afforded the 5-bromo sugar 25 as . colorless all (77 % yield) H NMR (CDCI. 200
MHz) & 1 33 and 1 49 ppm (two s, 6H CMe,) 3 33 (A of ABX (apparentty 1H H5,) 335 (s 3H
OMe), 3 44 (B of ABX. 1H, H55) 440(ddd 1H H4) 462 (d 1H H3) 4781d 11 Hz2) 502 (s
1H, H1), coupling constants (Hertz) Jy 15~ 0. Jp13 =60 Jiinia = 09 Jigevien = 102 Jyiaviep
57. 2Jusansg = -10 1
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Methanesulfonyl chionde (379 ulL, 4 90 mmol) was added dropwise to a stirred solution of
methyl furanoside 24 (500 mg 2 45 mmol) and pyndine (0 90 mL 11 0 mmot) in dry methylene
chioride (10 mL) cooled to 0 C After 14 h of stirring at ambient temperature under a nitrogen
atmosphere, the reaction was extracted with methyiene chioride (3 x 60 mi) and washed with
dilute sulphuric acid (1 5 6 wiv 50 mL) saturated ayJeous sodium bicarbonate (50 mL) and water
(50 mL} The combined organic extracts were then dned (MgSQOq,. filtered and the solvent
removed /in vacuo atfording a colorless glass Recrystalization from ethyl acetate / hexanes yave
mesylate 27 as white needles (534 mg, 77 % yield) mp 79-80 C. "H-NMR (CDCl;, 200 MHz) &
133 and 149 ppm (two s 6H CMe,) 307 (s 3H MsCH,;) 335 (s 3H -OMe) 4 19-423 (m,
2H, H5, ) 4 42 (ddd 1H Hd) 461 (d 1TH H2), 470 (d 1H H3) 500 (s. 1H H1) coupling
constants (Hertz) Jivip 0 Jin =59 diis =09, Jans - 6and 7

Either mesylate 27 or bromde 25 (~025 mmol} was discsolved in dry N N-
dimethyfformamide (0 & mL) containing an amine base (2 equiv ), and benzylmercaptan (1 equiv )
was then added Atter completion of the reactien (as monitored by t | ¢ ) the solutron was poured
iNto aqueous sodium bicarbonate (5 % wr/v, 100 mL), extracted with methylene chloride (2 x 100
mL), and washed with water {100 mL} The combined organic fayers were then dried (MgSQ.),
filtered and evaporated /1 vacuo Chromatography of the crude syrup over silica gel (9 1 hexanes
/ ethyl acetate v'v) afforded the 5-benzylsuifide 28 as a clear colorless syrup The highest yields
(~80 %) were obtained when diazabicycloundecene was used as the base and the reaction was
heated to 40 C  H NMR (CDCl;, 200 MHz) 6 1 31 and 1 48 ppm (two s 6H CMe,) 2 49 (A of
ABX, 1H H5,), 2 65 (B ot ABX 1H H5p) 329 (s 3H -OMe) 3 74 (s 2H PhCH,S) 4 22 (dd. 1H
H4), 455 (d 1H H3). 4 63 (d, 1H. H2). 494 (s, 1H, H1), 7 20-7 38 (m 5H, phenyl) coupling
constants (Henz) Jy o ~ 0. dip iz =60 Jhgna <1 Juansa = 96, Jnarsn = 62 Uysapsg = -135

2'-0-Acetyl-2"-S-acetyl-N4-benzoyl-3’-deoxy-3'-C-(2"-mercaptoethyl)-cytidine
(29).

Tetra-n-butylammonum fluonde trinydrate {198 mg, 0 630 mmol) was added to a stirred
solution of nucleoside 18 (300 mg 0 420 mmol) and glacial acetic acid (72 ul, 1 26 mmol) in dry
tetrahydroturan (3 4 mL) and the resulting solution was stirred at ambient temperature under a
nitrogen atmosphere  After 5 h the solvent was evaporated /n vacuo and the resulting syrup was
extracted with methylene chlonde (2 x 80 mL) and washed with aqueous sodium bicarbonate (5 %
w/v, 80 mL) and water (80 mL) The combined organic phases were then dried (Na,SO.) filtered
and the evaporated removed in vacuo yielding a yellow foam which was chromatographed over
siica gel (25 1 methylene chlonde methanol v'v) atfording nucleoside 29 as an amorphous

white solid (189 mg. 95 % yield) Recrystalhization from methanol yielded white needles mp
163-164'C. "H-NMR (CDCl-, 200 MHz) 8 1 45-1 80 ppm (m, 2H. H1"4 3) 2 16 (s, 3H. OAc), 2 25
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(s, 3H, SAc), 262 (h7, 1H, H3’}. 265-2 97 (m. 2H, H2"4 g) 3 5 (br and exchangeable, 1H OH),
378 (A of ABX, 1H, H5'), 4 07 (m, 1H, H4'), 4 14 (Bot ABX 1H HS5y) 564d 1H H2) 577 s
1H, H1'), 7 39-7 88 (two m, 6H, H5 and phenyl}, 8 39 (d, 1H H6), 8 9 (br and exchangeable 1H
NHBz), coupling constants (Hentz) Jus 12 ~ 0. dwo g =54 g ~ 1 e nsa =S 1 diyvsn =
14,204s5am58 =12 6. Jus g = 7 4. 'SC-NMR (CDCl,, 75 4 MHz) 5 195 48 ppm (SCOMe), 169 50
(OCOMe), 166 75 (C4}, 162 50 {NCOPh), 154 88 (C2), 14570 (C6), 13283 13278 12857
127 65 (phenyl), 96 92 (C5), 91 84 (C1'), 85 65 (C4"), 77 28 (C27), 60 17 (C5). 38 64C3") 3038
(SCOMe), 26 96 (C2"), 24 94 (C17), 2067 (OCOMe). [ « |’ = +88 (c = 05 CHCly) WV
(methanol), Amax 260 nM (¢ 20600) and 304 nm (¢ 3100}, MS (Cl - NHy), mve 476 {((MH*], 72 Y0)
216 ([Cyt-Bz + H*], 72), 112 ([Cyt + H*], 100), HRMS (CI NHjy), me caled for C..H,,O N,S
[MH*} 476 1491 found 476 1493, Anal calcd for CpoH,,0,N3S C. 5557 H, 530, N, 884, S,
674, found C,5541,H,570,N,896,S,639

2'-0-Acetyi-2"-S-acetyl-N4-benzoyl-3'-deoxy-3’-(2"-mercaptoethyl)-5'-0O-
methanesulfonyl-cytidine (30).

Methanesulfonyl chloride (138 ul, 1 78 mmol) was added dropwise to a cooled (0 C)
solution of of nucleoside 29 {431 mq, 0 889 mmol) and dry pynidine (324 uL, 4 00 mmol) in dry
methyiene chionde (6 mL) and the resuiting solution was stirred at ambient temperature under a
nitrogen atmosphere After 10 h the reaction was diluted with methylene chlonde (150 mL)
washed with dilute sulphuric acid (1% wiv 200 mi) saturated aqueous sodium bicarbonate (200
mL) and water (200 mL), and reexiracted with methylene chloride (150 mL) The combined
organic phases were then dned (Na,SO.), filtered and the solvent removed in vacuo affording
mesylate 30 as a white s_..d (499 mg, 99 % yieid) Recrystallization from methano! yielded
colorless crystals mp 174-175 C (dec ), 'H-NMR (DMSO g, 200 MHz) & 1 61 ppm (g, 2H
H1"sg), 2 16 (s, 3H, OAc). 2 29 (s, 3H, SAc), 2 40 (h’, 1H, H3), 279 (0, 2H, H2 4 ), 3 26 (s, 3H,
MsCH,), 4 16 (dt, 1H, H4'), 4 48 (A of ABX, 1H. H5'y), 4 58 (B of ABX, tH, H54;. 556 (d 1H H2Y,
578 (s, 1H, H1"), 7 36 (d, 1H, H5), 7 46-8 02 (two m, 5H, phenyl), 8 12 (d, 1H, H6), 11 3 (br and
exchangeable, 1H, NHBz). coupling constants (Hertz) Jys yp - 0, o 1y = 54, Jyiy e = 108,
Juamsa =50, e nse =20, 2usamsn = 118, Jusus = 75, "3C-NMR (CD,Cl, 754 MHz) o
195 72 ppm (SCOMe), 169 82 (OCOMe), 167 20 (C4), 162 36 (NCOPh), 154 52 (C2), 144 30
(C6), 133 46, 133 35, 129 28, 128 02 (phenyl), 96 57 (C5), 93 11 (C1'), 82 66 (C4; 76 78 (L2
68 03 (C5'). 40 47 (MsCHg), 38 09 (C3'), 30 77 (SCOMe), 27 28 (C2") 2511 (C1 ), 2097
(OCOMe), [ ]?% =+1055" (c = 05, CH,Cly), UV (CH,Clo), Ay, 262 nm (e 21800) and 312 nm
9550}, MS (Cl - NH,), mve 458 ([MH* - MsOH], 100 %), 416 (52), 356 (15) 2.5 {[Cyt Bz « H*| 16
HRMS (CI - NHy), nve caled for CpoHp,OgNsS [MH* - MsOH} 458 13858 found 458 13856
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N4%-benzoyl-5'-O-tert-butyldiphenyisilyl-3’'-deoxy-3'-C-{2"-mercaptoethyl)-
cytidine (31).

Nucleoside 18 (225 mg, 0 315 mmol) was dissolved in dioxane (20 mi) contatning
drthiothreotol {24 mg, 0 158 mmol) to which was then added aqueous sodium hydroxide (1 N,
970 k) The resulting solution was stirred for 30 mun under argon at ambient temperature, and an
additional portion of base solution was added (320 ulL) After 2 h glacial acetic acid (36 pL) was
added and the solution was evaporated in vacuo The residue was extracted with chloroform (2 x
40 mLj and washed with aqueous sodium bicarbonate (5 % wrv, 40 mL) and water (40 mL) The
combined organic pha<=2s were then dried (Na,SO,), filtered and the solvent removed n vacuo
Chromatography ove: silica gel (500 19 methylene chloride / methanol, v/v) afforded thiol 31 as
an amorphous solid (151 mg, 76 % yield) 'H-NMR (CDCl,, 200 MHz) 8 1 11 ppm (s, SH. t-butyl),
1 15-140 (m, 1H, H1"4), 1 86-2 10 (m, 1H, H1"g), 2 1 (br and exchangeable, 1H, -SH), 2 20-2 40
(m, 1H, H3'), 2 40-2 60 (m, 1H, H2"a), 2 76-2 94 (m, 1H, H2"g), 3 66 (br d, 1H, H5'4), 4 07 (br d,
1H, H4'), 4 24 (d with an additional fine splitting, 1H, H5'g), 4 34 (d, 1H, H2'), 55 (br and
exchangeabie, 1H, -OH), 5 81 (s, 1H, H1"), 7 28-7.91 {two m, 16H, H5 and phenyls), 8 65 (d, 1H,
H6), 9 1 (br and exchangeable, 1H, NHBz), coupling constants (Hertz) Jyyna ~ 0, Jyz 13 =4 5,

Jigne =107, Jrogpga < 02, Jnarmss ~ 0, Musanss =122, dpse =75

J’-Deoxy-3'-C-(2"-mercaptoethyl)-cytidine disulfide (32).

Alcohol 29 (140 mg, 0 294 mmol) was dissolved with heating into degassed (ultrasound /
vacuum) methanc' (0 25 mL) to which was added a methanolic solution of sodium hydroxide (1 0
N, 055 mL) After 21 h of stirnng at ambient temperature under argon, the solution was
evaporated n vacuo and the resulting solid recrystallized from methanol / water affording disulfide
32 as a white crystalline solid (62 mg, 73 % yield) mp 246°C (dec), 'H-NMR (DMSO-ds, 200
MHz) 55 04 ppm (1, 1H, 5-OH,J =51z ), 5 6 (br, 1H, 2-OH), 6 98 (s, 2H, -NH,), (DMSQO-d;/ D,0)
8149-1 67 and 170-1 88 ppm (two m, 2H, H1", g), 2 07 (h7, 1H, H3'), 2 56-2 84 (M, 2H, H2"4 &),
3 54 (Aot ABX, 1H, H5'4), 370 (B of ABX, 1H, H5'g), 3 85 (dt, 1H, H4"), 3 98 (d, 1H, H2'), 560 (s,
1H, H1'), 5 68 (d, 1H, H5), 8 05 (d. 1H, H6), coupling constants ( Hertz ) Jyy vz ~ 0, Jpp 1 = 4 6,
Jhane =116, Jys nsa = 3, Jna wss = 2, 2nsa nsg = -12 3, Jus.us = 7 5. '3C-NMR (DMSO-g;, 75 4
MHz) § 165 64 ppm (C4), 155 10 (C2), 140 81 (C6), 92 69 and 91 92 (C1' and C5), 84 60 (C4'),
7530 (C27), 59 82 (C5'), 3866 (C3'), 3556 (C2"), 2388 (C1"), [ a J22n = +104° (¢ = 0270,
DMSQ), UV ymethanol), Ama 274 nm (e 18400), MS (FAB - glycero!), mve 595 (M + Na*l, 1 4 %),
573 {[MH*], 0 8), 134 (5), 112 ({Cyt + H*], 100), HRMS (FAB - glycerol, res 5000), mve caicd for
C2oHa3O0gNyS- [MH*] 573 1801 found 573 1800, m/e calcd for CooHy,0gNgS;Na [M + Na*t)
5951621 tound 595 1622, Anal calcd for C,H30gNgS, C, 46 14 H 563, N. 1468, S,
1120 found C, 46 33, H, 573. N, 1426, S, 11 05
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2'-0-Acetyl-2"-S-acetyl-N6-benzoyl-3'-deoxy-3'-C-(2"-mercaptoethyl)-
adenosine (33).

The desilylation of 19 was carried out in a manner identical to that described for the
preparation of nucleoside 29. The 5'-alcohol 33 was obtained as an amorphous white solid i 97
% yield "H-NMR (CDCls, 200 MHz) & 1 60-1 98 (m, 2H, H1"a g), 223 (s 3H. OAc), 2 31 (s, 3H,
SAc), 2 72-3 13 (m, 3H, H3" and H2"4 g), 3 72 (dd, 1H, H5',), 4 09-4 18 (m, 2H, H4" ana H573), 50
(br and exchangeable, 1H, -OH), 552 (d, 1H, H2'), 6 07 (d, 1H, H1'), 7 46-8 06 (two m, 5H.
phenyl), 8.26 (s, 1H, H8), 8 75 (s. 1H, H2), 9 3 (br and exchangeable, tH NHBz) coupling
constants (Hernz) Jyy.pz =12, Jyo ya =60, 'SC-NMR (CDCl3, 75 4 MHz} & 195 31 ppm
(SCOMe), 170 37 {OCOMe), 164 78 (NCOPh), 152 30 (C6). 15072 (C2), 149366 (C-H 14200
(C8), 133 49, 13263, 128 63, 127 87 (phenyl), 123 27 (C5), 9031 (C1"), 8595 (C4), 78 54
(C2'), 60 82 (C5'), 39 01 (C3'), 30 49 (SCOMe), 2683 (C2"), 2533 (C1"), 20 66 (OCOMe).
(a]f'p=-27 6° (c =05, CHCly), UV \methanol), Ama, 282 nm (¢ 19300) and 232 nm (¢ 16200),
MS (CI - NHa4), mve 500 ([MH*], 100 %), 438 (18), 396 (16), 240 ({[Ade-Bz + H*]. 3), HRMS (Cl
NH3), mv/e caled. for CoaHs0sNsS [MH*] 500 1604 found 500 1606

3’-Deoxy-3’-C-(2"-mercaptoethyi)-adenosine disuifide (34).

Nucleoside 33 was deacylated as described tor the preparation of 32 Thus, disulhide 34
was obtained as a white crystalline solid in 81 % yield after recrystalization from methanol mp
237-239°C (dec ), 'H-NMR (DMSO-d;, 200 MHz) § 512 (t, 1H 5-OH. J=53Hz) 579 (d 11 2
OH, J =53 Hz), 721 (s, 2H, -NH3), (DMSO-ds / D,0) 1 56-174 and 1 79-1 99 (two m, 2H,
H1"sg), 2 40 (W7, 1H, H3’), 256 (dd, 1H, H5's}, 2 60-2 87 (m, 2H, H2"4 ). 377 (dd, 1H. H5y),
3.94 (dt, 1H, H4'), 439 (d, 1H, H2'), 592 (d, 1H, H1'), 8 14 (s, 1H, H8), 8 40 (s. 1H, H2), coupling
constants (Hertz) Juyuz =11, dnz na =44, Juz na =95, Jna nsa =37, Jurnsp =2 3, Jhsnnsn
=-12.4; '3C-NMR (DMSO-d;, 75 4 MHz) § 155 96 (C6), 152 39 (C2), 148 65 (C4), 138 65 (C8),
119 01 (C5), 9043 (C1'), 8486 (C4'), 7515 (C2'), 60 75 (C5'), 3987 (C3'), 35 64 (C2") 24 49
(C1), [ ]?3p =-31° (c = 0 259, DMSO), UV (1N NaOH), Amax 262 (€ 15200}, MS (FAB glycerol)
nve 643 ([M + Nat*], 3 %), 621 ([MH+], 80). 136 ([Ade + H*], 100), HRMS (FAB glycerol res
5000), m/e calcd for C,4H4306N (S, [MH*] 6212026 found 621 2024, m/e calcd for
C,iH3,06N0S,Na  [M+Na+] 643 18454 found 643 18457 Anal calcd for
C14H3206N10S, CH,O C, 4600, H, 556, N, 21 46,S,982 found C, 4587 H 513 N 2167
S, 963
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2’-S-Acetyl-3-deoxy-1,2-O-isopropylidene-3-C-(2'-mercaptoethyl)-5-0-
methanesuiphonyl-a-D-ribofuranose (37).

Methanesulfony! chlonde (1 79 mL, 23 2 mmol) was added dropwise to a cooled (0°C)
solution of alcohol 10 (320 g, 11 6 mmol) and dry pyridine (4 21 mL, 52 1 mmol) in dry methylene
chlonde (40 mL), and the resulting solution was stirred at ambient temperature under a nitrogen
atmosphere After 16 hr the reaction was diluted with methylene chlonde (500 mL), washed with
dilute sulphurc acid (0 5 % w/v, 1 L), saturated aqueous sodium bicarbonate (1 L) and water (1 L),
and reextracted with methylene chlonde (500 mL) The combined organic phases were then dried
(MgSO,). fitered and the solvent removed /n vacuo affording mesylate 37 as a clear, colorless
Syrup in qdantltatlve yield 'H-NMR (CDCl3, 200 MHz) § 134 and 1 51 ppm (two s, 6H. CMe;),
148-1 68 (m, 1H, H1'), 188-2 13 (m, 2H, H3 and H1'3), 2 36 (s, 3H, SAc), 2 96-3 14 (m, 2H,
H2"a ), 307 (s, 3H, MsCH3), 4 02 (0, 1H, H4), 424 (A of ABX, 1H, H5,), 4 43 (B of ABX, 1H,
HS5g), 4 70 (upparent t, 1H, H2), 5 81 (d, 1H, H1), couphng constants (Herz) Jys.n2 =37, Juz.na =
41, Jusna =97, Jnansa =45, Jnanss = 2 2, Apsanse = -117, '3C-NMR (CDCl,, 754 MHz) 8
195 20 ppm (SCOMe), 111 64 (CMe;,), 104 63 (C1), 80 06 and 78 60 (C2 and C4), 68 37 (C5),
43 21 (C3), 37 22 (MsCHa), 30 31 (SCOMe), 26 62 and 26 42 (C1' and C2’), 26 02 and 24 38
(CMey), [ o] = +74 4°(C = 2, CHCly), MS (C! - NH;), mve 372 ([M + NH,}, 100), 314 ([M + NH, -
C3HgQO], 7). HRMS (CI - NHg, res 9000), m/e calcd for Ci3HpsQO;S,N [M + NHg*] 372 11507
found 372 11511

Attempted 5'-Thioether Formation.

The 5-mesylate 35 was prepared by the reaction of nucieoside 17 with o-toluoyl
chlonde, carried out in a manner identical to that for the analogous tenzoylation to compound 18
The subsequent desilylation and mesylation were performed by procedures identical to that
descnbed for the preparation of nucleosides 29 and 30

Benzyl mercaptan (10 uL, 0 085 mmol) and diazabicycloundecene (26 pt, 0 18 mmoi)
were successively added to a stirred solution of mesylate 35 (46 mg, 0 081 mmo!) in dry NN
dimethylformamide (0 5 mL) and the reaction was heated to 40°C under a nitrogen atmosphere
After 10 min the reaction was cooled, added to aqueous sodiun bicarbonate (5 % wiv, 25 mL),
extracted with methylene chioride (2 x 25 mL) and washed with water (25 mL) The combined
organic phases were then dried (Na,SQO,), filtered and the solvent removed /n vacuo yielding a
yellow syrup Chromatography over silica get (40 1 methylene chloride / methanol, v/v) atforded
nucleoside 36 as a colorless glass {32 mg, 92 % yteld) 'H-NMR (CDCl,, 200 MHz) 5 1 48-1 68
ppm (M, 2H, H3' and H1"ay ). 2 17 (s, 3H, OAc), 223-2 33 (. 1H, H1"gq), 2 51 (s, 3H, ToICHa),
257-2 67 (M, 2H, H2"gq,ax). 2 84 (A of ABX, 1H. H5'ax), 3 09 (B of ABX 1H, H5'gq), 4 12 (td, 1H,
H4'), 547 (d, 1H, H2), 572 (s, 1H, H1), 7 23-7 60 (two m, 7H, H5 and Tol-aromatic), 7 84 (d, 1H,
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H6), 8.4 (br and exchangeable, 1H, NHBz), coupling constants {Hertz) Jy- 430 ~ 0. Jyyr g = 4 1.
JHa Ha= 10 2, Jna sieq = 3 7, dra msax = 11 1. 2dhseqrsae = -12 0, dys iy = -7 5. C-NMR (CDCl,,
75 4 MHz) & 169 59 ppm (OCOMe), 168 64 (C4), 162 40 (NCOTol). 154 54 (22) 143 98 (C6)
137.48, 133 94, 131 76, 13159, 126 97, 126 12 (aromatics), 96 21 (C5). 90 76 (C1). 80 31
(C4y, 78 01 (C2), 46 15 (C3), 3287 (C5'), 28 14 and 28 01 (C1" and C2"), 20 68 and 20 10
(OCOMe and TolCH,), MS (CI - NHg), m/e 430 ([MH*}, 100 %), 230 ([Cyt-Tol + H*}. 7). 201 ((MH* -
Cyt-Tol], 7), HRMS (ClI - NH3, res 6000), m/e calcd for CpyHp:05N3S [MH*] 430 14367 found
430.14372

2',5-Anhydro-3-deoxy-1,2-O-isopropylidene-3-C-{2'-mercaptoethyl)-«:-D-
ribofuranose (38).

Benzyl mercaptan (19 pL, 0 155 mmo!) and diazabicycloundecene (42 nL., 0 282 mmol)
were successively added to a stirred solution of mesylate 37 (50 mg, 0 141 mmol) i dry N.N-
dimethylformamide (0 8 mL), and the reaction was heated to 40°C under a nirogen atmosphere
After 1 h the reaction was extracted with methylene chioride (3 x 25 mL) and washed with dilute
sulphuric acid (1% w/v, 25 mL), saturated aqueous sodium bicarbonate (25 mL) and water (2 x 25
ml) The combined organic phases were then dried (MgSQ,), filtered and the solvent removed n
vacuo yielding a clear, colorless oif  Chromatography over silica gel atforded three products the
cyclized sulfide 38 as a white, crystalline solid (26 mg, 85 % yield) mp 91-92 C. "H NMR (CDCly)
81.26 ppm (m'5, 1H, H3), 133 and 154 (two s, 6H, CMe,). 190 (m™ 1H H1'4y), 2 26 (dg, 1H,
H1'eq), 254-270(m, 2H, H2'4 g), 2 67 (A of ABX, 1H, H5,%), 291 (B of ABX 1H H5,,) 339 (1d
1H, H4), 4 60 (apparent t, 1H, H2) 5 77 (d, 1H, H1), coupling constants (Hertz) Jyy > - 36 Jyy»
Ha=4 1, Jua e = 10 3 (other coupling constants givenin Table ), ">C NMR (CDCly, 75 4 MHz) o
111 77 ppm (CMe5,), 10376 (C1), 8088 and 76 84 (C2 and C4), 49 29 (C3), 32 26 (CH), 28 37
and 27 55 (C1'and C2'), 26 23 and 26 00 (CMe,), [« ]?°p = +205 (c = 1, CHCly), MS(CI NH),
m/e 217 ([MH?*), 100 %), 201 (18), 159 ([MH* - C4HO], 54), HRMS (C1 NH,, res 6000), nmve
caled for C,oH,,05S [MH*] 217 0898 found 2170899, Anal calcd for C.oH.,04S C, 55 53,
H,746, S, 1482 found C, 5539, H, 726, S, 1478, the 5-S-benzyl sugar 39 as a clear
colorless oil (2 mg, 3 7 % yield) 'H-NMR (CDCl,, 200 MHz) § 1 32 and 148 ppm (two s, 6H,
CMe,), 1 35-155 (m, 1H, H1'4), 1 75-206 (m, 2H, H3 and Hi'y) 2 34 (s, 3H, SAc) 248 (A of
ABX, 1H, H5,), 2 76 (B of ABX, 1H, H53), 2 91-302 (m, 2H, H2',4) 3 79 (s 2H, CH,Ph) 394 (h',
1H, H4), 4 64 (apparent t, 1H, H2), 580 (d.,1H, H1), 720735 (m 5H phenyl) couphng
constants (Henz) Ju: 12=38 Jhoa =4 2. Jyana =94, Jpaiisa =98 Jiien =3 2 “dipisp =
143, 'SC-NMR (CDCl,, 754 MHz) § 195 67 ppm (SCOMe) 138 38 12908 128 44 126 97
(phenyl), 11157 (CMe>), 10481 (C1),81 20 and 80 61 (C2 and C4) 46 66 (C3), 37 22 (CH,Ph)
3308 (C5), 3065 (SCOMe), 27 18 and 26 38 (C1 and C2'), 26 38 and 24 75 (CMe,;. MS (CI
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NH3), m/e 383 ([MH*], 1 3 %), 325 ([MH* - C4HgO), 100), 265 (37), HRMS (CI - NH3, tes 6000),
m/e calcd for C,qH,704S, {MH*] 383 1351 found 383 1350 , and benzylthiolacetate (17 mg)
the 'H-NMR specirum of which was identical to that of a commercial sample

(See Section 4 4 for a more practical method of preparing 38)
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4.4 EXPERIMENTAL FOR SECTION 2.4

2'-0-Acetyl-2",5'-anhydro-N%-benzoyli-3’-C-(2"-mercaptoethyl)-cytidine (40).

Benzyl nercaptan (85 mL, 0809 mmol) and diazabicycloundecene (242 mL 1 62 mmol)
were added successively to a stirred solution of mesylate 30 (407 mg, 0 735 mmol) indry NN
dimethylformamide (4 5 mL), and the reaction was heated to 4%°C under nitrogen  After 1 5 h the
solution was cooled and the solvent was removed n vacue The resulting yellow syrup was
extracted with methylene chlonide (2 x 75 ml) and washed with saturated aqueous sodium
bicarbonate {75 mL) and watar / brine (75 mL) The combined organic phases were then dned
(Na,SO,), filtered and evaporated i vacuo The residue was chromatographed over siica gel
{30011 methylene chlonde / methanol, v/v) yielding an amorphous white solid  Recrystallization
from methanol afforded the cychized nucleoside 40 as a white powder (291 mg, 85 % yield) mp
225° C; 'H-NMR (CDCly, 200 MHz) § 1 49-1 74 ppm (m, 2H, H3" and H1", ), 2 17 (s, 3H. OAc),
2.24-2 33 (m, 1H, H1"eq), 2 58-2 66 (M, 2H, H2"aq ax). 284 (A ot ABX 1H, H5 4). 309 (B of
ABX, 1H, H5'gq), 4 12 (td, 1H, H4'), 549 (d, 1H, H2'), 5 80 (s, 1H. H1), 7 47-7 92 (two m., 7H, H5,
H6 and phenyl), 8 7 (br and exchangeable, 1H, NHBz), coupling constants (Henz) J,. . ~ 0.
iy =41, Jna e =100, Jna seq =3 7. dngmsax = 11 1, 2diiseqiisax = -11 8, *C NMR (CDCly,
75.4 MHz) § 169 48 ppm (OCOMe), 166 73 (C4), 162 53 (NCOPh;, 154 40 (C2) 14375 (C86).
133 03, 13291, 128 81, 127 64 (phenyl), 96 57 (C5), 9048 (C1") 80 24 (C4), 7792 (C21),
4592 (C3'), 3274 (C5'),28 03 and 27 92 (C1" and C2"), 2062 (OCOMe) [ ]}, - +47 4 (C =
1065, CHCly), UV (methanol), Ay, 262 nm (¢ 23200) and 304 nm (¢ 10200) MS (CI NHy), ve
416 ([MH*], 100 %), 356 ([MH* - AcOH], 8), 216 ([Cyt-Bz + H*], 4), HRBMS (CI - NH,, res 7000)
m/e calcd for CooHo05N3S [MHT] 416 12798 found 416 12802

2”,5-Anhydro-3’'-deoxy-3’-C-(2"-mercaptoethyi)-cytidine (41).

Nucteoside 40 (291 mg, 0 700 mmol) was suspended in dry methanol {15 miL) and
cooled to 0°C The mixture was then saturated with ammonia gas and allowed to warm to room
temperature After 9 h the resulting homogeneous solution was evaporated m vacuo yielding an
amorphous white solid Trturation with acetone resulted in the formation of fine white crystals ot
nucleoside 41 which were fiftered, washed repeatedly with acetone and dried 1 vacuo (160 mg,
84 % yield) mp 215°C (darkens), 'H-NMR (CD;0D, 300 MHz} 5 1 32 ppm (m'> 1H H3') 183
(M'2, 1H, H1"3), 2 17 (dq, 1H, H1%gq), 2 51-2 70 (M. 2H, H2'5q ax). 2 88 (A of ABX. 1H H5 4y
295 (B of ABX, 1H, HS'gq). 4 09 (td, 1TH, H4'), 4 10 (d, 1H H2) 561(s.tH H1) 589(d 1H H5),
7 61 (d, 1H, H6), coupling constants (MHenz) Jyy p ~ 0. g =44, dps e =108 Jjny, = 75
(other coupling constants are isted in Table | ), 3C-NMR (CD,0D 75 4 MHz) 6 167 74 ppm {C4),
158 23 (C2), 141 76 (C6), 95 60 (C5), 93 62 (C1'), 81 47 (C4'), 78 42 (C2). 47 80 (C3'), 33 61
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(C5), 29 10 and 28 89 (C2" and C1), [ & ]¥% = +13 8° (¢ = 0 5, DMSO), UV (methanol ), Az, 276
Am (& 8400), MS (CI - NHz), 270 ([MH*], 100 %), 253 ([MH* - NHs], 3), 112 ([Cy + H*]. 9), HRMS
(Cl - NH-, res 8000), mve calcd for C.;HsN3O3S [MH*] 270 09124 found 270 09126. Anal
caled for C,,H,sN30,S C, 4906, H, 561, N, 1560, S, 1190 found C.4930. H, 559, N,

1585, S, 12 06

2”,5’-Anhydro-3'-deoxy-3'-C-(2”-mercaptoethyl)-adenosine (43).

Via mesylate (42): Alcohol 33 (150 mg, 0 300 mmol) was mesylated 1n a manner
identical to that described for 30 above Mesylate 42 was obtained as an amorphous white sold
in 96 % yield 'H-NMR (CDCly, 200 MHz) 6 1 63-1 84 and 1 87-2 08 (two m, 2H, H1"45), 2 26 (s,
3H, OAc), 2 33 (s, 3H, SAc), 275-3 18 (m, 3H, H3' and H2"s g), 2 96 (s, 3H, MsCH3), 4 31 (dq,
1H, H4'), 4 49 (A of ABX, 1H, H5'4), 4 54 (B of ABX, 1H, H5'g), 585 (d, 1H, H2'), 6 11 (s, 1H, H1'),
7 47-8 06 (two m. 5H, phenyl), 8 18 (s, 1H, H8), & 80 (s, 1H, H2), 9 2 (br and exchangeable, 1H,
NHBz), coupling constants (Hentz) Ju1 w2 ~ 0, Juz Ha =54, Juane =101, Jna wsa =4 7, Jna vss
=25, 2usanss =-118, 'SC-NMR (CDCl,, 75 4 MHz) § 195 42 ppm (SCOMe), 170 07 (OCOMe),
164 92 (NCOPh), 151 78 (C6), 151 05 (C2), 149 14 (C4), 142 16 (C8), 132 98, 132 93, 128 76,
128 11 (phenyl), 122 48 (C5), 89 93 (C1'), 8253 (C4'), 77 06 (C2'), 67 95 (C5'), 40 75 (C3'),
37 63 (MsCMe,), 30 54 (SCOMe), 26 77 (C2"), 25 15 (C1"), 20 67 (OCOMe)

Mesylate 42 was dissolved 1in methanol (2 mL) and to this solution was added methanolic
sodium hydroxide {1 N, 480 uL) After stirnng for 16 h at ambient temperature. the resulting sold
was fitered Reduction of the filtrate volume to ~0 5 mL resulted in the precipitation of additional
product The combined solids were then recrystallized from methanol affording nucleoside 43 as
white needles (51 mg, 58 % yield from 33) mp 237-239°C (dec ), 'H-NMR (CD;0D, 3n0 MHz) 5
1.75-197 ppm (m, 2H, H3' and H1"ax), 2 23 (dg, 1H, H1"eg), 2 58 (dddd, 1H, H2"eq), 2 72 (ddd,
1H, H2"55), 2 88 (A of ABX, 1H, H5'ax), 2 94 (B of ABX, 1H, H5'sq), 4 13 (td, 1H, H4'), 4 43 (d, **",
H2'), 591 (s, 1H, H1'), 8 12 and 8 20 (two s, 2H, H2 and H8), coupling constants (Hertz) Jyy np ~
0. Jiz vy = 4 3. Juz na = 10 2, (other coupling constants are given in Table 1), 'SC-NMR (CD;0D,
75 4 MHz) 8 157 39 ppm (C6), 153 91 (C2), 150 07 (C4), 140 32 (C8), 120 67 (C5), 92 15 (C1’),
81 43 (C4'), 78 39 (C2'), 48 51 (C3'), 3380 (C5'), 29 16 and 28 86 (C2' and C1), [ o }?%p = -115°
(¢ =1, DMSO), UV (methanol), Anax 262 Nm (g 13700), MS (Cl - NHa), mve 294 ((MH*], 100 %),
136 ([Ade + H*], 6 %), HRMS (CI - NH5, 9000), mve calcd for C.,H,s0,NsS {MH*+] 294 10247
found 293 10251

Via bicyclic thiosugar (49): An ice-cold solution of nucleoside 49 (300 mg. 0 683
mmol} in dry methanol (8 ml) was saturated with ammomnia gas and allowed to warm to room
temperature  After 30 h the reaction was brniefly heated to boiing and then allowed to cool,

resulting in the formation of fine white crystals which were filtered and washed repeatedly with
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cold methanol (107 mg) The filtrate was evaporated 1 vacuo to a yellow sohd which was washed

repeatedly with acetone Recrystallization of the resulting white powder from methanol  water
atforded an additional 48 mg of nucleos.de 43 as colorless needles (combined 155 mg. 77 ‘o
yield)

2'-S-Acetyl-3-deoxy-1,2-isopropylidene-3-C-(2'-mercaptoethy!)-5-0-p -
toluenesuifonyl-a-D-ribofuranose (44).

p-Toluenesulfony! chlonde (3 72 g, 19 5 mmot) was added to a stirred solution ot alcohol
10 {3.60 g, 13 0 mmol) in dry pyndine (20 mL) and the resulting solution was stirred at ambient
temperature under nitrogen  After 20 h the reaction mixture was poured into ce water (200 mL),
extracted with ethy! ether (2 x 200 mL), and washed with aqueous hydrochlonc acid (2°% v'v, 200
mL), saturated aqueous sodium bicarbonate {200 mL) and water (200 mL) The combined ether
layers were then dried (MgSQ,), filtered and the solvent remcved n vacuo yielding a yellow syrup
The crude product was chromatographed over silica gel (3 1 ethyl acetate * hexanes, v/v)
affording tosylate 44 as a clear, colorless syrup (5 57 g, 99 % y12ld) "H-NMR (CDCIy, 200 MHz) &
131 and 145 (two s, 6H, CMe,), 1 41-1 58 (m, 1H, H1'3), 180 2 10 (m 2H H3 and t17 ), 2 36
(s, 3H, SAc), 2 45 (s, 3H, TsCHj), 284-3 07 (m, 2H, H2'ap), 3 90 (ddd, 1H. H4) 405 (A of ABX,
1H, HS5,), 4 21 (B of ABX, 1H, H5g), 4 63 (apparent t, 1H, H2), 569 (d 1H H1) 735 and 780
(two d, 4H, aromatic H's, J = 8 4 Hz), coupling constants (Hertz) Jy- o =36 Jipvy 43 Jyjygn =
98, Juansa =39, Juanss = 26, 2Jysa pse = -11 2. "SC-NMR (CDC!,. 75 4 MHz} o 195 08 ppm
(SCOMe), 144 66, 132 34, 12958, 127 61 (aromatic C's) 111 46 {CMe ) 10451 (C1) 80 44
and 78 35 (C2 and C4), 68 34 (C5), 43 22 (C3), 30 25 (SCOMe) 2536 2657 2598 24 28
(C1',C2 and CMe;), 21 26 (TSCHa), [ ]2% =+58 6 (c =1, CHCl3), MS(Cl NH,j, mre 448 ([M +
NHa], 100), 390 ([M + NH,* - C4HgO], 2), HRMS (CI - NH4, res 9000) mve calcd for C..,H,O,S N
[M + NH,*] 448 14637 found 448 14634

2’,5-Anhydro-3-deoxy-1,2-O-isopropylidene-3-C-(2’'-mercaptoethyl)-u-D-
ribofuranose (38).

Via alkoxide-promoted cyclization: A solution of methanolic sodium hydroxide (1
N, 14 5 mL) was added to a stirred solution of tosylate 44 (5 00 g, 11 6 mmol) in methanol (50
mL), and the reaction was stirred at ambient temperature After 4 h glacial acetic acid (0 42 mL. 58
mmol) was added to the solution and the solvent was removed 1 vacuo The residue was then
extracted with methylene chlonde (2 x 250 mL) and washed with saturated aqueous sodium
bicarbonate (300 mL) and water (300 mL) The combined organic extracts were dned 'MgSOy)
filtered and the solvent evaporated :n vacuo affording a colorless syrup Crystaliine sulfide 38 was
obtained upon standing in a dessicator (2 53 g, quantitative)
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The identical reaction employing mesylate 37 (11 6 mmol of matenal which was not
chromatographed atter mesylation) afforded two products Separation of the components by
chromatography over silica gel (4 1 to 1 1 hexanes / ethyl acetate v/v) afforded the expected
thianylfuranose sugar 38 (352 mg. 38 % yield), as well as the methyl sulfide 47 as a clear
colorless syrup (1 39 g, 37 %) "H-NMR (CDCl,, 200 MHz) 8 1 33 and 150 ppm (two s 6H.
CMe,), 157 177 (m, 1H, H1’y), 185-203 (m, 1H, H1'g), 208-2 24 (m, 1H H3), 212 (s, 3H.
SCH,), 2 47-277 (m, 2H, H2'4g), 3 07 (s, 3H, MsCH3), 4 04 (dg, 1H, H4), 4 26 (A of ABX. 1H
HS5a), 4 45 (B of ABX, 1H, H5g), 4 69 (apparent t, 1H, H2), 581 (d. 1H. H1), coupling censtants
(Hertz) Jyr 1o =37 Juora=45 Jnana =102, Sravsa =45, duerisg = 2 2. AJpsansg = 117, "3C-
NMR (CDCl,, 75 4 MHz) § 111 78 pom (CMe,), 104 76 (C1), 80 22 and 78 90 (C2 and C4), 68 43
(CS), 43 28 (C3), 57 45 (MsMe). 31 71 (C2'), 26 57 and 26 15 (CMe3), 2369 (C1) 1500 (SMe).
MS (C! - NH,), m/e 344 ([M + NH4*], 39 %), 327 ([MH*), 6), 311 ([MH* - CH,], 9), 269 ([MH* -
C3HeO), 100), HRMS (CI - NHg, res 8000), m/e caled for C,3;H506S, (MH*] 327 0936 found
327 0943

1,2-Di-O-Acetyl-2’,5-anhydro-3-deoxy-3-C-(2’-mercaptoethyl)-D-ribofuranoses
(45) and (46).

Amberite 1R-50(H) resin was added to a stirred suspension of acetomde 38 (439 mg,
2 03 mmol) in water (4 mL), and the mixture was heated to 65°C in an ol bath  After 3 h the resin
was filtered oul of the homogeneous solution and washed thoroughly with methanol  The
solvent was removed by rej.2ated co-evaporation with toluene which afforded a white solid (359
mg) This material was dissolved n dry methylene chloride (10 mL) containing dry pyridine (821
ul, 10 2 mmol) and N,N-dimethylaminopynidine (~0 2 mmol) Acetic anhydnde (766 uL 8 12
mmol) was then added dropwise, and the reaction was stirred at ambient temperature under
nitrogen  After 45 min the reaction was diluted with methylene chioride (150 mL), washed with
dilute hydrochlonic acid solution (1 5 % v/v, 200 mL) and water (200 mL). and reextracted with
methylene chlonde (150 mL) The combined organic phases were then dried (MgSQy,), fiitered
and the solvent removed in vacuo yielding a white solid Chromatography over silica gel (4 51
hexanes / ethyl acetate, v/v) afforded two products the a-diacetate 46 as a clear, colorless ol
(150 mg, 34 % yield) 'H-NMR (CDCl;, 200 MHz) & 1 53 ppm (m'5, 1H, H3), 1 77 (M8, 1H. H1'5,),
202 and 2 08 (two s, 6H, OAc's), 2 13 (dg, 1H, H1'eq), 2 47-265 (M, 2H, H2'gq ax). 2 61 (A of
ABX, 1H, H534). 2 88 (B of ABX, 1H, H5¢q), 4 08 (td, 1H, H4), 5 37 (apparent t, 1H, H2), 6 24 (d,
1H, H1), coupling constants { Herz ) Jiy« o = 43, Jyo uz =52, Jyz na = 103 (other coupling
constants given in Table |). 3C-NMR (CDCls, 75 4 MHz) 169 74 and 169 26 ppm (OCOMe),
94 56 (C1), 78 53 (C4), 7286 (C2), 47 53 (C3), 3232 (C5), 27 78 and 27 15 (C1" and C2), 20 60
and 20 19 (OCOMe), [« ]?% = +93 37 (c = 2, CHCl,), MS (Cl - NH4), mve 201 ([MH* - AcOH], 100
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%), 141 ([MH* - 2AcOH), 3), 129 (11), HRMS (C! - NH3, res 12000) m'e calcd tor CoH ;O,S [MH*
- AcOH] 2010585 found 201 0584 . and the B-diacetate 45 as a white crystalline sohd (282
mg, 53 % yield) mp 125-126° C, "H-NMR (CDCly. 200 MHz) & 158-1 82 ppm (m 2H H3 and
H1'3x), 2 08 and 2 12 (two s. 6H. OAc's), 227 (dq. 1H, H1 gq). 2522 75 (m 2H H2 gq.m) 272
(Aof ABX, 1H, H5;¢). 2 98 (B of ABX showing an addional fine spiitting, 1H HS5gq) 406 (td 1H
H4), 519 (d, 1H, H2), 599 (s, 1H "41), coupling constants (Henz) Jyj 4> ~ 0. dipa = 37 dig e =
10 3, Jha Hseq = 39, Jha rsax = 109, 2hseq sax = ~12 0. hzeq Hseq = -0 7 3C NMR (CDCly, 75 4
MHz) 6 169 93 and 169 30 ppm (OCOMe), 97 67 (C1), 80 31 (C4), 77 81 (C2) 4540 (C3), 33 63
(C5),28 21 and 27 70 (C1' and C2'), 21 04 and 20 62 (OCOMe) [u |0 = 126 (C =1 CHCIy),
MS (CI - NH,), m/e 201 ([MH* - AcOH], 100 %), 139 (15) 129 (3) HRMS (CI NH,; 8000) me
caled for CgH,304S [MH* - ACOH] 201 0585 found 201 0584, Anal calcd tor C11115055 C
5076,H,620,5,1232 found C,5078 . H, 612, S, 1200

2'-0-Acetyl-2",5'-anhydro-N6-benzoyl-3'-deoxy-3'-C-(2"-mercaptoethyl)-
adenosine (48).

Diacetate 45 (1 15 g, 4 41 mmol) was dissolved in a stock solution of bis-(trimethylsiiyl)-
N8-benzoyladenine®® in 1,2-dichloroethane (0 339 M solution, 143 mL 4 86 mmol) and to this
was slowly added tnmethylsilyl trifluoromethanesulfonate (170 ul. 0 882 mmol) After retluxing
under a mitrogen atmosphere for 50 min the reaction was cooled m 1ce diluted with methyiene
chlonde (500 mL) and shaken vigorously with saturated agueous sodium bicarbonate (500 mL)
The organic layer was then dried (Na,SQO,), filtered and the solvent removed in vacuo yelding an
amorphous, white solid Chromatography ov ar silica gel (25 1 methylene chionde methanol viv)
atforded nucleoside 49 as a colorless solid (1 72 g, 88 % yield) Recrystallization from methanol
yielded <olorless needles mp 192-193°C (dec ), 'H-NMR (CDCl,, 200 MHz) o 1 82 ppm (gd.
1H, H1"ax), 2 19 (s, 3H, OAc), 2 28-245 (m 2H H3' and H1'gq), 2 58-285 (M 2H H2'aq ax)
2.88 (A of ABX, 1H, H5'34), 3 01 (B of ABX, 1H. H5'5q), 4 12 (td, 1H. H4') 568 (d.1H, H2'). 5 96
(d, 1H, H1'), 747-8 05 (two m, 5H, phenyl), 8 06 (s, 1H, H8). 8 79 (s, 1H, H2), 92 (br and
exchangeable, 1H, NHBz), coupling constants (Henz) Jyy 2 =08 Jdyp 13 =50, Jyyy e = 10 6,
(other coupling constants given in Table | ), '3C-NMR (CDCls, 75 4 MHz) 6 170 16 ppm (OCOMe),
164 73 (NCOPh), 152 67 (C6), 151 07 (C2), 149 66 (C4), 14165 (C8) 13353, 13270, 128 74
127 87 (phenyl), 123 49 (C5), 88 66 (C1'), 80 20 (C4'), 78 56 (C2) 4614 (C3") 3272 (C5),
2817 and 2770 (C1" and C2"), 2065 (OCOMe), [« |°°%, = 719 (c =11 CHCl,; UV
(methanol), A.,, 282 nm {e 20700) and sh 234 nm (¢ 14300) MS (Cl - NHy nve 440 ((MH*] 100
%), 240 ([Ade-Bz + H*], 9), 201 (9) HRMS (CI - NH3), m/e calcd for C, H,,O,N.S [MH*]
440 13925 found 440 13924, Anal calcd for C, H,.O4.NsS C, 5739, H, 482 N 1594 S
729 found C,5777 H 506, N, 1623, S, 707
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Oxidation of (49) to cyclic sultone (50).

To an ice-cold solution of nucleoside 49 (500 mg 1 14 mmol) in methanol (5 mL) was
added a soiution of Oxone reagent (1 05 g. 3 41 mmol} in water (5 mL) and the resulting
suspension allowed to warm to room temperature with vigorous stirring  After 4 h the reaction was
diluted with water (100 mL), extracted with chloroform (3 x 100 mL), and washed with water (100
mL) and brine (100 mL) The combined organic layers were dned (Na,SQO,), filtered and the
solvent removed i vacuo yielding a white solid This matenal was chromatographed over silica gel
(25 1 methylene chionde / methanol v/v) affording sulfone 50 as a colorless glass (484 mg 90 %
yteldy 'H-NMR (CDCl,, 200 MHz) 8 1 92-2 20 ppm (m, 1H, H1"5,) 217 (s 3H OAc) 2 25.238
(M, 1H, H1"eq) 303-338 (m 3H H3’ and H2"aq ax), 344 (A of ABX 1H H5 5,) 3 67 (dt (B of
ABX with an additional couphng), 1H, H5 gq), 4 36 (td. 1H, H4'), 5 67 (d 1H. H2) 603 (s, 1H H1)
7 41-8 05 (two m, 5H, phenyl), 8 15 (s, 1H, H8), 8 75 (s, 1H. H2), 9 3 (br and exchangeable. 1H,
NHB2), coupling constant (Hertz) Jy- w2 ~ 0,z 13 =54, Jiz e =114 Jpis 1seq =3 9, Jiia Hs ax
=122, 2pseqrsar= 17 2, “dhzeqHseq = -2 7. '3C-NMR (CDClg, 75 4 MHz) 3 170 13 (OCOMe).
164 91 ppm (NCOPh), 152 37 (Cs), 15099 (C2), 14971 (C4), 142 36 (C8), 133 11, 13268,
128 58, 127 84 (phenyl), 123 62 (C5), 3086 (C1'), 77 12 and 76,92 {C2' and C4'), 56 69 (C5')
50 90 (C27), 44 66 (C3'), 20 48 (OCOMe), 18 44 (C1"), [ « J?%p = -43 2 (¢ = 1. CDClg), UV
(methanol), Ama, 280 nm (e 16000) and sh 234 nm (e 10100), MS (Cl - NH,), m/e 472 ((MH*]. 100
%), 240 ([Ade-Bz + H*], 67), 233 ([MH* - Ade-Bz], 11), HRMS (CI - NH,), m/e calcd for
Co1Hp206NsS [MH*] 472 1291 tfound 472 1292

Adenosyi 27,5-cyclic sulfone (51).

An ice-cold solutton of nucleoside §0 (215 mg, 0 456 mmol) in anhydrous methanol (9
mL) was saturated with ammonia gas and allowed to warm to room temperature After 24 h the
reaction was briefly heated to boiling and allowed to cool The resulting fine white crystalline sold
(100 mg) was then titered and washed repeatedly with cold methanol Concentration of the
filtrate resuited in the precipitation of addtional nucleoside 51 (combined 118 mg, 80 % yeld)
m p 252°C (darkens), 'H-NMR (DMSO-ds, 300 MHz) § 4 42 ppm (t, 1H, H2"), 5 84 (d. 1H, 2-OH, J
= 45Hz), 712 (s, 2H, -NHy), ( DMSO-d /1 D,C ) 8 181 (dtd 1H, H1"5), 2 11 (da, TH H1'gq),
236 (m'', 1H, H3), 310-3 26 (m, 1H, H2%q,ax), 3 36 (apparent dt (A of ABX with an additional
large coupling). 1H, H5'aq). 3 50 (apparent t (B ot ABX), 1H. H5'54), 4 17 {td 1H H4') 4 41 (d. 1H
H2, 597 (s 1H H1) 8 15 and 8 20 (two s 2H, H2 and H8), coupling constants (Hertz) Jy. o ~
0 Juz wa = 4 6. Jyz us = 11 3, (other coupling constants are given in Table 1 ). *C-NMR (CDCl4
75 4 MHz) § 156 04 (C6) 153 13 (C2) 14908 (C4). 13941 (C8), 11902 (C5) 9199 (C1), 76 80
and 7524 (C2 and C4", 56 51 (C5') 5082 (C2"), 4552 (C3) 1844 (C1"), |a )% =-682 (Cc=
0 5. DMSO), UV (methanol) Ama, 262 nm (¢ 12100), MS (Cl - NH,), m/e 326 ([MH*] 100 %).
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HRMS (C1 - NH), mve calcd for C.,H,50.NsS [MH*] 326 0923 found 3260924, Anal caled tor
CisHis0sNsS C, 44 30, H, 465 N.2153.S,985 found C 4421, H 493 N 2125 S 968

2'-O-tert-butyldiphenyisilyl-3-deoxy-3-C-(2"-hydroxyethyl)-1,2-isopropylidene-
5-0O-methanesuifonyl-a-D-ribofuranose (53).

Methanesulifonyl chlonide (82 uL, 1 06 mmol) was added dropwise to a4 cooled (0 C)
solution of alcohol 52 (preparation described in Section 45) (240 mg. 0 528 mmol} in dry
methylene chlonde (5 mL) containing dry pyndine {384 (L) and the reaction allowed to warm to
ambient temperature under nitrogen  After 15 h the reaction was diuted with methylene chionde
(60 mLi), wasned with dilute sulphunc acyd (1 % v/v, 75 mL}), saturated agueous sodwum
bicarbonate (75 mL) and water (75 mL), and reexiracted with methylene chlonde (60 mL) The
combined organic phases were then dried (MgSQ,), filtered and evaporated m vacuo yielding a
colorless ol which was chromatographed over silica gel (3 1 hexanes ' ethyl acetate v v) altording
mesylate 53 as a clear, colorless syrup (260 mg, 93 % yreld; 'H NMR (COCly 200 MHz) o 1 07
ppm (s, 9H, t-butyl), 126 and 1 47 (two s, 6H CMe;). 141-165 and 175-1 52 (two m, 2H
H1'agm), 2 17 (tt, 1H, H3), 3 03 (s, 3H. MsCHy), 3 70-3 90 (m, 2H, H2'4 ), 4 02 (ddd. tH H4), 4 20
(Aof ABX, 1H, H5,), 4 41 (dd, 1H, H2), 4 43 (B of ABX, 1H H5g). 5 73 (d 1H H1} 7387 72 (m,
10H, phenyls), coupling constants (Herz) Jy. y2=36. Jio 3 =43 Jiay - 105 Jien 50
Jnamsg = 22, 2Jiga msg = -11 7 "3C-NMR (CDCly, 75 4 MHz) 0 135 52 13548 13353 133 49
129 68, 127 66 ppm (phenyls) 11171 (CMe,), 104 90 (C1) 8062 and 79 11 (C2 and C4)
88 79 (C5), 61 76 (C21, 41 61 (C3), 37 54 (MsCH,), 27 36 (C1') 26 83 (CMeq) 26 70 and 26 18
(CMey), 19 U8 (CMe,), [ %= +350 (c =25, CHCly), MS(CI NH,y me 552 (M « NH.*] 77
%), 477 ([MH* - C4H4g), 100), 399 ([MH* - C4H.q - PhH]}, 64) HRBMS (Cl NH, res 9000) mye
calcd for Cy;HapO;NSSI[M + NH,*) 552 2451 found 552 2452

3-Deoxy-3-C-(2'-hydroxyethyl)-1,2-isopropylidene-5-O-methanesultonyl-u-D-
ribofuranose (54).

Tetra-n-butylammonium fluonde trihydrate (35 mg, 0 30 mmol) was added 1o a stirred
solution of mesylate 53 (107 mg, 0 200 mmol) in dry tetrahydrofuran (1 mL) and the reaction
stirred at ambient temperature under nitrogen  After 1 h the solvent was removed 1 vdcuo and
the resulting solid was extracted with methylene chiondc (2 x 30 mL, and washed with water
brine (2 x 30 mL) The combined organic phases were then dried (MgSO , filtered and
evaporated /n vacuo yi2lding a colorless syrup  This material was chromatographed over siica get
(3 1 ethyi acetate / hexanes, v/v) atfording the unstable alcohol 54 as a c'ear coloriess syrup (49
mg, 83 % yield) "H-NMR (CDCl,, 200 MHz) 6 134 and 1 51 ppm two s 6H CMe,; 158 174

10§




and 1 81-198 {twom, 2H, H1'5 ), 2 0 (br and exchangeable, 1H, -OH), 2 18 (1t, 1H, H3), 3 08 (s.
3H. MsCH,). 3 68-386 (m. 2H, H2'Ag), 4 07 (ddd, 1H, H4), 4 30 (A of ABX. 1H, H5,), 4 48 (B of
ABX, 1H, H5g), 4 73 (apparent t 1H, H2), 582 (d, 1H, H1), coupling constants (Herz) Jy. p» =
36, Jyp13 =46, dzra =104, Jpansa = 44, Jansg = 2 2, 2Jusa nsg = -11 7. "3C-NMR (CDCly,
75 4 MHz) 5 111 86 ppm (CMe,), 104 84 (C1), 80 86 and 79 16 (C2 and C4), 68 59 (C5), 60 58
(C2'), 4155 (C3), 3754 (MsCH,), 2746 (C1'), 2666 and 26 23 (CMe,), No furthur

characternization was posstble for this compound due to its instability

2',5-Anhydro-3-deoxy-3-C-(2’-hydroxyethyl)-1,2-O-isopropylidene-w-D-
riboturanose (55)

To a stirred suspension of sodium hydride (60 % ol disp . 14 mg) in dry tetrahydroturan
(0 3 mL) cooled 10 0' C, was slowly added a solution of mesylate 54 (45 mg, 0 152 mmol) in dry
tetrahydroturan (1 mL) After 20 h of stirring at ambient temperature, the solvent was removed i
vacuo and the resulting syrup was extracted with methylene chioride (2 x 20 mL) and washed with
aqueous sodium bicarbonate solution (5 % w/v, 25 mt) and water (25 mL) The combined organic
phases were then dried (MgSQy,), filtered and evaporated in vacuo to a colorless syrup which was
chromatographed over silica gel (2 1 hexanes / ethyl acetate, v/v) affording cyclic ether 55 as a
crystalline solid (7 mg, 23 % yield) mp 101 C, 'H-NMR (CDCis, 200 MHz) 5 1 34 and 1 53 ppm
(two s, 6H CMey), 136-1 51 (m, 1H, H3), 172:197 (M, 2H H1'aq ax). 3 22-3 38 (M 1H. H2'ay),
330 (apparent t. 1H, H55,) 370 (td, 1H, H4), 4 04 (ddd, 1H, H2'eq) 4 28 (dd 1H, H5¢q). 4 66
{apparent t, 1H H2). 584 (d 1H, H1), couphing constants (Hertz) Jy. 12 =35 o3 =33 Jyg s =
10 3. (other coupling constants given in Table 1), "3C-NMR (CDClj, 75 4 MHz), 4 112 04 ppm
(CMe,) 10563 (C1), 79.92 (C2). 74 05 (C4), 70 73 (C5), 67 46 (C2').48 20 (C3) 26 14 and
26 00 (CMe,), 2575 (C1), MS (Cl - NHa), nve 218 ([M + NH,4*], 32 %), 201 ([MH*], 77), 160 ((M +
NHg* - C4H), 100), 143 ([MH* - C4H o], 13), HRMS (CI - NH3), m/e calcd for CygH,704 [MHT]
201 112684 found 201 112680
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4.5 EXPERIMENTAL FOR SECTION 2.5

N4-Benzoyl-2',3'-O-isopropylidene-5'-O-methanesulfony!-cytidine (59).

Methanesulfony! chlonde (40 ul, 0 52 mmol) was added to a cooled (0 C) solution ot
nucleoside 57 (99 mg, 0 26 mmol) in dry methylene chloride (1 5 mL) containing pynidine (82 pl,
1 0 mmol) After stirnng at ambient temperature under mitrogen for 1 day, the reaction mixture was
loaded directly onto a column of silica gel  Elution (25 1 methylene chlonde # methanol, viv)
afforded mesylate 59 as a white solid {101 mg, 85 % yield) Clean product was also obtained by
working up the reaction by extraction with methylene chlonde and washing with dilute sulphunc
acid, aqueous sodium bicarbonate, and water 'H-NMR (CDCly, 200 MHz) 8 1 37 and 1 58 (two s,
6H, CMe;), 3 04 (s, 3H, MsCH,), 4 46-4 58 {m, 3H, H4" and H5'4 ), 4 98 (dd, 1H, H3"), 5 19 (dd.
1H, H2), 567 (d, 1H, H1), 7 49-7 94 (two m, 7H, H5, H6 and phenyl), 8 7 (br, iH, NHBZ),
coupling constants (Hernz) Juyy o =13, iz =64, Jyg e =33

Attempted Coupling of (59) and Thiol.

A solution of mesylate 59 (50 mg, 0 107 mmol) and either benzylmercaptan or 1-
propanethiot (0 118 mmol) 1in dry N N-dimethylformarmude (2 5 mL), was added to a stirred
suspension of cesium carbonate (42 mg, 0 128 mmol) in dry N,N-dimethylformamide (2 5 ml.)
After 15 h (for BnSH) or 1 h (for PrSH) of stirnng under a nitrogen atmosphere, the solvent was
removed /n vacuo yielding a white sol/d  This matenal was extracted with methylene chionde (75
mL), washed with aqueous sodium bicarbonate (5 % w/v 100 mL). and the organic phase dned
(Na,S0Oy,), filtered and the soivent evaporated in vacuo In both reactions the anhydro
nucleoside 58 was obtained as a colorless solid (> 80 % yield) 'H-NMR (CDCl,, 200 MHz) o 1 35
and 1 50 (two s , 6H, CMe,), 4 17 (A of ABX, 1H H5 »), 4 45 (B of ABX, 1H H5 ), 4 65 (m, 1H,
H4'), 489 and 4 99 (ABq, 2H H3 and H2'), 533 (s, 1H, H1), 6 51 (d, 1H, H5), 7 16 (d, 1H, H6).
7 36-7 55 and 8.01-8 08 (two m, 5H, phenyl), coupling constants (Hertz) Jyy; yp ~ 0, o 3 = 55,
Jhsare =10, Jusgre = 16, 2usansg = -13 0, Jus.ug = 7 6. UV (methanol}, A, 320 nm and 250

nm

2'-O-tert-Butyldiphenylsilyl-3-deoxy-3-C-(2'-hydroxyethyl)-1,2-O-
isopropylidene-5-0-trityi-a-p-ribofuranose (61).

Alcohol 8 was silylated and worked up by the same procedure as described tor the
preparation of 11 Purification of the product by chromatography over silica gel (3 1 hexanes /
ethyl acetate, v/v) afforded 61 as an amorphous white sold (98 % yreld) H-NMR (CDCH,, 200
MHz) 6 1 00 ppm (s, 1H, t-butyl), 1 26 and 1 46 (lwo s, 6H, CMe,), 1 35-157 (m 1H, H1 4, 1 62-
180 (m, 1H, H1'g), 221 (tt, 1H, H3}, 3 08 (A of ABX. 1H, H5,;, 3 35 (B of ABX 1H H5; 3 60-
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380 (m, 1H, H2'4 g), 3 90 (ddd, 1H, H4), 4 42 (apparent t, 1H, H2), 5 81 (d, 1H, H1), 7 15-7 67 (m,
25H, phenyls), coupiing constants (Hertz) Jyyn2=37, Jupra =45, JugHa = 10 2, Jyswsa = 4 4,
Jnanse = 30, 2psa nsa = -10 5, 13C-NMR (CDCl,, 75 4 MHz) & 143 98, 13557, 13551, 133 82,
133 77, 12958;: 12954, 128 70, 127 76, 12759, 127 57, 126 88 ppm (phenyls), 111 21
(CMey), 105 05 (C1), 8650 (CPhj), 81 01 (2C, C2 and C4), 63 54 (C2’), 62 20 (C5), 42 20 (C3),
2769 (C1'), 26 86 (CMe3), 26 78 and 26.35 (CMe,), 19 11 (CMej), [ o J?%p = +256° (C = 2,
CHCly), MS (FAB - nitrobenzy! alcohol), m/e 621 ((MH* - PhH), 0 4 %), 243 ([PhsC*], 100), Anal
calcd for CusHs005S1 C, 7733, H, 721 found C, 77 06, H, 7 49

1,2,5-Tri-O-acetyl-3-deoxy-3-C-(2’-hydroxyethyl)-c-D-ribofuranose (65).

Tetra-n-butylammonium fluoride tnhydrate (312 mg, 0 990 mmol) was added to a stirred
solution of furanose 62 (358 mg, 0.660 mmol) in dry tetrahydrofuran (7 mL) containing glacial
acetic acid (113 L, 1 98 mmol), and the reaction was stirred at ambient temperature under a
nitrogen atmosphere After 6 h the reaction was evaporated /n vacuo and the residue extracted
with chloroform (2 x 75 mL), and washed with aqueous sodium bicarbonate (5 % w/v, 100 mL) and
water (100 mL). The combined organic phases were then dried (MgSQ,), filtered and the solvent
removed i vacuo Chromatography of the crude syrup over siiica gel (25 1 ethyl acetate /
hexanes, v/v) aftorded alcohol 65 as a clear, colorless syrup (177 mg, 88 % yield) 'H-NMR
(CDCl3, 200 MHz) 8 1 58-1 82 ppm (m, 1H, H1'5 ), 2.08, 2 10, 2 12 (three s, 9H, OAc's), 2 48 (h7,
1H, H3) 3 69 (apparent t, 2H, H2'a g, J ~ 6 H2z), 4 08-4 38 (M, 4H, H4, H5, 5, and -OH), 5 27 (d. 1H,
H2), 6 10 (s, 1H, H1), coupling constants (Hertz) Jyi.us ~ 0, o g = 4 7, MS (C1 - NH;), m/e 322
(M + NH,*], 3 %), 245 ([MH* - AcOH], 100), 185 ([MH™* - 2AcOH], 6), 125 ([MH* - 3AcOH], 5),
HRMS (Cl - NH3, res 8000), m/e calcd. for Cy;H,,0¢ [MH* - AcOH|] 245 10250 found
245 10251

1,2,5-Tri-O-acetyl-3-deoxy-3-C-(2’-hydroxyethyi)-2'-methanesuifonyl-o-D-

ribofuranose (64). |
Alcohol 65 was mgsylated and worked up by a procedure identical to that described for

the preparation of 37 Chromatography of the crude syrup over silica gel (2 1 ethyl acetate /

hexanes, v/v) afforded mesylate 64 as a clear, colorless syrup in quantitative yield 'H-NMR

(CDCl3, 200 MHz) 5 1 85-2 05 ppm (m, 2H, H2'45), 2 09, 2 10, 2 13 (three s, 9H, OAC’s), 2 45 (h7,

1H. H3), 3 04 (5, 3H, MsCHy), 4 09-4 22 (m, 2H, H4 and H5,), 4 24-4 35 (m, 3H, H5g and H2', g),

526 (d. 1H, H2), 6 10 (s, 1H, H1), coupiing constants (Henz) Jy 42 ~ 0, Jupz = 4 8, Jyaa = 90
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§',6-Anhydro-5'-Deoxy-2',3'-O-isopropylidene-5'-thiouridine (66).
Dusopropyl azodicarboxylate (2 08 mL, 10 6 mmol) was added to a stirred solution of

triphenylphosphine (2 77 g, 10 6 mmol) in dry tetrahydroturan (25 mL) coofed to 0 C resulting in
a white suspension which was stirred under a nitrogen atmosphere for 30 min To this was added
a solution of 2',3-O-1sopropylidene undine!!? 67 (1 50 g, 5 28 mmol) and thiolacetic acid (0 75
mL, 10.6 mmol) in tetrahydrofuran (20 mL), and the reaction allowed to warm to room temperature
After 2 h the solvent was evaporated /n vacuo and the resulting yellow Ssyrup was
chromatographed over siica gel (2 1 ethyl acetate / hexanes, v/v), affording 5'-S-acetyl-5" deoxy
2',3'-O-1sopropylidene-5'-thiounidine 67a as a white solid {1 72 g, 95 % yield) "H-NMR (CDCl,,
200 MHz) 5 1 34 and 155 ppm (two s, 6H, CMe;), 2 37 (s, 3H, SAc), 3 27 (apparent d. 2H,
H5'4g), 4 21 (dt, 1H, H4'), 473 (dd, 1H, H3'), 503 (dd, 1H, H2'), 557 (d, 1H. H1'), 576 (d. 1H,
HS), 7 25 (d, 1H, H6), 9 38 (br s, 1H, NH), coupling constants (Hertz) Jy 1o =2 1, Jyo 113 = 65,
JHa-Ha' =4 0, Jna-nsaB ~ 6 7, Jns.e =8 1

This thionucleoside 67a (1 66 g) was then dissolved in dry methanol (30 mL) and the
resulting solution was cooled in an ice bath and saturated with ammonia gas After 30 min the
solvent was evaporated in vacuo yielding a white solid Recrystallization from ethanol afforded the
cyclic sulfide 66 as colorless needles (1 16 g, 80 % yield) mp 198-208 C (dec ) (terature
values! 20 range from 193-200°C to 200-215°C), 'H-NMR (CDCly, 200 MHz) 5 1 35 and 1 55 ppm
(iwo s, 6H, CMe,), 2 71 and 3 14 (A and B of ABX, 2H, Jax =2 0 Hz, Juyx =25, "Jap = -14 6), 2 81
and 312 (A and B of ABX, 2H, Jax = 90 Hz, Jgx = 6 6, °Jag = -17 2), The two ABX systems
correspond to H4'-H5', g and H5-H6, g but conclusive assignments could not be made 4 65 (d,
1H, H3), 4 90-4 99 (m, 2H, H4' and H6), 4 93 (d, 1H, H2"), 6 18 (5, 1H. H1), 8 00 {br s, 1HH NH),
coupling constants (Henz) Jyi p2 ~ 0, Jhz 3 =60, Jyz e ~ 0

Model dimer (63).

A solution of cychc sulfide 66 (48 mg, 0 160 mmol) in freshly distilled N.N
dimethylformamide (0 5 mL) was added to a stirred suspension of sodium hydnde (60 % ol disp ,
7 mg, ~0 17 mmol) in dry N,N-dimethyiformamide (0 5 mL), and the mixture was stirred under
under an argon atmosphere for ~2 min A solution of mesylate 64 (51 mg, 0 133 mmol) n DMF
(0 5 mL) was then added and the stirring at ambient temperature continued (Since 66 1s not UV
active, the progress of the reaction could be monitored by the appearance a UV active spot on
tic) After 15 hthe solvent was removed /n vacuo and the residue was extracted with methylene
chlonde (50 mL) and washed with aqueous sodium bicarbonate (5 % w/v 50 mij  The organic
layer was then dried {Na,SO,), filtered and evaporated in vacuo to give a yellow syrup which was
chromatographed over silica gel (3 1 ethyl acetate / hexanes) afforaing cychc sultide 63 as a
white solid (36 mg, 46 % yield) 'H-NMR (CDCl,, 200 MHz) 6 1 36 and 156 (two s 6H CMey)
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1 69-183 (M, 2H, H1'a ), 208, 211, 2 12 (three s, 9H, OAC's), 2.36-2 49 (m, 1H, H3), 260
(apparent q, 2H, H2'a ), 2 87 (d, 2H, Y@H5'5 p), 4 02-4 34 (M, 4H, H4, H5, g, and Urai44'), 4 82 (dd,
1H, U2H3'), 5 05 (dd, 1h, YaH2'), 5 23 (d, 1H, H2), 5 56 (d, 1H, UaH1), 5 74 (d, 1H, Y"2H5), 6 09
(s. 1H, H1), 7 27 (d, 1H, UraHs), 9 2 (br and exchangeable, 1H, NH), coupling constants (Herz)
Jht 12 ~0, Juz na = 45, Jurams wragh2 = 18, Juraynz-urapa = 8 5. Juama rajHe' = 4 2, JurajHa
Urapsa g = 6 0, Jurams rayrs = 8 0, MS (Cl - NHg), m/e 529 ([MH* - C4HgO], 9 %), 527 ([MH* -
AcQH], 100)

2'-O-tert-Butyldiphenylsily!-3-deoxy-3-C-(2’-hydroxyethyl)-1,2-O-
isopropylidene-ua-D-ribofuranose (52).

The tntyl group of 61 was selectively cleaved by a procedure identical to that used for the
preparation oi 10 Punfication of the crude product by chromatography over silica gel (3 1
hexanes / ethy! acetate, v/v) afforded aicohol 52 as a clear, colorless ol (92 % yield) 'H-NMR
(CDCl,, 200 MHz) 5 1 06 ppm (s, 9H, &butyl), 1 26 and 1 48 (two s, 6H, CMe;), 1 43-1 64 (m, 1H,
H1's), 175-1 91 (m, 1H, H1'g), 19 (br and exchangeable, 1H, -OH), 2 07-2 23 (m, 1H, H3), 354
(A of ABX, 1H, H5,), 3 69-3 94 (m, 4H, H4, H55 and H2'a g), 4 44 (apparent t, 1H, H2), 5 74 (d, 1H,
H1), 7 33-7 72 (m, 10H, phenyls}, coupling constants (Hertz) Jyy(.42 =36, Jyp.z = 4 5. 13C-NMR
(CDCl,, 75 4 MHz) § 135 58, 13553, 13368, 129 63, 127 62 ppm (phenyls), 111 48 (CMe,,,
104 92 (C1), 82 11 and 81 39 (C2 and C4), 62 16 and 61 95 (C5 and C2'), 40 76 (C3), 2755
(C1), 26 84 (CMe,), 26 73 and 26 28 (CMey), 19 12 (CMea), [ 2% = +42 0 (C = 2, CHCl3), MS
(C1 - NHy), 399 ([MH* - 58 (C4H 1 or C3HgO)), 100 %), 341 ([MH* - C,Hyg - CaHgO), 12}, 321 ([MH™ -
58 - PhH], 95) 303 (18), 160 (30), 143 (70), HRMS (ClI - NH3, res 9000), mve calcd for C;oHz; 0581
[MH* - C,H,g] 3991628 found 399 1627, Anal calcd for CysHasOsS1 C, 68 39, H. 795
tound C, 6872, H,813

5-S-Acetyl-2'-0-tert-butyidiphenyisilyl-3,5-dideoxy-3-C-(2’-hydroxyethyl)-1,2-
O-lisopropylidene-a-D-ribofuranose (68).

The Mitsunobu coupling of 52 and thiolacetic acid was carned out and worked up as
described for the preparation of 6 Punfication by chromatography over siica gel (6 1 hexanes /
ethyl acetate, v/v) afferded 68 as a clear, colorless syrup (84 % yield) 'H-NMR (CDCl;, 200 MHz) &
1 06 ppm (s, 9H, tbutyl), 1 24 and 1 44 (two s, 6H, CMe;), 1 60-2 04 (m, 3H, H3 and H174 ), 2 32
(s. 3H, SAc), 3 01 (Aof ABX, 1H, H5,), 3 33 (B of ABX, 1H, H5g), 3 69-3 88 (m, 2H, H2'5 g). 395
(dq, 1H, H4), 4 37 (apparent t, 1H, H2), 569 (d. 1H, H1), 733-7 72 (m, 10H, phenyls), coupling
constants (Herz) Juinz = 3 8. Jnara = 4 4, dugris = 99, Jparisa = 63, Jria nse = 3 1, 2dpisa s = -
14 2, "SC-NMR (CDCly, 75 4 MHz) 5 194 91 ppm (SCOMe), 13547, 135 42, 133 60, 133 55,
129 51, 127 52 (phenyls), 111 24 (CMe,), 104 70 (C1), 80 82 and 79 83 (C2 and C4), 6190

113




(C2'), 4459 (C3), 31 06 {C5), 30.32 (SCOMe), 27 24 (C1'), 26 77 (CMes). 26 57 and 26 13
(CMey), 19 03 (CMey). [ o ]2 = +38 6° (C = 2, CHCl3), MS (CI - NH,), mre 532 (M + NH,*]. 14
%), 474 (M + NH,* - C4Hyq], 96), 457 ((MH* - C4Hyg], 100), 379 ((MH* - C,H,, - PhH], 26). HRMS
(C! - NHa, 7000), m/e calcd for CpsHag0sSSI [MH* - C4Hyo) 457 1505 found 457 1503. Anal
calcd. for CogHag0sSSI C, 65 33, H, 7 44, S, 623 found . 65 41, H,750. S, 625
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4.6 EXPERIMENTAL FOR SECTION 2.6

Acetolysis of (11).

Acetonide 11 (150 mg, 0 291 mmol) was dissolved in glacial acetic acid (4 5 mL)
containing acetic anhydride (0 630 mL, 7 28 mmol), and the solution was allowed to reach the
desired reaction temperature (ol bath or ice bath). Either p-toluenesulfonic acid hydrate,
anhydrous d,/-camphorsulfonic acid or boron trnfluoride etherate was then added and the solution
stirred under a nitrogen atmosphere Upon completion of the reaction (t ¢ monitoring), the
solution was cooled In ice and slowly poured into a solution of sodium carbonate (8 0 g) in water
(50 mL) and the resulting suspension swirled intermitently over 30 min  The product was then
extracted with ethyl ether (2 x 60 mL) and washed with saturated aqueous sodium bicarbonate (80
mL) and water (80 mL) The combined ether extracts were dried (MgSQ,), filtered and the solvent
removed in vacuc yielding a yellow syrup Chromatography over silica gel (7 5 1 petroleum ether
 ethyl acetate, v/v) atforded the polar component (Rs 0 16), furanose sugar 12, as a clear
colorless syrup 'H-NMR (CDClz, 200 MHz) & 1 07 ppm (s, 9H, t-butyl), 1 48-190 (m, 2H, H1's ),
191and 2 16 (two s, 6H, OAc’s), 2 31 (s, 3H, SAc), 255-2 80 (m, 2H, H3 and H2'4), 2 86-3 02
(m, 1H, H2'g), 3 68 (A of ABX, 1H, H5,), 3 85 (B of ABX, 1H, H5g), 4 00 (dt, 1H, H4), 5 30 (d, 1H,
H2),6 08 (s, 1H, H1), 7 34-7 73 (m, 10H, phenyls), coupling constants (Herz) Ju; 1z ~ 0, Jno Ha =
45, Jyane =93, Juansa =38 Juansg =35, 2psa.use = 11 4, 3C-NMR (CDCl5, 75 4 MHz) &
194 94 ppm (SCOMe), 169 98 and 168 33 (OCOMe), 135 46, 13541, 133 01, 132 91, 129 73,
129 66, 127 69, 127 64 (phenyis), 98 78 {(C1), 85 21 {C4), 76 72 (C2), 63 90 (C5). 39 79 (C3),
30 46 (SCOMe), 27 28 (C1'), 26 69 (CMe,), 25 26 (C2’), 20 99 and 2065 (OCOMe), 19 17
(CMeg), [ ]?% = +18 4° (¢ = 1 56, CHCl3), MS (CI - NHa), m/e 499 ([MH* - AcOH], 3 %), 441
([MH* - AcOH - C4Hq], 8), 439 ([MH* - 2AcOH], 10), 399 (15), 339 (22), 241 (100), 199
(IPh,SIOH*], 99), HRMS (CI - NH,, res 8000), m/e caicd for Cp;H3505SS1 [MH* - ACOH]
499 1974 found 499 1973, Anal calcd for C,gH350,5S). C, 62 34, H, 6 85, S, 574 found C,
6231, H, 705, S, 594, and the less polar component { Ry 023 ), thiolane 71, as a clear
colorless syrup 'H-NMR (CDCl;, 200 MHz) 3 1 04 ppm (s, 9H, t-butyl}, 1 75-1 98 (m, 1H, H1'4),
206 and 2 09 (two s, 3H + 6H, OAc's), 2 15-2 30 (m, 1H, H1'g), 2 56-2 73 (m, 1H, H3), 2 72-2 85
(m, 1H, H2'4), 280-2 98 (m, 1H, H2'g), 3 52 (apparentt, 1H, H2), 3 73 (A of ABX, 1H, H5,), 381 (B
of ABX, 1H HS5g), 4 92 (ddd, 1H, H4), 686 (d, 1H, H1), 7 35-7 72 (m, 10H, phenyls). coupling
constants (Henz) Jui 1o =50, Jnorz =47 g e =88, Jpapsa = 4 4. Jyansg = 3 0. 2diisa 1isg = -
116, '3*C-NMR (CDCla, 75 4 MHz) 8 170 49, 168 83, 168 70 ppm (OCOMe), 135 52. 135 42,
133 05, 132 90, 129 85, 129 78, 127 76, 127 72 (phenyl), 90 63 (C1), 75 39 (C4), 63 73 (C5),
5199 (C2), 4385 (C3), 34 04 (C27), 3159 (C1), 26 66 (CMe,), 21 01, 20 71(2C) (OCOMe),
1920 (CMes). [0 ]® = +353° (c = 2 20, CHCl3), MS (CI - NHj), m/e 576 ([M + NH,*], 33 %), 501
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(IMH* - C,H10], 58), 499 ([MH* - AcOH]), 85), 399 (100), 379 (66). 339 (32). HRMS (CI NH;
8000), m/e calcd for CosHogO;SS1 501 1403 found 501 1401

Brief exposure of thiolane 71 to methanolic sodium hydroxide (25 C 15 mun) aftorded
the corresponding aldehyde 'H-NMR (CDCly, 200 MHz) 5 1 05 (s, 9H, tbutyl). 1 64-1 89 (m, 1H,
H1'5), 196 (s, 3H, 4 OAc), 220-233 (m, 1H, H1'g), 2 79-297 (m, 3H, H3 and H2', ). 3 62 (dd,
1H, H2), 3 73 (A ot ABX, 1H, H5,), 3 79 (B of ABX, 1H, H5g), 4 98 (ddd, 1H, H4,, 918 (d, 1H, H1),
7 33-7.68 (m, 10H, phenv!<}, coupiing constants (Hertz) Jyyn2 =51 Juo i =81, Jyy e =87,

Jra-Hsa =4 6, Jpause=3 4, 2dpsarsg = -11 6

Acetolysis of (68)

Acetonide 68 was acetolyzed in a manner identical to that descrnibed for 11 above After
stirnng at 75°C for 15 min, the reaction was worked up in the usual manner Chromatography over
silica gel (6 1 hexanes / ethyl acetate, v/v) afforded furanose 69 as a colorless syrup (80 % yield)
'H-NMR (CDClj3, 200 MHz) 8 1 06 (s, 9H, t-buty!), 1 68-180 (m, 2H, H1', ), 2 02 and 2 10 (lwo s,
6H, OAC’s), 2 33 (s, 3H, SAc), 253 (h7, 1H, H3), 3 04 (A of ABX, 1H, H5,), 3 32 (B of ABX, 1H,
H5g), 358-3 80 (m, 24, H2'), 4 11 (h/, 1H, H4), 5 15 (d, 1H, H2), 6 02 (s, 1H, H1), 7 34-7 70 (m,
10H, phenyls), coupling constants (Hertz) Jyy 2 ~ 0. oz =45 Jizvie =93 7. dis1isa = 6 9. i
nsg = 3.4, 2Jusanss = -14 1, '3C-NMR (CDCly, 75 4 MHz) & 194 86 ppm (SCOMe), 169 70 and
169 06 (OCOMe), 13540, 13534, 133 39, 133 28, 129 66. 129 64, 127 65 (phenyls) 98 43
(C1), 8338 (C4), 7719 (C2), 61 68 (C2'), 4057 (C3), 3328 (C5), 3038 (SCOOMe) 27 36 (C1),
26 73 (CMe,), 21 06 and 20 54 (OCOMe), 1908, [ u}"p =-123 (c =2, CHCIy), MS (CI NH,),
m/e 576 (IM + NH,*], 21 %), 501 {{MH* - C,H.o], 17), 499 ([MH* AcOH], 100), 439 ([MH*
2AcOH], 11), HRMS (CI - NH,, res 7000), m/e calcd for C, ,H450:SS [MH* - AcOH] 499 1974
‘ound 499 1973, Anal calcd for CygHzg0;SS1 C, 6234, H, 685, S, 574 tfound C 6228, H.
701, S, 5091

A reaction carned out on large scale also yielded a small amount (<5 % yield) ot 1,2,44n-O-
acetyl-2'-O-t-butyldiphenylsilyl-3,5-tndeoxy-3-C-(2'-hydroxyethyl)-5-thio-«-n-ribopyranose 75 as a
clear, coloriess syrup "H-NMR (CDCls, 200 MHz) § 1 05 ppm (s, 9H, t-butyl), 180-1 98 (m, 1H,
H1’), 186,193,209 (three m, 9H, OAC's), 2 12-2 29 (m, 1H, H1%;) 2 48 (A of ABX 1H Hdgq),
248-259 (m, 1H, H3), 292 (B of ABX, 1H, H55x), 3 61-3 83 (), 2H, H2 4 5), 5 16 (dt 1H, H4),
524 (dd, 1H, H2), 591 (d, tH, H1), 7 33-7 71 (two m, 10H, phenyls), coupling constants {Herz)
iz 32, Juo =47, g s =43, Inarsea =3 7 Jhavisax = 110 dhiggrin s - 131

The acetolysis reaction carrted out at 15 C over 24 h yielded three products after the
usual workup and chromatography over silica ge! (6 1 hexanes / ethyl acetate viv) J-turanose 69

(8 % yield), the major 1-R acetyl acetonide 72 as a clear, colorl~ss syrup (68 % yield; H-NMR
(CDCls, 200 MHz) 51 05 ppm (s, 9H, t-butyl), 1 46 and 1 47 (two s. 6 CMe,) 145-1 76 (m, 2H
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H1'ag), 197 and 2 09 (two s, 6H, OAc’'s), 2 32 (s,3H, SAc), 233-2 45 (m, 1H, H3), 313 (A of
ABX, 1H, H5,), 3 28 (Bof ABX 1H, H5p), 3 72 (apparent t, 2H. H2' g). 4 40 (dd, 1H, H2). 5 19 (dt,
1H, H4), 6 24 (d, 1H, H1), . 33-7 70 (m, 10H, phenyl), coupling constants (Hertz) Ju.np = 3 1.
Jio s =48 s s =48 Juansa =77, Jnanss = 46, 2dysapsg = -14 0, 'C-NMR (CDClg, 75 4
MHz) 5194 28 ppm (SCOMe), 170 30 and 169 97 (OCOMe), 135 47, 133 43, 133 40, 129 59,
127 62 (phenyls), 11162 (CMe;), 96 92 (C1), 81 29 (C2), 71 62 (C4), 61 43 (C2'), 38 64 (C3),
30 74 and 29 31 (C5 and C1'), 3039 (SCOMe), 26 71 (2C, CMe; and CMej), 25 93 (CMe,),
21 19 and 20 71 (OCOMe), 19 06 (CMes), [ a ]’ = +128° (c = 1, CHCly), MS (Cl- NHa), m/e
634 ([M + NH4*], 29 %), 574 (IM + NH4* - AcOH], 24), 559 ([MH* + 58(C4H.q or C3Hg0)]. 16), 557
(IMH* - AcOH], 49), 499 ([MH* + 58(C4H.q or C3HgO) - AcOH], 100), 497 ([MH* - 2AcOH], 33), 447
(48), HRMS (Cl - NHj, res 7000), m/e calcd for CzpH,41OsSSI[MH* - AcOH] 557 2393 found
557 2390, and the minor 1-S acetyl acetonide 73 as a clear, colorless syrup (12 % yield) 'H-
NMR (CDCl,, 200 MHz) & 1 05 ppm (s, 9H, t-butyl), 1 38 and 1 49 (iwo s, 6H, CMe,), 1 45-1 60
(m, 2H, H1'4g), 1 94 and 1 99 (two s, 6H, OAc's), 2 31 (s,3H, SAc), 2 35-257 (m, 1H, H3), 3 22 (A
of ABX, 1H, H5,), 3 32 (B of ABX, 1H, H5g), 3 68 (apparentt, 2H, J = 7 Hz, H2'y g}, 4 14 (dd, 1H,
H2), 5 30 (ddd, 1H, H4), 6 19 (d, 1H, H1), 7 33-7 70 (m, 10H, phenyl), coupling constants (Henz)
Jur vz =30, 23 =95, Jua-na =30, Jna-nsa = 9 3, Jpanss = 4 6, 2psanse = -138, *C-NMR
(CDCl3, 75 4 MHz) & 194 57 ppm (SCOMe), 170 38 and 170 10 (OCOMe), 135 45, 133 53,
133 35, 129 68, 127 71 (phenyls), 111 39 (CMe,), 93 77 (C1), 78 88 (C2), 72 17 (C4), 61 26
(C2%, 37 35 (C3), 3126 and 3002 (C5 and C1'), 30 44 (SCOMe), 28 18 and 2555 (CMe,),
26 82 (CMe;), 21 16 and 20 90 (OCOMe), 19 15 (CMey), [0 ]?2p = -145 (C = 13, CHCl3), MS
(Cl - NHs), nve 634 ([M + NH4*), 44 %), 576 ({M + NHa* - 58(C4H.g or C3HgO)], 52), 574 (M + NHa*
- AcOH], 22), 557 ([MH* - AcCOH], 42), 499 ([MH* + 58(C.Hio 0r C3HgO) - AcOH], 100), HRMS (CI -
NH,, res 7000), mve caled for CagHyi0SS) [MH* - ACOH] 557 2393 found 557 2390

Thiolane (74).

Boron trifluonde etherate (0 50 mL) was added dropwise to an ice-cold solution of
acetonide 68 (200 mg, 0 389 mmol) in acetic anhydnde (1 0 mb) and the reaction was stirred
under a nitrogen atmosphere  After 20 min the reaction was slowly added to a solution of sodium
carbonate (3 7 g) n water (100 mL) and the resulting suspension was swirled intermettently over
30 min  The product was then extracted with ethyl ether (2 x 75 mL) and washed with water (100
mL) The combined ether phases were dnied (MgSQ,), filtered and evaporated in vacuo yielding a
yellow syrup Chromatography over silica gel (6 5 1 hexanes / ethyl acetate, v/v) afforded thiolane
74 as a clear. colorless syrup (50 mg, 25 % yiekd ) '"H-NMR (CDCl;, 200 MHz) & 1 05 ppm (s 9H, t-
butyl), 1 50-184 (m, 2H, H1'4 ). 200.2 07 and 2 17 {three s. 94, OAc's), 2 58 (m, 1H. H3), 289
(A ot ABX, 1H, H54), 3 02 (B of ABX, 1H, H5g), 356 (dd, 1H, H2), 3 62-3 82 (m, 2H, H2'4 g), 5 35
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(ddd, 1H, H4), 7 26 (d, 1H, H1), 7 34-7 68 (m, 10H, phenyls), coupling constanis (Hernz) Ji;. > =
90,Jh2r3 =70z na =34 Jhansa =12 Jnansg=47 Jusansg = -12 4, 3C NMR (CDCly, 75 4

MHz) § 170 47, 168 19 and 168 14 ppm (OCOMe), 135 47, 13347 13339 12977127 73
(phenyls), 89 00 (C1), 76 66 (C4), 61 94 (C2'), 50 84 (C2), 4567 (C3). 36 12 (C5). 28 58 (C1"),
26.86 (CMe3), 20 95, 20 91, 20 75 (OCOMe), 19 16 (CMeq), [a % = +200 (c = 09, CHCly),
MS (CI - NH3}, m/e 576 ([M + NH,*], 39 %), 499 ([MH* - AcOH}, 100), 439 (MH* 2AcOH]J, 7), 399
(8), HRMS (C! - NH3, res 9000), m/e caicd for C,;H3505SS1 [MH* - AcOH] 499 1974 found
499 1973

1,1',2-Tri-O-acetyl-2’-O-tert-butyidiphenyisilyi-3,4 ,5-trideoxy-(1'(R),2"-
dihydroxyethyl)-5-thio-a-D-xylopyranose (70).

Acetonide 11 was treated with boron trifluonde etherate in acetic anhydride and worked
up as described for 74 above Purfication of the sugar by chromatography over silica gel (6 1
hexanes / ethyl acetate, v/v) afforded thiopyranose 70 as a colorless glass which crystalhized
upon standing (70 % yield) mp 121-122°C, 'H-NMR (CDCl,, 200 MHz) o 1 03 ppm (s, 9H, -
butyl), 1 78, 2.06, 2 11 (three s, 9H, OAc's}, 1 91 (qd, 1H, J ' 23 =14, J* = 3 Hz, H1'5x). 2 27 (dq,
1H,J123 = 3, J%= 14 Hz, H1'gq), 2 35-252 (M, 2H, H3 and H2'gq), 2 90 (td, 1H, J' 2213, 0 =3
Hz, H2'ax), 3 67 (A of ABX, tH, H5,), 3 73 (B of ABX, 1H, H55), 509 (dd. 1H, H2), 5 18 (h’, 1H,
H4), 6 03 (d, 1H, H1), 7 33-7 70 (m, 10H, phenyls), coupling constants (Hertz) Jyy; 1 =29 Jip»
ma=114, Jigna=24,Jiapsa =46, Juarise = 7 8, 2dusanss = -108, *C-NMR (CDCly, 75 4 MHz) &
170 23, 169 46, 169 33 ppm (OCOMe), 13543, 135 37, 13299, 13288, 12971 127 65
(phenyls), 7558 (C1), 72 85 (C2), 70 86 (C4), 63 87 (C5), 36 59 (C3), 31 51(C2), 26 51 (CMes),
23.66 (C1"), 20 92 (2C) and 20 61 (OCOMe), 18 99 (CMej), [ v ] = +168 (¢ =06 CHCly), MS
(Cl - NHg), mve 576 ({M + NH,*], 100 %), 516 ([M + NH,* - AcOH], 21), 501 ([MH* C.H.], 13), 499
(IMH* - AcOH], 56), 439 ([MH* - 2AcOH], 40), HRMS (CI - NH4, res 7000), m/e calcd for
Cy7H35058S1 [MH+ - ACOH] 499 1974 found 499 1973, Anal calcd for C,4H440,SS C,
62.34,H,685,S,574 found C, 62.11 H, 678,S,598

Acetolysis of (38) to 1,4-Di-O-acetyl-2',3-anhydro-3-deoxy-1,2-0O-
isopropylidene-3-C-(2’-mercaptoethyl)-x-d-ribofuranose (48).

Anhydrous d,/-camphorsulfonic acid (622 mg, 2 68 mmol) was added to a stirred solution
of 38 (290 mg, 1 34 mmol) in glacial acetic acid {16 mL) containing acetic anhydnde (3 2 mbL) and
the reaction was stirred at 60°C under ntrogen After 4 h the reaction was cocled in ice slowly
poured into a solution of sodium carbonate (45 g) inwater (250 mL) and the resulting suspension
was swirled intermittently over 0 5 h  The product was then extracted with ethy! ether (2 x 200 mL)

and washed with saturated aqueous sodium bicarbonate (250 mL; and water (250 mt; The
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combined ether layers were then dned (MgSQ,), filtered and the solvent removed in vacuo
yielding a yellow syrup Chromatography over silica gel (4 1 hexanes / ethy! acetate, v/v) afforded
the unstable aldehydo- compound 48 as a clear, shghtly yellow syrup (278 mg, 65 % yield) "H-
NMR (CDCl,y, 200 MHz) 5 1 43 and 1 46 ppm (two s, SH, CMe,), 1 71-192 (m, 1H, H1'ax). 1 98-
212 (m, 1H, H3), 207 and 2 08 (two s, 6H, OAc's), 223 (dq, 1H, H1'eq), 2 50-2 62 (m, 2H,
H2"gq,ax). 2 56 (A of ABX, 1H, HS55y), 2 82 (B of ABX, 1H, H5¢q), 4 15 (dd, 1H, H2), 4 96 (td, 1H,
H4), 6 28 (d,1H, H1), coupling constants (Henz) Ju; 2 =23, dpz a3 = 27, da-Ha = 10 3, JHa-Hseq =
41, Jpansax = 10 3, 2Jhseq Hsax = 12 7, 13C-NMR (CDCls, 75 4 MHz) § 170 36 and 169 81 ppm
(OCOMe), 112 12 (CMe,), 97 40 (C1), 83 56 (C2), 71 71 (C4), 42 27 {C3), 31 65 and 31 33 (C5
and C2'), 2762 (C1'), 26 31 ard 25 70 (CMe;,), 21 13 and 20 94 (OCOMe), No furthur

charactenzation was possible for this compound due to its instability

Acetolysis of (61)

d,FCamphorsulforic acid (1 69 g, 7 29 mmol) was added to a stirred solution of acetonide
61 (1 70 g, 2 43 mmol) in glacial acetic acid (28 mL) containing acetic anhydride (6 9 mL) heated
to 70°C The resulting bnght yellow solution was stirred at 70°C under nitrogen  After 25 min the
reaction was cooled in ice and slowly added to a solution of sodium carbonate (80 g) in water (450
mL) and the resulting slurry swirled intermuttantly over 30 min  The product was extracted with
ethyl ether (2 x 400 mL) and washed with saturated aqueous sodium bicarbonate (500 mL) and
water (500 mL) The combined ether layers were then dried (MgSQ,), fi'tered and the solvent
removed in vacuo yielding a clear, colorless syrup Chromatography of the crude product (55 1
to 4 1 hexanes / ethyl acetate, v/v) aftorded three products the B-furanose 62 as a clear,
colorless syrup (691 mg, 52 % yield) 'H-NMR (CDCl,, 200 MHz) 8 1 06 ppm (S, 9H, t-butyl), 1 56-
182 (m, 2H, H1'5 g). 204, 2 06, 2 08 (three s, 9H, OAC's), 2 61 (h7, 1H, H3), 357-3 79 (m, 2H,
H2'ag), 4 06 (A of ABX, 1H, H5',), 4 33 (B of ABX, 1H H5g), 4 10-4 25 (m, 1H, H4), 5 16 (d. 1H,
H2), 6 09 (s, 1H, H1), 7 34-7 69 (m, 10H, phenyls), coupling constants (Hertz) Jy; o ~ 0, Jpopa =
45, Jpansa =61, Juansg= 2 3, 2psapsg = -115, '3C-NMP (CDCly, 754 MHz) § 170 65, 169 74,
169 06 ppm (OCOMe), 135 45, 133 37, 13328, 129 77, 127 73 (phenyls), 98 81 (C1), 82 61
(C4), 76 87 (C2), 65 49 (C5), 61 64 (C2'), 3793 (C3), 27 71 (C1'), 26 78 (CMe,), 21 12, 20 76,
20 61 (OCOMe), 19 13 (CMej), [ }?5p = 12 0°(c = 1 25, CHCl;), MS (CI - NH,), m/e 485 ([MH* -
C4Hiol. 12 %), 483 ([MH* - AcOH), 100), HRMS (C) - NH3, res 8000), m/e calcd for C,,H3506S!1
[MH* - AcOH] 4832203 found 483 2201, the major 1-R acetyl acetonide 77 as a clear.
colorless syrup (371 mg, 25 % yield) 'H-NMR (CDCl3, 200 MHz) § 1 05 (s, 9H. t-butyl), 1 46 and
147 (two s, 6H, CMey), 1 48-176 (m, 2H, H1',5), 2 01, 2 03, 2 08 (three s, SH OAc's). 2 39 (o,
TH, H3), 3 74 (apparent t, 2H, H2'sg), 4 20 (A of ABX, 1H, H5,), 4 30 (B of ABX, 1H, H5g). 4 34
(dd. 1H, H2), 531 (ddd, 1H, H4), 6 27 (d. 1H, H1), 733-7 70 (m, 10H, phenyis), couphng
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constants (Henz). Jyy 2 =30, Juona =51, Jrans =48, Jusmsa =7 V.o dhansn = 35 Jiwaring =
129, 'SC-NMR (CDCl;, 754 MHz) §170 57, 170 26, 170 11 ppm (OCOMe) 13549 133 43
129 66, 127 67 (phenyls), 111 84 (CMe,). 97 15 (C1), 81 43 (C2), 70 97 (C4) 63 98 (C5) 61 39
(C2", 37 42 (C3), 29 42 (C17), 26 75 (2C,CMe, and C(Me)Me), 26 02 (C({Me)Me}, 21 22 20 81
20 73 (OCOMe), 19 10 (CMeg), [a]??p = +330° (¢ = 225, CHCly). MS (FAB nitrobenzyl
alcohof), m/e 543 ([MH* - 58(C4H,o or C3Hg0)), 8 %), 541 ([MH* - AcOHJ. 17), 483 ((MH* -
58(C4H1o of C3HgO) - AcOH], 10, 307 (17), 285 (19}, 241 (100), 221 (45), HIMS (FAB glycerol),
m/e calcd for CapH4 0,81 [MH* - AcOH] 54126215 found 541 26233 and the minor 1 §
acetyl acetonide 78 as a clear, colorless syrup (75 mg, 5 1 % yield) "H-NMR (CDCIy 200 MHz) o
105 (s, 9H, t-butyl), 1 37 and 1 48 {two s, 6H, CMe,), 1 43-156 (m. 2H, H1 1) 195,203 204
(three s, 9H, OAc's), 2 41 (m'", 1H, H3), 3 70 (M'°, 2H, H2'4 ), 4 31 and 4 32 (calcd by spin
simulation as A and B of ABX, 2H, H5, and H5g, appear as 4 30d, J =1 1 Hz, 433 s). 4 13 (dd, 1H,
H2), 5 49 (ddd, 1H, H4), 6 19 (d, 1H, H1), 732-7 70 (m, 10H, phenyis), coupling constants
(Henz)" Juim2=30, 23 =9 7, Juaa =2 6, Jnarsa = 6 6, Jnamse = 53, Jysa sy = 123, '1C
NMR (CDCl,, 75 4 MHz) § 170 65, 170 31, 170 24 ppm (OCOMe), 13547, 135 41 133 49,
133 29; 129.74; 12970, 127 73, 127 72 (phenyls), 111 37 {CMe») 9366 (C1). 7858 (C2).
7109 (C4), 65 22 (C5), 61 10 (C2", 3591 (C3), 2992 (C1'), 28 21 and 25 60 (CMe,), 26 82
(CMe,), 21 14, 20 93, 20 83 (OCOMe), 19 16 (CMea). [« ]%p=-416 (c = 140. CHCl). MS
(FAB - nitrobenzyl aicohol), mve 543 ([MH* - 58(C4H,o or CaH,O)]. 9 %) 541 ((MH*  AcOH], 19),
483 ([MH* - 58(C4H,q or CaHgQ) - AcOH], 13), 307 (16), 285 (27) 241 (100), 221 (58). HRMS
(FAB-glycerol), m/e calcd for CygH,, 0,81 [MH* - ACOH]} 54126215 found 541 26233

Acetolysis of (7).

Mesylate 7 (3 00 g, 5 57 mmol) was acetolyzed at 78 C and worked up in a manner
identical to that described for the acetolysis of 61, above Punfication of the crude syrup by
chromatography over silica gel (1 1 1 hexanes / ethyl acetate, v/v) afforded three products [
tnacetate 64 (Rs 0 13) as a clear, colorless syrup (1 043 g, 49 G % yield) whose "H NMR was
identical to product obtained by an alternate route (see Section 4 5), the marwor 1 A acetyl
acetonide 79 (Rs 0 29) as a clear, colorless syrup (486 mg, 198 % yteld) "H-NMR (CDCI,, 200
MHz) & 1 48 ppm (s, 6H, CMe3), 1 65-2 01 (m, 2H, H1'y ), 2070 2 073 and 2 11 (three s, 9H,
OAc’s), 235 (m8, 1H, H3), 3 05 (s, 3H, MsCH,), 4 22 (A of ABX, 1H H5,) 434 and 428 4 38 (B
of ABX overlapping a mult , 4H, H55, H2 and H2'4 ), 531 (ddd 1H, H4) 622 (d 1H H1)
coupling constants (Hertz) Jis w2 =31, Jpa s =4 8, Jnapisa =68 Jiiansa = 3 7. diwan = 121
and the minor 1-S acetyl acetonide 80 (Rt 0 24} as a clear, colorless syrup (188 mg, 5 4 % yield)
'H-NMR (CDCl3, 200 MHz) 8 1 39 and 1 50 (two s, 6H, CMe,), 158 168 (m, 2 H1'xy) 205,
2.12 and 2 14 (three s, 9H, OAc's), 2 35-2 48 (m, 1H, H3), 303 (s. 3H MsCH,), 4 12 (dd, 1H
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H2), 4 26-4 41 (m, 4H, H5, g and H2'4 g), 5 46 (ddd, 1H, H4), 6 25 (d, 1H, H1), coupling constants
(Hertz) Jyi vz = 32 Juz Ha = 99, Juz e =23, Jyansa = 67, Jyansg = 4 7 No furthur

charactenization was possible for these compounds due to their instability




4.7 EXPERIMENTAL FOR SECTION 2.7

2',5'-Di-O-acetyl-2"-O-tert-butyidiphenylisilyl-3'-deoxy-3'-C-(2"-hydroxyethyl)-
cytidine (81).

The Vorbruggen coupling of furanose 62 and bis-(tnmethylsilylcytosine was carned out
In a manner identical to that described for the preparation of 17 Punfication of the crude solid by
chromatography over siica gel (20 1 to 14 1 methylene chlonde methanol, v v) attorded
nucleoside 81 as an amorphous white soiid (30 % yield) 'H-NMR (CDCl,, 200 MHz) o 1 00 ppm
(s, 9H, t-butyl), 1 54 (brq, 2H, H2",1 ), 205 and 2 06 (two s 6H OAc) 237 256 (m 1H H3),
357-377 (M. 2H, H1",p}, 4 16 (dq, 1H, H4'), 4 28 (A ot ABX 1H H5,) 444 (B ot ABX 1H H5 )
543 (d, 1H, H2'), 573 (d, 1H, H5), 580 (s, 1H, H1), 730-7 63 (m 10H phenyls), 768 (d. 1H.
HB), coupling constants (Hertz) Jyy 12 ~ 0. Jpo 13 =49 Jha via = 10, dhs risa = 4 6, dyyy 1isu = 2 3,
ZIsanse = -125, Jusme = 7 4. 1°C-NMR (CDCly, 75 4 MHz) 8 170 38 and 169 09 ppm (OCOMe).
166 02 (C4), 15548 (C2), 14025 (C6), 13539, 13341, 133 12, 12981, 12973, 127 74,
127 70 (phenyl), 94 41 (C5), 91 35 (C1'), 8201 (C4’), 7729 (C2), 63 27 (C5). 61 19 (C2").
37 46 (C3), 27 31 (C1"), 26 81 (CMej), 20 75 (2C, OCOMe}, 19 11 (CMe,), [ ], = +88 2 (C =
1, CHCl;3), UV (methanol), Ama, 272 nm (e 6510), MS (FAB - nitrobenzyl alcohol) mve 1188
([2M*], 100 %), 594 ([MH*], 27), 536 ((MH* - C,H.o], 46), 483 ((MH* Cyl], 43), 363 (14), 292 (36,
241 (41), 239 (14), 221 (36), HRMS (FAB - giycerol), nmve calcd for C,.H.,O .N,Si [MH*]
594 26355 found 594 26370

2',5’-Di-0-acetyl-N4-benzoyl-2"-O-tert-butyldiphenylsilyl-3'-deoxy-3'-C-(2"-
hydroxyethyl)-cytidine (82).

The exocyclic amino group of 81 was benzoylated and worked up using the same
procedure as described for the preparation of 18 Punfication of the crude product by
chromatography over silica gel (2 1 to 6 1 ethyl acetate / hexanes v/v) afforded nucleoside 82 as
an amorphous white solid (89 % yield) 'H-NMR (CDCls, 200 MHz) & 1 00 ppm (s, 9H, t butyl),
148-1 61 (m, 2H, H1"5g), 2 09 (s, 6H, OAc's), 253 (h7, 1H, H3’), 3 58-3 80 (m, 2H, t{1") 4 23 (dt,
1H, H4'), 4 35 (A of ABX, 1H, H5',), 4 48 (B ot ABX, 1H, H5'g), 550 (d, 1H H2),589 (s 1H H1),
7.31-7 92 (two m, 16H, phenyls and H5), 8 17 (d, 1H, H6), 8 7 (br and exchangeable, 1H NHBz),
couphng constants (Hertz) Jy: 2 ~ 0. Jip 113 =52, Jig e =105 Jjsvisa =39 iy =20,
2dhsamss = 12 7, Jus s = 7 6, PC-NMR (CDCly, 75 4 MHz) 6 169 96 and 168 64 ppm (OCOMe)
166 75 (C4), 162 40 (NCOPh), 154 03 (C2), 143 77 (C6) 13513, 133 17 13290 13282
129 56, 129 51, 128 60, 127 50 (phenyls). 96 06 (C5) 9140 (C1'), 8237 iC4') 7681 (C2),
62 35 (C5'), 60 92 (C2"), 36 72 (C3'), 26 80 (C1"), 26 57 (CMe,), 20 52 and 20 41 (OCQOMe),
18 88 (CMey), [ %%y = +80 4% (c = 1, CHCl,), UV (methanol), i.,, 262 nm (¢ 25100) and 304 nm
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(¢ 10700), MS (FAB - mitrobenzy! alcohol), mve 698 ([MH*], 29 %), 640 ([MH* - C,H.]. 31), 483
(16), 421 (36), 221 (26), 216 ([Cyt-Bz + H*], 100), HRMS (FAB - glycerol). m/e calcd for
C1aHas0sN4SI [MH*] 698 2898 found 698 2900, Anal calcd for CagHa30sNsSt C. 6540, H.
621,N, 602 found C, 6527, H 614 N, 579

2',5'-DI-O-acetyl-3'-deoxy-3'-C-(2"-hydroxyethyl)-2"-O-methanesulfonyl-
cytidine (85).

Tnacetate 64 was subjected to the Vorbruggen coupling with brs-(trimethylstlyl)cytosine
as described for the preparation of 17 Puntication of the product by chromatography over silica
gel (20 1 to 12 1 methylene chlonde / methanol, v/v) afforded nucleoside 85 as an amorphous
white sohd (640 mg, 54 3 % yleld) "H-NMR (CDCls, 200 MHz) 6 1 72-1 86 ppm (m. 2H, H1"5 ),
214 and 2 18 (two s, 6H, OAc), 2 32-2 52 (m, 1H, H3'), 3 01 (s, 3H, MsCHg), 4 10-4 31 (m, 3H,
H4' H5'a g), 4 36-4 48 (M, 2H, H2"a ), 5 62 (d, TH, H2'), 5 72 (s, TH, H1'), 593 (d, 1H, H5), 7 60
(d, 1H, H6), 6 7 and 8 2 (two br, 2H, NH), coupling constants (Hertz) Jyy p2 ~ 0, Jua w3 =52,
Jusus = 7 6. 13C-NMR (CDCl,, 75 4 MHz) 8 169 80 and 170 61 ppm (OCOMe), 165 90 (C4),
15541 (C2), 140 82 (C6), 95 20 (C5), 9229 (C1’), 81 96 (C4'), 77 18 (C2'), 67 92 (C27), 63 09
(C5'), 38 10 (C3"), 37 17 (OMs), 24 39 (C1"), 20 72 and 20 78 (OCOMe), UV (methanol), Amax
270 nm (¢ 7900), MS (FAB-nitrobenzyl alcohol), m/e 771 ([2M + H*], 17 %), 434 ([MH*], 17), 338
([MH* - MsOH], 100), 323 ([MH* - Cyt], 65), HRMS (FAB - glycerol), m/e calcd fo. CgH2.05N3S
[MH*] 434 1233 found 434 1231

2',5'-Di-O-acetyl-N4-benzoyi-3’-deoxy-3’-C-(2"-hydroxyethyl)-2"-0-
methanesulfonyi-cytidine (83).

Via alcohci (84) Nucleoside 82 (70 mg, J 100 mmol) wa< dissolved In
tetrahydrofuran (1 0 mL) containing acetic acid (17 mL, 0 30 mmol), and tetra-n-butylammonium
fluoride trihydrate (53 mg, 0 150 mmol) was then added After stirnng at ambient temperature
under mitrogen for 2 75 h, the colorless solution began to solidify At this point, dry N N-
dimethylformamide (100 ul) was added and the resulting homogeneous solution was stirred for
an additional 1 5 h  The reaction was then evaporated in vacuo to a syrup which was extracted
with methylene chloride (30 + 20 mL) and washed with agqueous sodium bicarbonate (7 % wrv, 30
mL} and water (30 mL) The combined organic phases were then drnied (Na,SQ,), filtered and the
solvent removed 11 vacuo Chromatography over silica gel (25 1 methylene chlonde / methanol
v/v) atforded alcohol 84 gs a coloriess solid (46 mg, 85 % yield) In an alternate method. 15
equivalents of hydrogen fluoride 2,4 6-tnmethylpyridine complex was used rather than acetic
acid, and the addition of DMF was omitted This treatment afforded alcohol 84 in >90 % yield 'H-
NMR (CD;0D. 200 MHz) § 1 50-1 68 ppm (m, 2H, H1",g), 2 13 and 2 16 (two s, 6H, OAc's), 2 35-
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2.50 (m, 1H, H3'), 345-3 63 (m, 2H, H2"4g), 4 25 (dg, 1H, H4') 4 41 (A of ABX 1H. H5'y), 4 50 (B
of ABX, 1H, H5'5), 5 67 (d, 1H, H2"), 5 80 (s, 1H, H1"), 7 43-7 68 (two m, 6H, H5 and phenyl), 8 34
(d, 1H, H6), coupling constants (Henz) Juy v ~ 0 o v =51, hy s = 11 0.6 isa = 22 0

H58=40,2Jpsarsg =129, Juss = 7 6

Alcohol 84 (100 mg, 0 218 mmo!) was dissolved in dry methylene chlonde (1 mL)
containing pynidine (158 uk, 1 96 mmol) and methanesultonyl chionde (74 uk, 0 44 mmol) was
then added After 25 h of stimng at ambient temperature under a nitrogen atmosphere the
reaction was extracted with methylene chlonde {2 x 25 mL) and washed with dldute suiphuric acid
(1 % wiv, 25 mL), saturated aqueous sodium bicarbonate (25 mL) and water (25 ml) The
combined organic extracts were then dried (Na,SQO,), filtered and the solvent cvaporated i vacuo
affording a colorless glass which was chromatographed over silica gel (25 1 methylene chlonde /
methanol, v/v) to afford mesylate 83 as an amorphous white solid in quantitative yieid 'H NMR
(CDCl,, 200 MHz) 8 1 66-1 96 ppm m, 2H, H1"4g), 2 17 (s, 6H, OAC’s), 2 46 (h , 1H, H3'), 2 96
(s, 3H, MsCH,), 4 13-4 27 (m, 3H, H4" and H2"s p), 4 41 (A of ABX, 1H, H5 »). 4 51 (B of ABX, 1H,
H5'g), 5.81 (s, 1H, H1"), 5 82 (d, 1H, H2'), 7 45-7 98 (two m, 6H, phenyl and H5), 8 15 (d, 1H, HE},
9 05 (br and exchangeable, 1H, NHBz), coupling constants (Hertz) Jyy 12 ~ 0, Jyp 13 = 4 8,
Hsa =20, Jua s =3 9, Znsanse = -129, Juspe = 7 6, °C-NMR (CDCly, 75 4 MHz) & 170 25 and
169 23 ppm (OCOMe), 166 80 (C4), 162 60 (NCOPh), 154 47 (C2), 144 11 (C6é), 132 87,
128 61, 127 78 (phenyl), 96 21 (C5), 92 01 (C1'), 82 58 (C4'), 76 67 (C2') 67 62 (C2), 62 04
(C5'), 37 25 (C3'), 37 02 (MsCH,}, 2399 (C17), 20 62 (2C, OCOMe), [« '}y = +677 (¢ = 05,
CHCl3), UV (methanol), Ama 262 nm (¢ 24400) and 304 nm (¢ 10400), MS {FAB - mitrobenzyl
alcohol), m/e 538 ([MH*], 60 %), 478 ([MH* - ACOH], 4), 442 ((MH* MsOH)], 5), 323 ([MH* Cyt
Bz}, 100), 216 ([Cyt-Bz + H*], 58), HRMS (FAB - glycerol), m/e calcd for C. H,4O (NS [MH*]
538.1495 found 538 1494, Anal calcd for CuaH,,0.0N4S C,5062. H 506, N, 782, 5,596
found C, 5035 ,H,500,N,761,S,593

Via mesyl sugars: Nucleoside 85 was benzoylated and worked up n a manner
identical to that descnbed for the preparation of 18

2'-0-Acetyl-5'-S-acetyl-2"-O-tert-butyldiphenyisilyl-3',5'-dideoxy-3'-C-(2"-
hydroxyethyl)-5'-thiocytidine (86).

The Vorbruggest coupling of furanose 69 and bis-(trimethylsilyljcytosine was carned out
'n a manner 1dentical to that described for the preparation of 17 Purification of the crude syrup by
chromatography over siiica gel (20 1 to 12 1 methylene chlonde / methanol v/v) afforded two
products the more polar component ( Rf <05 1 1 ethyl acetate / hexanes v/v) nucleoside 86
as an amorphous white solid (78 % yield) "H-NMR (CDCl,, 200 MHz) 6 1 02 ppm (s GH, t butyt),
149-175 (m, 2H, H1"5 ), 2 02 (s, 3H, OAc), 2 29 (h/, 1H, H3'}, 236 (5. 3H SAc}, 3 12 (Aot ABX
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1H. H5'4), 3 39 (B of ABX, 1H, H5'g), 3 55-3 78 (m, 2H, H2"s ), 4 04 (ddd, 1H, H4"), 5 36 (dd, 1H,
H2'), 5 73 (d, 1H, H1'), 581 (d, 1H. H5), 7 30-7 64 (two m, 10H, phenyls), 7 46 (d, 1H, H6),
ccuphing constants (Hertz) Jyy w2 =13, Ji2 i3 =55, Jugna = 10 1, dhs wsa = 7 8, Jua sg =28,
2usanss = 14.3, Jusus = 75, 3C-NMR (CDCly, 75 4 MHz) & 194 67 ppm (SCOMe), 169 24
(OCOMe), 165 96 (C4), 155 44 (C2), 140 39 (C6), 135 44, 133 44, 133 25, 12976, 129 71,
127 72 (phenyls), 94 80 (C5), 91 46 (C1’), 82.70 (C4’), 77 66 (C2’), 61 34 (C2"), 41 42 (C3),
31 75 (C5), 30 55 (SCOMe}), 27 40 (C1"), 26 84 (CMe,), 20 72 (OCOMe), 19 13 (CMejy),
[ = +100 1° (c = 05, CHCly), UV (methanol), Amax 272 nm (¢ 8480); MS (FAB - giycerol), mve
610 ([MH*], 45 %), 552 ([MH* - C4H,o], 9), 499 ([MH™* - Cyt], 30), 292 (21), 241 (38), 221 (26),
HRMS (FAB - glycerol), m/e calcd for C3,H,OsN3SSI [MHY] 610 2407 found 610 2406, Anal
calcd for CyyH3gOeN3SS1 C, 6106, H, 6 44, N, 689, S,526 found C 6086,H, 634, N, 694,
S, 532, and the less poiar (R¢= 0 85, 1 1 wthyl acetate / hexanes, v/v) component, 35 (3a.40)]-
3,5-Diacetyl-2'- tert-butyldiphenylsilyi-3,4-dihydro-4-(2'-hydroxyethyl)-2H-thiopyran 87, as a clear
colortess oil (160 mg, 16 % yield) 'H-NMR (CDCl;, 300 MHz) & 1 05 ppm (s, 9H, t-butyl), 1 77 (q,
1H, H1'4 ), 1 99 and 2 02 (two s, 6H, OAC's), 2 88 (A of ABX with an additional fine splitting, 1H,
H2x(eq)), 2 95 (M, 1H, H4), 2 96 (B of ABX with an additional fine splitting, 1H, H2g(ax)), 3 71 and
3 74 (overlapping dt's, 2H, H2's g), 5 27 (ddd, 1H, H3), 5 78 (d, 1H, Hé), 7 36-7 67 (two m, 10H,
phenyls), coupling constants (Hernz) Juz s =45, Juanr = 6 5, Jna n2ax = 8 4, Jus Hoeq = 30,
2dh2eq Hoax = 12 6, Ju1 2= 6 5, 2doA2B = -13 7, *Jpame = -1 2, *Jhzeqra = - 12, “drzax s ~ -0 5.
'3C-NMR (CDCly, 75 4 MHz) & 169 89 and 169 09 ppm (OCOMe), 141 66 (C5), 135 47, 133 70,
133 59, 129 68, 127 68 (phenyls), 108 32 (Cg), 68 83 (C3), 61 70 (C2"), 36 04 (C4), 30 92 (C1).
26 80 (CMes), 26 08 (C2), 20 94 and 20 70 (OCOMe), 19 13 (CMej), MS (C! - NH3), m/e 516 ([M
+ NH4 ], 100 %), 499 ([MH*], 43), 439 ([MH* - AcOH], 37), 421 (14), HRMS (Ci - NH,), mve calcd
for C27H3505SSt [MH*] 499 1974 found 499 1973

2’-O-tert-Butyidiphenylsilyl-4-(2'-hydroxyethyl)-2 H-thiopyran-5(6 H)-one (90).
Aqueous sodium hydroxide solution (1 0 N, 150 ul) was added to a solution of enol
acetate 87 (65 mg, 0 13 mmol) in methanol (15 mL), «i 1 the reaction was stirred at ambient
temperature After 7 min the resuiting wine-colored solution was poured into methylene chlornde
(30 mL), washed with aqueous sodium bicarbonate (5 % w/v, 30 mL) and bnine (30 mL), and
reextracted with methylene chlornde (20 mL) The combined organic phases were then dned
(Na,S0O,), itered and the solvent evaporated in vacuo yiglding a brown syrup Chromatography
over silica gel (10 1 hexanes / ethyl acetate, v/v) afforded the unstable thiopyranone 90 as a
colorless ol (32 mg, 62 % yield ) 'H-NMR (CDClz, 200 MHz) 8 1 04 ppm (s. SH. t-butyl), 2 49 (t
with furthur fine splitting into q, 2H. H1°), 3 22 (fine t, 2H, H6), 3 31 (d with furthur fine sphitting into
torq, 2H, H2). 3 74 (1, 2H, H2'), 6 79 (t with furthur tine sphtting into t, 1H, H3), 7 32-7 68 (two m,

125



10H, phenyls), coupling constants (Hertz) Juons =44, Jyy 1o = 6 3, Jus e = -10, long range
couplings of <1 Hz between H2, H1’ and H6 also observed, "*C-NMR (CDCl;. 75 4 MHz) 5 191 88

ppm (CS5), 142 11 (C3), 136 23 (C4), 135 53, 133 75, 12959, 127 61 (phenyis). 62 28 (C2".
34.68 (C6), 34 00 (C1'), 26 83 (CMey), 26 02 (C2), 19 20 (CMez) The instabtiity of the ketone

prevented any further charactenzation

2'-0-Acetyl-5'-S-acetyl-N3-benzoyl-2"-O-tert-butyldiphenylsilyl-3’,5'-dideoxy-3'-
C-(2”-hydroxyethyl)-5'-thiocytidine  (89).

The exocychic amino group of 86 was benzoylated and worked up using the same
procedure as described for the preparation of 18 Punfication of the crude product by
chromatography over siica gel (2 1104 1 ethyl acetate / hexanes, v/v) afforded nucleoside B9 as
an amorphous sohd (97 % yield) 'H-NMR (CDCly, 200 MHz) § 1 02 ppm (s, 9H, t-butyl), 1 48-1 77
(m, 2H, H1",g), 2 06 (s, 3H, OAc), 236 (h7, 1H, H3'), 2 38 (s, 3H, SAc], 3 20 (A of ABX. tH. H5',),
3 42 (B of ABX, 1H, H5'g), 3 58-3.80 (m, 2H, H2"5g), 4 13 (ddd, 1H, H4"), 5 42 (dd, 1H H2'), 5 82
{d, 1H, H1"), 7 32-7 97 (two m, 17H, phenyls, H5 and H6), 8 75 (br and exchangeable, 1H, NHBz),
coupling constants (Hertz)  Jnyn2 =12, Jo =56, Jug e =103, i sa =73 Jjs 1w = 2 8,
2Jnsa-HsB = -14 5; 8C-NMR (CDCl3, 75 4 MHz) & 194 40 ppm (SCOMe), 169 06 (OCOMe),
166.59 (C4), 162 29 (NCOPh), 154 28 (C2), 144 22 (C6), 13543, 13338, 133 15,129 77,
129 73, 129 00, 127 72, 127 53 (phenyls), 96 48 {C5), 9193 (C11, 8322 (C4') 7742 (C2)
61.18 (C2"), 41 15 (C3’), 31 41 (C5'), 3057 (SCOMe), 27 16 (C1') 2681 (CMey). 20 64
(OCOMe), 19 12 (CMey), [ )%3p = +109 G~ (c = 1, CHCly), UV {(methanol), A..,, 262 nm (x 24600)
and 304 nm (e 10000), MS (FAB - nitrobenzy! alcohol), m/e 714 ([MH*] 25 %), 656 ([MH*
CsHyo], 24), 241 (33), 216 ([Cyt-Bz + H*], 100), HRMS (FAB - glycerol}, mre calcd tor
CqagH4407NaSSI [MH*] 714 2669 found 714 2672, Anal calecd for Cq4H430.N4SSI C, 63 93,
H.6C7,N,589,S,449 found C,6370,H,575 N,575 S, 469

N4.benzoyl-2"-O-tert-butyldiphenylsilyl-3',5'-dideoxy-3'-C-(2"-hydroxyethyl)-5'-
thiocytidine (88).

Aqueous potassium hydroxide solution (1 0 N, 600 ul), previously saturated with
nitrogen gas, was added dropwise to « stirred solution of nucleoside 89 (148 mg, 0 207 mmol) In
isopropy! alcohol (saturated with N,, 3 0 mL), and the reaction was stirred at ambient temperature
under a nitrogen atmosphere Addtional portions of base solution (150 and 75 ul) were added
45 min and 2 5 h after the start of the reaction After 3 h the reaction was added to dilute sulphuric
acid solution (1 % w/v, 60 mL), extracted with chloroform (3 x 30 mL; and the combined organic
phases washed with brine (100 mL) The chloroform layer was then dred (Na,SO,) hitered and

evaporated /n vacuo yielding a colorless oil  Chromatography over silica gel (25 1 methylene
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chlonde / methanol, v/v) afforded deacylated nucleoside 88 as a clear, colorless syrup (124 mg,
95 % yield) 'H-NMR (CDCl, 200 MHz) 51 02 ppm (s, 9H, +-butyl),1 41-1 62 (m, 1H, H1"4), 157
(dd, exchangeable, 1H, 5-SH), 1 84-2 01 (m, 1H, H1"), 207-2 22 (m, 1H, H3'), 280 (A of ABX
showing an additional sphitting, 1H, H5'4), 301 (B of ABX showing an additional splitting, 1H,
H5'g), 364-3 85 (m, 3H, H2"sg and 2'-OH), 4 24 (br d, 1H, H2'), 4 27 (ddd, 1H, H4), 5 76 (s, 1H,
H1'), 7 29-7 95 (two m, 16H, phenyls and H5), 8.35 (d, 1H, H6), 8 90 (br and exchangeable, 1H,
NHBz), coupling constants (Hertz) Jy1 w2 ~ 0, Juz-nz =5, Jua-Ha = 104, Jansa = 54, Jnause =
33, Wnsanss =146, Jusasi=77, Jusgsn=9 7, Jus s = 7 5, °C-NMR (CDCly, 75 4 MHz) 6
166 54 ppm (C4), 162 40 (NCOPh), 155 34 (C2), 144 20 (C6), 13542, 135 40, 133 25, 133 22,
133 04, 132 98, 129 73, 128 89, 127 66 (phenyls), 96 23 (C5), 94 17 (C1'), 84 24 (C4"). 76 92
(C2'), 6192 (C2"), 41 04 (C3'), 26 85 and 26 70 (C5' and C1"), 26 80 (CMej3), 19 03 (CMej), UV
(methanol), Amax 262 Nm (¢ 16000) and 306 nm (e 7090); MS (FAB - nitrobenzyl alcohol), m/e 630
([MH*], 26 %), 572 ((MH* - C4H,q], 2), 216 ({Cyt-Bz + H*], 100), HRMS (FAB - giycerol), mve caicd
for CasHagN3OsSSI [MH+] 6302458 found 630.2461

Coupling reaction to (93).

To a stirred suspension of cesium carbonate (98 mg, 0 30 mmol) in dry N N-
dimethylformamide (2 mL) was added a solution of thio! 88 (104 mg, 0 162 mmol) and mesylate
83 (80 mg, 0 15 mmol) in dry N,N-dimethyliormamide (1 mL), and the resulting cloudy yellow
solution was stirred under a nitrogen atmosphere at ambient temperature  After 3 h acetic acid (10
ul) was added and the solvent removed mn vacuo The residue was extracted with methylene
chlornde (2 x 40 mL) and washed with aqueous sodium bicarbonate (~2 % w/v, 60 mL) and brine
(60 mL) The combined organic extracts were then dried (Na,SO,), filtered and the solvent
evaporated /n vacuo affording a yellow solid Chromatography over sihica gel (25 1 methylene
chlonde, v/v) gave the dimer as a white solid (143 mg, 89 % yield) 'H-NMR (CDCly, 300 MHz,
preceding superscripts and numbers in parentheses indicate to which branched-chain
nucleoside unit (3'- or 5’-end) the proton belongs) 8 0 99 ppm (s, 9H, t-butyl), 1 52-1 74 (m, 3H,
3H1'3 and SH1" ), 186-1 99 (M, 1H, 3H175), 2 01-2 12 (m, 1H, 3H3'), 2 15 and 2 15 (two s, 6H,
OAc's), 234-2 44 (m, 1H, °H3'), 252-2 62 (dt, 1H, J' =7 7, J2 = 128 Hz, 5H2",), 2 66-2 78 (m,
1H, 5H2"g), 2 75 (A of AE'X, 1H, 3H5',), 292 (B of ABX, 1H, 3H5'g), 365-3 79 (m, 2H, 3H2", &),
3 87 (br and exchangeable, 1H, -OH), 4 18-4 29 (m, 3H, 3H2', 3H4' and SH4'), 4 42 (A of ABX, 1H,
SH5'4), 4 49 (B of ABX, 1H, 5H5'3), 5 71 (d, 1H, 5H2), 5 75 (s, 1H, 3H1), 5 83 (s, 1H, 5H1"), 7 30-
7 93 (two m, 22H, phenyls and 2xH5), 8 17 (d, 1H, J =76 Hz, H6), 8 19 (d. 1H. J = 7 4 Hz, H6),
8 96 (br. 2H. NHBz), coupling constants (Hertz) gy amz ~ 0, Jisis simz ~ 0. disymz 153 =5 1.
Jisine ssa = 19, disia sipsn =3 9, 2disjusa sivs 8 = 129, Japna arsa = 6 4 JaHe @mse = 3 3,
2Jamsa aimsg = -14 1. '3C-NMR (CDClj, 75 4 MHz) § 170 26 and 169 19 ppm (OCOMe), 166 79
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and 166 55 (2 x C4), 162 58 and 162 32 (2 x NCOPh), 155 10 and 154 48 (2 x C2), 144 33 and
144 15 (2 x C6), 135 40, 135 36, 133 18, 13299, 129 70, 128 84, 127 65 {phenyls), 96 31 and
96.26 (2 x C5), 94 48 (°C1’), 92 14 (°C1'), 84 01 and 82 72 (2 x C4'). 76 82 and 76 69 (2 x C27),
62.39 (5C5'), 62 09 (3C2"), 42 65 (3£3'), 39 70 (°C3'), 34 95 (°C5’), 31 17 (°C2"), 26 86 ('C1").
26.76 (CMe,), 24 28 (5C17), 20 80 and 20 72 (OCOMe), 19 00 (CMej;), UV (methanol) A,,,, 262
nm (g 36000) and 306 nm (¢ 16200), MS (FAB - glycerol), mve 1071 ([MH*}, 13 %), 641 (25). 277
{(100).

Dinucieotide Analogue (9S5).

To a solution of dmer 93 (242 mg, 0 226 mmol) in dry tetrahydrofuran (2 mL) containing
glacial acetic acid (39 pL, 0 68 mmol), was added tetra-n-butylammonium fluoride trinydrate (107
mg, 0.34 mmol) and the resulting yellow solution was stirred at ambient temperature under a
nitrogen atmosphere After 2 5 h the reaction was evaporated i1 vacuo and the resulting syrup
extracted with chioroform (2 x 40 mL) and washed with aqueous sodwum bicarbonate (5 Y% w/v, 40
mL) and brine (40 mL) The combined organic extracts were then dried (Na,SQO,), hitered and the
solvent removed in vacuo yielding a colorless syrup Repeated tnituration of the product, followed
by careful removal of the supernatant using a pipette plugged with tissue, resulted in a white,
chalky powder homogeneous by tic No characterization was performed on this matenal
presumed to be the diol 94

The solid was suspended in methanol (6 mL) and a stream of ammonia gas passed
through the reaction for ~5 min After 4h of stirnng at ambient temperature the soiid had
completely dissolved After an additional 10 h the solution was briefly heated to boiing, cooled
and then evaporated mvacuo Triuration of the resulting solid with acetone, as described above
afforded the deprotected product, accompanied by one equivalent of methyl hensoate  The
contaminant was removed by dissolving the mixture in minimal methanot and adding - 6 mt of
ethyl ether. The resulting white precipitate was washed repeatedly with ether aftording the
dinucleotide analogue 95 as a chalky white solid (92 mg, 75 % yteld from 93) "H-NMR (CD,0D,
300 MHz, preceding superscripts and numbers in parentl.2ses indicate to which branched-cham
nucleoside unit (3'- or 5-end) the proton belongs) & 1 52-169 ppm (m, 2H, *H1"s and “H1"),
174-2.07 (m, 3H, 3H3', 3H1"g, and 5H1"g), 2 18 (h’, 1H, °H3'), 2 58-2 81 (m, 2H °H2"\y), 2 89 (A
of ABX, TH, Jiyhs a ae = 6 2 HZ, 2gis a iamsp = 14 3 Hz, ®H5'4), 301 (Bof ABX 1H.J 4,151
=6 2 Hz, 3H5'g), 353-374 (m, 3H, 5H5'5 and 3H2"y g) 396 4 04 (M. 2H, "H4' and “H5',y) 4 13-
421 (m, 3H,°H2", 3H2' and 3H4'). 570 and 5 72 (two s, 2 H1 and "H1) 583 and 5 88 {two d
2H, 2 x H5), 7 90 (d, 1H, coupledto d at 5 88 ppm, Jys 1 = 7 4 Hz, H6), 828 (d 1H coupledtod
at 583 ppm, Jus.ps = 7 5 Hz, H6), "3C-NMR (CD,0D. 754 MHz) 6 167 74 and 167 70 (2 x C4,
158 32 and 158 23 (2 x C2), 142 65 and 14219 (2 x C6), 95 50 and 9504 (2 x C5; 94 75 and
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94 38 (2x C1'), 86 74 and 8537 (2 x C4’), 77 91 and 77 55 (2 x C2'), 61 28 and 60 94 (5C5' and
3C27), 43 46 (3C3), 40 52 (5C3'), 35 44 (3C5’), 3213 (5C2"), 28 11 (3C1"), 25 36 (°C1"); UV
(H20), Amax 274 nm (¢ = 15300), HRMS (FAB - glycerol), mve calcd for CyaHjy30gNeS [MH?]
541 2080 found 541 2078




5. APPENDICES.

APPENDIX I. Discussion of Mass Spectral Data.

The mass spectra of the branched-chain sugars and nucleosides containing O-tert-
butyldiphenylsily! and thiolacetyl groups (as shown below or In the reversed 5-SAc and 2'-O-silyl
arrangement) exhibit many common peaks Among the major ions not assigned in the
expenmental are those of m/e 241, 339, 341, and 399 The proposed fragmentations leading to
these species are shown below

A
B
- CqHyo
o)
AcS
[MH" - 58]
| f
-A B A I-B
y
m/e 399 m/e 299 m/e 341 m/e 241

The very strong fragmentation-directing properties of silyl groups has been described' >
for the El mass spectra of nucleoside derivatives This also appears to be the case for the Cl
fragmentation of virtually all of our TBDPHhSI-containing compounds, where the stliconum on
([MH* - C,H,,]) was always abundant These species were often the heaviest wons of appreciable
intensity which required their use for exact mass determination, rather than the [MH*] 1on

The 1on of m/e 241, which 1s especially abundant for the silyl thiosugars and nucleosides,
and that of nve 341, appear to anse from the sihconium [MH* - C,H.;] 1on as shown above These
fragmentations are supported by exact mass data for both species (m/e calcd tor C .H ,Q,S
241 06848 found 241 06840, and m/e caicd for C.;H,.0,S8S1 341 10314 found

154Quiliam, M A, Qgilvie, K K , Westmore, J B, Org Mass Spec, 16, 129 (1981
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34110282) The analogous fragmentations of the molecular ((MH*]) 1ons would yeld fragments
of m/e 299 and 399 Only the latter 1s observed The abundant ion of mve 339 could conceivably
anse by the loss of H, from 341, or from the loss of AcOH from 399

The successive losses of AcCOH from the [MH*] ion was the major fragmentation pathway
observed in the Cl mass spectra of most of the acetylated sugars and nucleosides lacking the silyl
group This has been shown!55 to be characteristic for acetylated carbohydrates. The observed
ons corresponding to the protonated nitrogenous bases in the mass spectra of the nucleosides
prepared in this work has also been well documented!3¢

'55H0gg, AM . Nagabhushan, T L, Tetrahedron Lett, 4827 (1972)
156Dothun, JJ | Wiebers, JL Org Mass Spec , 3, 669 (1970)
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APPENDIX il. Analysis of ABX systems in 'H-NMR spectra.

The true chermical shifts and couphng constants of second order AB portions of ABX

systems were calculated by a method shown to me by Prof Glaser and Is as tollows

The muitiplet i1s divided into two AB-type subsystems

ab#1

-

-

! I ]

3 5 7

Jag=(3-1)=(4-2)=(7-5)=(8-6)

ab#1 ab#2
V:i=(1+3+5+7)/4
(AVy)/2=[(1-7)x(3-5)]"2/2
AT =V, +(AV,)/ 2
A1" = Uy - (ALy) /2

Va = (A1* + A2+) /2
Jax = AT+ - A2+

or
Va = (A1 +427) /2
Jax =A1t- A2

V:=(2+4+6+8)4
(AV,)/2=[(2-8)x(4-6)]'?/2
A2% = Uy + (AV,) /2

A27 =V, - (Ap) /2

Vg = (A1" +427)/2

Jax =A1 - A2
or
Vg = (A1" +.2+)/2

Jgx=A1 - A2+

Two possible sets of values wil result, but the incorrect one is obvious since it gives unrealistic

coupling constants
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APPENDIX Ill. 2-D NMR Spectra.

1. 300 MHz HETCOR spectrum of alcohol (8) o
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2. 300 MHz COSY spectrum of alcohol (8)
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3. 300 MHz COSY spectrum of cychc sulfide (38)
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4. 300 MHz COSY spectrum of thianylfuranose (45)
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5. 300 MHz HETCOR spectrum of enol acetate (87)
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6. 300 MHz HETCOR spectrum of a,p-unsaturated ketone (90)
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7. 300 MHz HETCNR spectrum of dimer (93)
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8. 300 MHz COSY spectrum of dimer (93)
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