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ABSTRACT 

The synthesis 01 95, a non-hydrolyzable dmucleotlde analogue beanng an 

Internucle051de thloether linkage, 15 de5cnbed The 3' -deoxy-3'-C-(2" -substltuted-ethyl) 

branched-chaln sugar and nucleoslde precursors were efflclently prepared from 1,2-0-

Isopropylldene-a-D-xylofuranose 

ln the course 01 thls work. It was found that Intramolecular 5 2 -sulflde formation occurs 

very rapldly ln splte of the trans-fusion of the blcycllc ring system This enabled the 

stralghtforwara preparation of the novel perhydro-oxathlahydnndane nucleosldes 41 and 43 as 

weil as the cAMP analogue 51 Detalled NMR analysls of the blcycllc compounds was pertormed 

The acetoly1IC deacetalatlon 01 branched-chaln thlosugars 11 and 68 was lound to glve a 

vanety of non-Iuranose products, Includlng the novel thlolanes 71 and 74, whose formatIOn was 

dependent on the reac!lon temperature The competmg acetolysls mechanlsms and the 

Implications on related phenomena are dlscussed 

1 



1 

l 

RESUME 

La synthèse du composé 95, un analogue non-hydrolysable d'un dmucléotlde 

possédant un lien thloéther, est décrlle Les sucres Intermédalres à chaine branchée et les 

précurseurs nucléotides sont préparés a pa 'tir du 1,2-0-lsopropylldene-a-D-xylofuranose 

" est demontre que la fOrrTlatlon ,ntramoléculaire (j'un sulflde-5,2' se prodUit tres 

rapidement maigre le fait que le prodUit SOI\ un compose blcycllque fusionné en trans Cette 

reactlon permet la preparation facile des nou\I "aux nucleoslde 41 et 43, ainSI que de 1 analogue 

du cAMP 51 L analyse detaillee des spectres 1 \MN des composes blcycllque est faite 

La deacétallsatlon acetolytlque des thl':''lucres à chaîne branchée 11 et 68 donne une 

vanété de prodUit non-furanoslques, dont le';; nouveaux thlolanes 71 et 74 Les divers 

mécanismes de l'acétolyse sont discutés 
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PREFACE 

Molecular recognition. the ablilly 01 a molecule to specllically recognlze and bmd another 

Ihrough vanous non-covalent Interactions has recently become él 11€.ld ln Its own nght as chemlsts 

prepare compounds exhlbltlng thls property norl11ally assoclated wlth blologlcal molecules 

Indeed. Nature IS far ahead ln the design 01 such systems Vlrtually every cellular lunctlon IS rehe.nt 

on the abllity 01 prolelns and nuclelc aClds 10 specllically recognlze each other as weil as ail other 

molecules wlthm the cell 

Thf. lormalion of a double heilx trom two complementary nuclelc aCld st rands IS a splendld 

ex ample o. molecular recognition nle precise base-palrlng 01 punnes and PYrimidines medlates 

bath the duplicatIOn (through DNA-dlrected DNA synthesls) and expression (through DNA

dlrected RNA synlhesls) of genellc mformatlon The mutual recognilion o~ complementary 

strands IS also Involved ln other processes Includlng the Initiation of translation and the spliclng of 

messenger RNA 

A decade ago the dlscovery of the translaliOn-level control of gene expression by antl

sense RNA added another example ta the IlsI 01 blologlcal processes dependent on nuclelc aCld 

recognilion Slnce then molecular blOloglsts have dlscovered numerous examples of natural 

antl-sense regulatlon m bactena. and are employmg the strategy ta ?r:lflclally control the 

expression 01 specllic genes ln a vanety 01 cell types The past lew years have also seen an ever

Increasmg Interest ln backbone-modilled ollgonucle0tldes slnce these analogues have been 

shown to exhlbll rnuch blologlcal actlvlty and hold great potentlal as therapeutlc agents 

ln revlewlng the Iiterature It became apparent that synthetlc chemlstry would play a large 

raie ln the development 01 antl-sense systems Although my research deals stnl'tly wlth synthetlc 

aspecIs 01 IIllS broadly mterdlsclpllnary field. 1 have r:hosen ta focus on the blologlcal 

developments ln the Introductory section of thls thesls ThiS owes. In part. to the ~act tha\ the only 

comprehenSive revlew 1 of antl-sense olionucleotldes as potentlal therapeutlcs descnbes ln fair 

detall the synthetlc develüpments 

, Uhlmann. E . and Peyman. A. Chem Rev. 90. 543 (1990) 
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1. INTRODUCTION & LlTERATURE REVIEW 

1.1 Gene Expression. 

Slnce the Identification of DNA as the genetlc matenal, blochemlstry has been largely 

devoted to elucldatlng the mechanlsms by whlch the informatIOn stored ln the genome of a cell 15 

expressed Ali aspects of a cell's structure, functlOn and development, as weil as ItS relatlonshlp 

to adjacent cells, IS ultlmately controlled by the DNA bluepnnt contalned ln Il 

The overall mechanlsm of gene expression IS now falrly weil understood The 

transcnptlon of a gene to the complementary messenger RNA (mANA) and ItS subsequenl 

translation to the proteln product IS bnefly summanzed ln Figure 1 This descnbes the processes 

occurnng m bactenal cells ln whlch the genome IS not ~nclosed ln a nucleus ln such ce Ils , 

transcnpllon and translation are often closely coordmated, wlth the nascenl mANA strand belng 

actlvely translated by nbosomes as Il emerges lrom RNA polymerase (RNA pol) 

ln eukaryotlc cells, gene pxpresslon occurs ln more or less Ihe salTle way The pnnclpal 

dlfference IS ln the handhng of mANA Whereas prokaryotlc RNA IS translated as transcnbed, 

eukaryotlc mRNA undergoes considerable modlftcatlon ln the nucleus and musl then be 

transported across the nuclear membrane Into the Gytoplasm where proteln synthesls takes place 

Post-transcnptlonal processlng (summanzed ln Figure 2 ) IS Important ln the stablhzatlon 01 mANA 

agamst the rapld enzymatlc degradatlon ANA IS subJect to once It leaves the nucleus The 

InitiatIOn of translation also dlffers between prokaryotes and eukaryotes ln the latter cells, the 

formation of the mANA-nbosome complex occurs through a process Involvmg many protem 

InitiatIOn factors and the recognitIOn, by the small nbosomal subunlt, 01 the CAP-structure found al 

the 5'-end of mature mRNA There 15 no eukaryotlc consensus sequence slmllar to the Shme

Dalgarno reglon found m prokaryotlc mRNA 

ln prokaryotes, the regulatlon of gene expression appears io be conlrolled pnmanly at the 

level of transcnptlon ln many cases, genes codlng for related lunctlons (Ior example, the 

enzymes 01 a metabohc pathway) are organlzed mlo groups called operons The common 

promotor for the genes ln an operon contalns a reglon called the operator 10 whlch a regulatory 

proteln called a repressor can speclflcally blnd The bmdlng of a rJpressor to the promotor's 

operator site stencallv prevents ANA polymerase trom blndlng to Il, thus Inhlbltlng the InitiatIOn of 

tran!>cnptlOn of the genes ln an operon The levels of free repressor proteln IS generally regulated 

by the cellular levels 01 speclflc molecules whlch can prevent repressor-operator associatIOn by 

Itself, blndlng to the protem These are usually compounds whlch 50mehow relleet the lunctlons 

of the products of the operon genes and are relerred to as Inducers 
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Figure 1, Prokaryotlc Gene Expression. The transcription of a gene 15 Inltlated by the 
bindlng of RNA polymerase (RNA pol) to the promotor reglon located Immedlately upstream trom 
the flrst transcribed nucleotlde (at +1) The promotor contalns two hexanucleotlde reglons 
centered at -35 and -'0 bp The latter, known as the Pribnow sequence, IS recognized and 
bound by RNA pol The exact sequence of these hexamers (the most favored IS shown) 
determlnes thelr affmlty for RNA pol and, thus, the rate of Initiation of transcription for the gene 
Once bound to the promotor, RNA pol catalyzes the polymenzatlOn of 5'-nbonucleotlde 
tnphosphates usmg the 'antl-sense' DNA strand as the template Transcnptlon occurs ln the 5' to 
3' direction, yleldlng the messenger RNA (mRNA) transcnpt whlch IS qUlckly acted upon by the 
cell's protem synthesw,lg machlnery mRNA does not code entlrely for protein, but contalns an 
untranslated leader mglon at the 5'-end ThiS leader contalns a punne-nch reglon located -10 bp 
upstream from the AUG start codon, called the Shme-Dalgarno sequence The initiation of 
translation mvolvef. the recognition of thl~ sequence by the nbosome (through base-palnng wrth 
the 3'-end of 165 rRNA of the small subumt) and subsequent formation of the nbosome-mANA 
complex (wlth the ald of numerous protem factors) As ln the case of transcnptlon, the rate of 
initiation of translation IS sequence-dependent (dependent on thp. Shlne-Dalgarno sequence of 
the mRNA) Once complexed, the nbosome IS properly allgned Wltfl the star! codon codlng for N
tormylmethlonrne, the tlrst amlnO aCld ln ail newly translated polypeptides The nbo&ome then 
moves along the mRNA's codlng reqlon ln a 5' to 3' direction, Jolnlng amlno aClds brought to the 
nbosome-mANA complex by transfer ANA (as amlno acyl-tANA) ThE: amlno aClds, speclfled by 
the tnplet codons of the codmg reglon are jOlned together ln an amlw to carboxyl- direction 
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~------~~~------~ ( '\ 

NH, 

I.'--~y-----') 
---__ 0 

N < ~N 

Splicing _/~ O~ 
o 0 __ ( 

OH 

0---------- H 

Figure 2. Processlng of Eukaryotlc mRNA. The modification of the Inillai RNA transcnpt 
consists of 1) "cappmg" of the S'-end whlch Invoives the attachment of a guanosme Unit by a 5',5'
tnphosphate linkage, N7-methylatlon of thls umt, and 2'-O-methylatlon of the tlrst two umts of the 
onglnal transcnpt, Il) polyadenylatlOn of the 3'-end whlch Involves cleavage of the pnmary 
transcnpt at a speclflc site followed by the attachment of -250 adenoSlne unlts, and III) sphcmg 
out of the Intervemng sequences (INTRONS) whlch are portions of the transcnpt whlch do not 
code for ammo aClds and must be exclsed prlor to translation 

ln many operons, transcnptlOnal Inhibition IS normally mamtamed by a constant cellular 

level of repressor protem (1 e the genes are '1urned off" under usual conditIOns) Only when the 

need anses for the gene products IS transcription stlmulated by the Inactivation of the repressor 

by mducer molecules The so-called Induclble promotors of these operons have become 

Important tools ln molecular blology slnce they allow on~ to control the expression of any gene 

sphced downfleld from them 

Gene expression could also concelvably be regulated at the level of translation The 

speclflc-bmdlng of a regulatory molecule to mANA could mterfere wlth elther the InltlallOn step of 

translation, by blockmg the formation 01 the rlbosome-mRNA complex or the elongatlon steps by 

preventlng the nbosome Irom movmg along the RNA message Such bmdmg need not be 
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IrreverSible slnce mRNA does not have a very long Irfetlme ln the cell and 15 steadlly belng turned

over by nucleases 

ln eukaryotlc cells. there eXlsts a substantlal pool of mature mANA not actlvely berng 

translated whlch IS usually assoclated wlth protern Relallvely short strands 01 ANA are also 

present ln the cytosol whose purpose IS not known Il may be Ihat sequence-speclflc recognttlon 

of mRNA by regulatory protelns or small nuclelc aCld specles are mechamsms 01 controlhng gene 

expression at the level of translation Il 15 now known that su ch translatJonal regulatlon IS presenl 

ln prokaryotrc cells and IS medlated by ANA ItSl31t 

- o~/o R 
p 

1 

:~ 
- 0 \\ ...... 0 

""'p""" 
1 

R 

OR' 

Rlbonuclelc ACld (RNA) 
(R=OH) 

2'-Deoxynbonuclelc ACid (DNA) 
(R= H) 

CytOSine 

Thymine 
(R=Me) 

UraCiI 
(R=H) 

Figure 3 Nuclelc Acld Structure. DNA and ANA strands recognrze one another through 
the base-pamng of complementary pUrines and PYrimidines Gand C form three hydrogen bonds, 
whlle A and T(or U) lorm two 
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1.2 Anti-Sense Regulation in Prokaryotes. 

Unllke DNA the sole cellular functlon of whlch IS the storage of genet le Information RNA 

assumes a great many roles Whlle much IS known about the Involvement of nbosomdl transfer 

and messengel RNA ln cell processes, there eXlsts many smaller RNA specles Ille roles Of whlcl) 

have only lately become apparent2 Included ln thls group 15 the ever-growlng number of small 

antl-sense RNA specles (asRNA) whlch regulate bactenal gene expression \ .l, some examples 

(see Figure 4 ) of whlch are descnbed below 

Antl·Sense RNA Regulation of Plasmid Replication. 

The post-transcnptlonal regulatlon of gene expression by small st rands of RNA termed 

antl-sense RNA (as RNA) was flrst notlced ln studles concerntng the mechanlsms controlling DNA 

repllcatton and Incompatlblilty ln ColE1-lype plasmlds ln E coll ~ 

Replication, the duplication of DNA prlor to cell diVISion, beglns Ir E colt plasmlds wlth the 

transcnptlon of small st rands of RNA from the reglon near the ongtn 01 repllcalton (the Sile al whlch 

DNA synthesis IS IMlated) These RNA strands are cleaved back by RNase H (an enzyme whlch 

aets on RNA-DNA hybnds) to the ongln, where the strands aet as pnmers for DNA synthe SIS Il was 

found through studlesb Involvmg the small plasmld pN17, that the preprtmer RNA's were 

transcnbed from a comman point and tha! another small RNA (called RNA 1) was also transcnbed, 

but from the other DNA strand m the Opposite direction This RNA 1 was lound to mhlblt pnmer 

formation (and subsequently repltcatlon), presumably by base palnng wlth the prepnmer RNA 

Subsequent studles7 Involvlng mutant pNT7 plasmlds showed that Single base changes 

located near the centers of three palindromes ln the DNA reglon codlng for RNA 1 (and prepnmer 

RNA's ln the other direction) resulted ln plasmlds whlch could coexist Wlttl pMB9 (a plasmld ln the 

same Incompattblhty group) ln addition, these mutant plasmlds occurred ln hlgh copy numbers, 

up to 8 tlmes as many copIes as normal It IS now known that RNA 1 controls the plasrnld copy 

number and numbers of incompatible plasmlds by reverslbly tnhlbl!lng primer formai Ion Il does 50 

by base pamng ta the prepnmers through a complex process~ tnltlated by the Interaction 01 three 

loop-stem structures to three such structures present on the preprtmers This Initiai interaction 

2lnouye. M ,Oelihas. N , Cel!. 53,5 (1988) 
3lnouye. M , Gene, 72, 25 (1988) 
4Green, P J Plnes,O Inouye, M , Ann Rev Blochem, 55,569 (1986) 
SOavldson J, Gene. 28, 1 (1984) 
6Tomlzawa, J 1 Itoh, T Seltzer, G , Som, T , Proc Nat! Acad SCI USA. 78, 1421 (1981) 
7Tomlzawa, JI, Itoh, T . Proc Nat! Acad SCI USA. 78. 6096 (1981) 
8Tomlzawa, JI, Cel!. 40,527 (1985) 
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A. 

1 ) 

3 ) 

B. 

Preprtmer RNA 
(RNA Il) 

asRNA (RNA 1) 

OmpFmANA 

c. 

mlcF RNA 
(asRNA) 

5 

Shme 
Dalgarno 

J... 

3 

2 ) 

4 ) 

Start 

Codon 

Figure 4. Examples of Inhibition of Bacterlal Gene Expression by asRNA. A) the 
step-wlse blndlng of asRNA 1 and CoIE1 prepnmer RNA II. B) mteractlon of mlcF RNA and OmpF 
mRNA whlch blocks the nbosome bmdmg and start codon reglons, Cl interaction of asRNA and 
nascent Crp mRNA whlch IS beheved to cause premature termmatlon of transcription 
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eventually leads ta unwlnl"ng 01 the stem-Ioops and double-stranded RNA (d 5 RNA) tlehx 

formation This InhibitiOn of pnme~ formation was found to be alded by ct 63-amrno aCld protern 

called the Rom (RNA one inhibition modulalor) prolem WhlCtl facliitates elther tilt' Inillai RNA 1 

prepnmer stem-Ioop Interaclion or the transition lrom It to the diS RNA hehcallorm" 

Antl-sense RNA regulatton of plasmld repllcatlon IS also observed for Ihe Fil rncompatlblhly 

grouplO and the pT181 plasmld of Staphylococcus aureus11 ln the former case. a 91-base 

asRNA strand IS transcnbed oppoSIte to the mRNA tor the RepA 1 protern. essentlallor rephcallon 

Irl the case of pT181, two asRNA's (tenned RNA 1 and 2) are transcnbed opposite to RepC mRNA 

III and IV (codmg for repllcatlon protelns) whlch are complementary to the leader reglon of the 

mRNA strands Unhke the CoIE1 group above, Inhlbllion ln bath these cases appears to occur by 

interaction between the asRNA and the mRNA by Initiai contact between complementary stem

loops whlch eventually blacks translation of the mRNA codrng for the rephcalion protelns (1 e 

translatlonallnhlbltiOn) 

Anti-Sense RNA Regulation of Bacterlll Gene Expression 

The tlrst natural asRNA shawn ta black the expression 01 a bactenal gene was mlcF RNA 

(mRNA-mterfenng complementary RNA) MlcF RNA 12 IS a 174-base SIS RNA whlch shows much 

sequence ~\omology to the leader reglon (lncludlng the Shme-Dalgarno sequence) and S'-end of 

the codlng reglon of ompF mRNA whlch codes for the outer membrane proteln OmpF MlcF RNA 

Inhlblts the synthesls 01 the protem by base-palnng wlth ompF mRNA and. In thls way. blacks the 

bmdmg of the nbosome (translatiOnal Inhibition) MlcF RNA IS coded lor the mlcF gene located 

Just upstream fram the ompC gene (codlng lor the second malor membrane prolem OmpC) Il 

appears that the transcnptlon of ompC and mtCF are ln some way coordlnated thus mamtalnmg a 

constant level of talai membrane proteln 

The transpDsltlon 13 01 a smgle-copy Tn' 0 element was found 10 be mhlblted by the 

presence of a multlcopy plasmld contalnlng the Insertion sequence IS10 a phenomenon ca lied 

"multlcopy inhibitIOn" This IS a result of the blocklng of transposase synthesls by an asRNA 

(pOUT RNA) transcnbed opposite to the transposase mRNA pOUT RNA IS complementéHy to 

the flrsl 36 nt (lncludmg Ihe start codon) of the transposase mRNA and presumably blocks the 

initiation of transiatiOn 14 

9Tomlzawa. J 1 Som. T. Cel!. 38 871 (1984) 
10Rosen. J Ryder. T Ohtsubo. H Ohtsubo. E. Nature 290 794 (1981) 
11 Kumar. CC NovlCk R P . Pro: Natl Acad SCI USA 82, 638 (1985) 
12Mlzuno. TChou M -Y Inouye M. Proc Natl Acad SCI USA 81 1966 (19841 
13Lewln. B Genes III John Wiley & Sons. New York. (1987) chap 29 

14Slmons. R W Kleckner. N . Cell. 34. 683 (1983) 
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The expression of Ihe crp gene (cA M P- receptor protem) ln E colt was found to be 

conlrolled by an asRNA specles named tIC RNA l 'i This RNA specles IS transcnbed trom a pOint 

Just upstream of the crp gene from the opposlng DNA strand. and IS controlled by a promotor 

whlch IS strongly actlvaled by the presence of the cAMP-CRP protem complex The 5 -ends of tIC 

RNA and crp mRNA are complementary 10 each other and It IS beheved that bmdmg of the asRNA 

to the naseent mANA results m premature dissociation of the mcomplete strand from the DNA 

template This 15 the only known case of transcnptlonal control of gene expression by an asRNA 

15Okamoto. K . Freundhch. M. Proc Natl Acad SCI USA. 83. 5CQO (1986) 
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1.3 Artlflclal Antl-Sense RNA . 

Alter the dlscovery of MlcF RNA, It became very apparent that the selective inhibition 01 

the synthesls of a partlcular prote ln could be achleved ttlrough the use of RNA complementary to 

the mANA of the targeted polypeptide The abllity tu mtroduce unnatural genes mlo bactenal 

cells, uSlllg vectors such as plasmlds, has ~nabled the cellular production of such artlflclal asANA 

The use of such antl-sense plasmlds, as weil as the direct mlcromjectlon of asANA mla cells, has 

also been applled to a wlde spectrum of eukaryotlc systems The many applications of artlliciai 

asRNA has recently been revlewed 16 and a general overvlew IS glven below 

ReQulation of Bacterlal Gene Expression by Artlflclal asRNA. 

An artlflclal mlc system regulatmg the expression of the Ipp gene (codmg for the major 

outer membrane hpoprotem) ln E coll was constructed by Coleman et a/ 17 A portion 01 the Ipp 

gene compnsmg the Shme-Dalgarno sequence and the flrst 29 codons was mserted mto a 

plasmld Immedlately downstream from an Induclble lac promotor operon (a 'SWltctl' wtllCh turns on 

transcnptlon of the operon ln the presence of an Inducer) as weil as a normal Ipp promolor Il was 

found that mtroductlon 01 the plasmld mto E colt resulted m a two·lold decrease ln lipoproleln 

production Induction of the artlflclal mlcflpr] gene by Isopropyl r)-D-thlogalactoslde (IPTG) 

decreased IIpoprolem production 16-fold ln cells contalnmg two copies of mlcflpp] lipoproteln 

production decreased 4-fold (no IPTG) and 31-fold (IPTG added) Analogous mlclompel and 

mlclompA} systems blockmg the production of these outer membrane proIe ms were also 

constructed and gave slmllar results 

Artlflclal mlc genes codlng for asRNA complementary 10 reglons 01 Ihe genome of 

collphage SP were used 10 construct a novel bactenallmmune system agamst phage mfectlOn ln 

E coll l~ DNA complementary 10 the ShlnJ-Dalgarno and mltlatlOn codon reglons of the VIrai 

genes codlng lor two essenlial protems (as weil as to a reglon al the 3 -end of the genOrTH:) were 

Inserted m vanous comblnatlOns Just downstream from an mdUClble lac promotor operator m an 

antl-sense onentatlon Il was lound that cells contalnlng these mlc Immune system plasmlds were 

resistant to phage Infection ln the presence of IPTG The most elfectlve plasmlds were those 

contalllmg mlc genes agamst the Shme-Dalgarno and IIlltlatlon codon reglons, whereas those 

contalllmg only the mlc gene agamst the 3'-end 01 the virai genome oflered ont y minimal 

protection agamst phage mfectlon 

16Takayama, KM, Inouye, M, Cnt Rev Blochem Mol BIOl, 25,155 (1990) 

17 Coleman, J , Green, P J , Inouye, M , Ce", 37, 429 (1984) 
18Coleman, J Hlrashlma, A , Inokuchl, Y , Green, P J Inouye, M , Nature, 315, 601 (1985) 
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1 The production 01 ~-galactosldase, coded lor by the lacZ gene ln the lac operon, was 

speclflcally mhlblted by a 831 -base asANA complementary to the S'-end 01 the codmg reglon 01 

lacZ mANA 14 ln thls case, the artlflclal mlc gene was placed on a plasmld downstream lrom a i .. PL 

promotor whlch 15 regulated by a temperature-sensitive repressor At 3/)' C, ~-galactosldase 

production was not altered However, at 45'C when the PL repressor IS not functlonal. the 

production 01 the enzyme was greatly mhlbrted by the asANA 

DNA 
n' 

PLASMID 

\nauClble 

PromOIO' 

Operon 

1 
Il'' 1 

arttllclal 
mlcGENE tnduclble tranSCription 

of artlflClal mie gene antl-sense ANA 
t 

dis ANA 1 1 1 1 1 1 1 1 1 ._. 
/ 

mRNA 

PROTEIN 

Figure 5. Control of Gene Expression by Artlflclal mie genes. ExpreSSion vectors 
codlng tor antl-sense ANA can be constructed by sphcmg a gene, or a portion of a gene, mto a 
plasmld ln a reversed orientation ln some cases, the target mANA rtse~ can be used to prepare 
the antl-sense gene by uSlng reverse transcriptase to syntheslze the complementary cDNA After 
the Introduction of the plasmid mto the cell, the transcription of the artlflclal mie gene can be 
regulated Il Il IS placed downstream from an Inducible promotor ThiS allows cells contalnlng the 
mIe vector 10 lunctlOn norl1lally. untll asRNA production IS stimulated by the appropnate Inducer 
molecule 

19pestka, S Daugherty, 8 L , Jung. V , Hotta, K , Pestka, R K , Proc Nat! Acad SCI USA. 81, 7525 
(1984) 
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Regulation of Gene ExpreSSion by Artlflclal asRNA ln Eukaryotlc Cells 

The apphcablhty of artlliciai asRNA regulatlon of gene expression Ifl t'ukaryotes was 

demonstrated rn mouse L cells':o .: 1 Plasmlds contalnlTlg the gent' lor Ttlyrnldrnt' Klrhlse ( l K) 

Irom Herpes Simplex Virus (HSV) from chlcken or a t1ydrtd gene composed Of bOlt1 wert' 

conslructt)d A second sel of plasmlds composee of Ihe codmg reglons of these genes placl'd ln 

an antl-sense onenlatlon belween a promolor and polyadenylatlon site were also constructed Il 

was lound tha! micrOIn)ecllOn. mto the nucleus 01 Thymldme Kinase detlclent (TI\ ) mouse l cells 

of elther the TK(chlcken), TK(HSV) or TK(hybnd) plasmlds resulted tn TK actlvlty The T K actlvlty 

was decreased 3 10 4-lold wtlen the correspondrng anll-sense plasmld or ttle hybnd 1 K antl 

sense plasmld was cO-InJected, demonstratlng that selective inhibition could be achleved The 

sele:::tlve mhlbltlon of an endogenous gene was demom:traled by the mlrrOlrllectlon mto nuclel 01 

normal mou se ce Ils (TK+) ot plasmlds bearmg an antl-sense TK(HSV) gene downstream Irom an 

IndUClble promotor Induction 01 the promotor resulted ln a decrease ln TK actlvlty as weil as cell 

growth 

The direct mlcrotnJectlon of asRNA mto cells has also been shown 10 IntllDII prolem 

production Synthetlc ~-globtn mRNA and a number of asRNA s complementdry 10 varylng 

reg\ons 01 the ~-globm gene were syntheslzed ln VItro and capped 1\ was lound Ihal co InJection 

01 the mRNA and asRNA. or injection 01 Ihe mRNA 5 hours alter Ihal of the asRNA Inlo Xrnopus 

oocytes (glanl Irog eggs), resulted ln complete inhibition of ~-globln synthesis Injection of asRNA 

5 hours after Ihat of mRNA resulted ln some protern belng produced Indlcatlng thdt antl sense 

inhibition occurs only pnor 10 translalion Initiation Only as RNA st rands cornplementary 10 the 

leader and/or Initiation codon of the mRNA were effective Inhlbltors Ttlese studioS also stlowed 

by re-Isolation of RNA Irom the cell and digestion by RNas8A and RNdseT1 that diS 

mRNA asRNA hybnds do lorm ln VIVO 

The application 01 artlflclal asRNA methodolgy to eukaryotlc c811s t1as proved extremeJy 

uselul slnce Il allows one 10 correlate partlcular genes to thelr functlons~ ~ ThiS IS il common 

problem ln hlgher organlsms where classlcal genetlcs. whlch depends on mutant orqarllsms IS 

often not practlcal The simulation cf mulanl phenotypes by selecllvely turnlng off a gene ln a 

wlld-type Indlvldual uSlng asRNA has been termed "phenocopVtng" As tri bactenal sells. such 

blockmg 01 gene expression can be controlled by regulatlng the productton 01 the asRNA 

through the use 01 the appropnate mduclble promotor Phenocopytng has bt-en u'3ed to study 

20lzant, J G Welntraub. H . SCience. 229. 345 (1984) 

211zanl, J G Welnlraub, H, Cell. 36,1007 (1984) 

22Welntraub. H .Izanl, J G. Harland. R M. Trends ln Genetlcs. 1. 23 (1985) 
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gene lunctlon ln an array 01 organlsms rncludrng DrosophJ/a (fruit fly)23, Dlctyostellum (an 

amoeba)21, and vanous plants specles25 ,20,17 

23Rosenberg, U 8 . Prelss, A . Seifert, E ,Jackie, H , Knlpple, 0 C, Nature, 313,703 (1985) 
24Knecht, 0 A Loomls. W F , SCience, 236, 1081 (1987) 
25Ecker J R DavIs, R W Proe Nat! Aead SCI USA. 83, 5372 (1986) 
26nothstelrl S J OIMalo, J Strand, M , Rlce, 0 Proe Nat! Acad SCI USA, 84, 8439 (1987) 
27,'an der Kroi. AR Lentrng. P E . Veenstra, J , van der Meer, 1 M . Koes, RE, GeraIs, AG M , Mol, 

J N M ,Stultle AR, Nature, 333, 866 (1988) 
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1,4 Antl-Sense DNA 

Unmodifled DNA Oligomers 

Zamecnlk and Stephenson211 were the flrst to use an unmodlfled oltgonucleolide to 

specllically mhlblt protem synthesls ln 1978, they prepared a 13-mer DNA strand (protecled al 

the ends as phenyllsocyanates) complementary 10 Ihe 21 bp sequence repealed at the ends 01 

Rous Sarcoma Virus (RSV) 35S RNA Il was found thal Ireatment 01 chlck embryo Ilbroblasls 

Infected wlth RSV wlth the asDNA resulted ln inhibition of VIrai devolopment as monltored by 

reverse transcriptase actlvlty 

"O~ ":\:J" o B R or R' = 1 
1 
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O~. 0\:J" 9-Amlno-6-chloro-2-methoxyacrldlne 
and hnker 

OR' OR' 

a-Anomenc DNA Natural (~-Anomenc) DNA 

Figure 6, Antl-sense DNA Iinked to Intercalators 

More recently29, synthetlc asDNA strands complementary 10 reglons 01 Ihe Human T -Cell 

Iymphotroplc VIrUS Type III (HTLV-III) genome were found 10 mhlbll VIrai rephcallon up 10 95% ln 

mfected cultures 01 pf"npheral human blood cells and transformed T-Iymphocytes Labelhng 

studles showed that the DNA strands (12 to 26-mers) are taken up by human cells (Hela) 

surpnsmgly qUickly Antl-sense DNA has also been sho"'vn to Inhlbll Ihe rephcatlOn of human 

28Zamecnlk, PC, Stephenson, ML, Proe Natl Acad SCI USA, 75, 280 (1978) 
29Zamecnlk, PC, Goodchlld, J, Taguchl, y, Sann, P S, Proc Natl Aead SCI USA, 83,4143 (1986) 
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Immunodeflcerncy VlrUS30 DNA ollgomers complementary to vanous reglons of the VIrai RNA 

genome were added to cell cultures pnor to HIV rnfectlon This treatment was found to rnhlblt virai 

growth most efflclently when targeted agalnst sequences wlthln the R repeats at the ends of the 

genome where a number of fune. 'vl"·'; are potentlally blocked 

The actlvlty of asDNA has ),~·'n rncreased by the use of poly(L-lyslne) conJugates31 A 

DNA 15-mer complementary to the 5'-leader of the vestlcular stomatltls virus (VSV) N-protern 

mRNA was attached to a lysine homopolymer (66 amlno aClds) via an N-morphollne IInker Such 

conJugates were found to be hlghly Inhlbltory towards m VIVO VSV protern synthesls ln a speclflc 

dose-dependent manner The effectlveness of thls system IS belleved to stem from rncreased 

uptake of the ollgomers by cells, but may also Involve better dehvery of the rnhlbltor to the 

approprlate cell, rncreased ollgomer stabllty and/or hlgher afflnlty to the target sequence 

ONA Attached to Jntercalators 

C Hélene and collaborators demonstrated that the attachment of 9-amrno-6-chloro-2-

me'hoxyacndme to DNA ollgomers greatly mcreases the strengh of blndlng to complementary 

RNA strands by stablllzrng the mlxed heltces32,33 and have used these compounds as asDNA 

Inhlbltors ln a wlde range of systems 

3'-Acrrdrne-DNA denvatlves were found to rnhlblt the translation of gene-32 encoded 

mRNA of T 4 phage ln vItro when complementarv to a repeatrng hexamer located Immedlately 

upstream from the Shlne-Dalgarno sequence of the mRNA34 Whereas the Intercaiator-linked 

ohgomers were very active, unmodlfled DNA of the same sequence resulted rn very hUle 

inhibition 3'-Acndlne-DNA denvahves (7- and 11-mers) targeted to the RNA sequence common 

to the elght SIS RNA strands compnsrng the Influenza type A virai genome were found to greatly 

rnhlblt virai multlphcaÎh.1I1 l'il cell cultures at 50 J.IITl concantratlons35 The fact that the most active of 

these was totally rnactlve towards Influenza type B, whlch has a dlfferent 3'-end sequence, 

demonstrates the speclflclty of translatlonal Inhibition Selective translatlOnal inhibition was also 

observed for acndrne-DNA complementary to the mltlatlon codon reglon of p-globrn mRNA36 It 

was found tha! the acndrne-DNA Inhlbltors were mu ch better than analogous unmodlfled DNA ln 

30Goodchlld, J , Agrawal, S , Clverra, M P , Sann, P,S , Sun, D, Zamecnik, PC" Proc Natl. Acad Sci 
USA. 85,5507 (1988) 

31 Lemaitre, M , Bayard, B . Lebleu, B, Proc Natl Acad SCI USA, 84, 648 (1987) 
32Assellne, U , Toulme, F , Thuong, NT, Delarue, M , Montenay-Garestler, T , Hélene, C , EMBO J, 3, 795 

(1984) 
33Lancelot. G I\ssellne U , Thuong, NT, Helene, C , B,ochem,stry, 24, 2521 (1985) 
34Toulme, J -J Krlsch. H M Loreau, N , Thuong, N T Helene, C . Proc Natl Acad SCI USA. 83.1227 

(1986) 

35Zerlal. A Thuong. NT, Helene, C;, Nue/elc AClds Res, 15, 9909 (1987) 
36Cazenave C Loreau, N , rhuong, NT, Toulme, J -J , Hélène, C , Nue/elc AClds Res. 15, 4717 (1987) 
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Xenopus oocyte cytos;'I, but that both had Slmllar actlvlty ln wheat germ extract This was 

annbuted to RNaseH actlvlty (see below) rn the laner system 

ln a novel application of antl-sense strategy, acrrdlne-DNA was used to klll Trypanosoma 

brucel, the unlcellular protlst responslblc for sleeprng slckness rn humans \~ The unusual 

processlng of the mRNA ln thls organlsm IS such that nearly ail mature mRNAs have a common 35 

nt sequence (mlnl-exon) at the 5'-end Acndlne-DNA oilgomers complementary to thls sequence, 

dubbed AMEXO's (Antl-mrnl-exon oligonucleotldes), were found to block T brucel protern 

synthesis ln vitro and to klll the organrsms when added to culture media at , 30 IJM concentration 

The fluorescence of the acndrne unit proved useful ln monltonng the uptake of the AMEXOs and 

the hydrophoblc nature of the group no doubt plays a role ln the uptake Into cells 

(l-Anomeric a~DNA 

The pnmary hmltatlon of the antl-sense ollgonucleotlde strategy IS the rapld degradatlon 

that short DNA and RNA strands are sUbJect to wlthrn the cell One must keep ln mlnd that the 

mRNA targets are extenslvely modlfled, pnmarrly to protect them agalnst cellular enzymes 

It was hoped that DNA composed of ex-nucleoslde unlts mlght overcome thls problem 

(see Figure 6) aONA hexamers w~re prepared and found to be much more stable to S, 

nuclease. calf spleen phosphodlesterase and snake venom phosphodlesterase than thelr natural 

(~DNA) counterparts38 aDNA ollgomers were also observed te be mu ch more reslstant than 

natural strands ln VIVO 39 The t1/2 of an a-16-mer was found to be greater tnan 8 hours ln 

Xenopus oocyte compared to ~ 1 0 sec for small strands of natural ONA 

Studles rnvolvlng a-T 8 (ùctathymldylate) st rands showed that (1-anomerrc DNA brnds 

more strongly to natural ohgonucleotldes than do es normal ~DNA, and that RNA IS bound more 

tlghtly than DNA40 The attachment of an acrrdlne group could rncrease the brndlng even further 

Fluorescence studles revealed that the strands ln aONA ~ONA hybride; eXlst ln a parallel 

onentatlon, unhke natural d'sONA, dis RNA or ONA RNA hybnds·11 

The effectlveness of aO~A at Inhlbltrng translation was evaluated ln vitro uSlng a rabblt 

retlculocyte Iysate system42 An aDNA 20-mer complementary to the Initiation codon reglon of 

the mANA codlng for a Virai proteln (26 kO protern of VSV ) was syntheslzed ThiS antl-sense 

37Verspleren. P . Corneilssen. A W CA. Thuong, NT. Hélene, C , Toulme, J -J , Gene, 61,307 (1987) 
38Morvan, F , Rayner, 8 , Imbach, J -L , Thenet, S , Bertrand, J -R , Paolettl, J , Malvy, C ,Paoletll C, 

Nue/elc ACld Res, 15, 3421 (1987) 
39Cazenave, C , Chevner, M Thuong, NT, Helene, C , Nuc/slc AClds Res, 15, 10507 (1987) 
40Thuong, NT, Assellne, U ROlg, V Takasugl, M , Helene, C , Proc Nat/ Acad SCI USA, 84, 5129 

(1987) 
41 Sun, J -S , Assellne, U , Rouzaud, 0 Monlenay-Garesller T Thuong, N T Helene, C , Nuc/elc AClds 

Res ,15,6149 (1987) 
42Gagnor, C , Bertrand, J -R , Thenel, S Lemaitre, M, Morvan, F Rayner, B , Malvy, C Lebleu, B 

Imbach, J -L , Paolettl, C , Nuc/elc AClds Res, 15, 10419 (1987) 
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1 ClDNA strand had no effect on the production of the VIrai protem Nelther dld a natural asDNA 20-

mer ot the same sequence When RNaseH was added to the Iysate system, however, the natural 

DNA completely blocked synthesls of the protem, whereas the aDNA still had no effect These 

results mdlcate that the inhibition of translation of the VIrai mRNA by asDNA stems from the 

selective stlmulatlvn al Ils degradatlon by RNaseH 
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Figure 7. Mechanlsm of Antl-Sense DNA Regulation of Gene Expression. The 
Interaction of asDNA (or certam asDNA ana.logues) and mRNA IS beheved to block translation of 
the message by elther 1) blockmg the bmdmg of the nbosome to mRNA or preventing the 
nbosome from movmg along the stand The most commonly used term for th,s mhlbitlon IS the 
"hybnd arrest of translation", or Il) causing RNase H, a ublqUitous enzyme whlch cleaves the RNA 
strand of DNA RNA hybnd duplexes, to hydrolyze the mRNA Once cleaved, the RNA fragments, 
whlch are no longer protected by capped or polyadenylated ends, wou Id be qUickly degraded by 
other cellular nucleases This latter process has been termed the "RNase ri mechanlsm" or "Klller 
mechamsm" 
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The RNase H Mechanism 

RNaseH IS a ublqultous enzyme ln both prokaryotlc and eukaryotlc ceUs whlch 15 Involved 

ln the rephcallon of the DNA template where It cleaves the RNA strand of DNA RNA hybnd 

duplexes Slnce the asDNA strategy presumes that such mlxed hehces are formed wlth the target 

mRNA sequence, the question anses whether asDNA-medlated translallOnal mtllblllOn results 

from the antl-sense strand preventlng the ribosome Irom bmdmg to the target mRNA, or Irom It 

rendenng the mRNA target susceptible to degradatlon by RNaseH Once cleaved Internally, 

mRNA IS rapldly broken down by other nucleases ln the cell 

The lallure of a-anomenc DNA to mhlbltthe translation 01 target mRNA was explalned by 

the latter process whlch has been termed the RNase H mechamsm The process has also been 

shown to be Important m some studles utlllzmg phosphate-modilled antl-sense ohgonucleolldes 

(descnbed later) The eVldent Importance 01 the RNase H mechanlsm has caused problems ln the 

Interpretation 01 results for translation systems where the enzyme may be present ln smaU but 

slgnlflgant amounts, namely rellculocyte Iysates (Xenopus oocytes and wtleat germ extract IS 

known to contam RNase H ) 

The role 01 the RNase H mechanlsm ln rabblt retlculocyte Iysate was clearly eslabhshed by 

Walder et a/ 43 Antl-sense DNA 15- and 25-mers complemt;;'1tary to the 5 -end, Initiation codon 

reglon and codmg reglon of mouse globln mRNA were prepared and ail were lound to mhlblt 

globln synthesls, the antl-5' end strand bemg the least active When poly(rA) ohgo(dT) was added 

to the Iysate (whlch was shown to mhlblt any RNAse H actlVlty m the Iysate), the mhlbltory action of 

the antl-lnillatlOn codon and antl-codmg reglon asDNA's were c mpletely blocked The antl-5' end 

ollgomer retamed less than half Ils actlvlty Analysis of RNA alter Incuballon ln the Iysate (no 

RNase H mhlbltor) showed than the mRNA was cleaved at a site correspondlng to the targeted 

sequence 

43Walder, R Y .. Walder, J A , Proc Natl Acad SCI USA, 85,5011 (1988) 
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1.5 Ollgonucleotlde Analogues Bearlng Modlfled Phosphate Groups 

The studles descnbed so lar have dealt excluslvely wlth the use of natural ohgomers (wlth 

the exception 01 the ClONAs) ln whlch the nucleoslde unlts are Jomed by phosphodlester 

linkages As dlscussed above, a central problem ln uSlng natural oligonucleotldes as antl-sense 

Inhlbltors m VIVO IS that of degradatlon by cellular nucleases Modification of the phosphodlester, 

such that Il IS no longer a substrate for these enzymes, has been an approach taken by many 

groups dunng the last 15 years44 ,45,4h Such phosphate-modification, ex amples of whlch are 

shown ln Figure 8, serve a number of purposes besldes conlernng reslstance towards 

nucleases Removal of the negatlve charge was beheved to Increase the strengh of bmdmg to 

target sequences Neutral oligonucleotlde analogues are also beheved to be more easlly taken 

mto ce Ils These pOlnt~ Will be dlscussed ln detall ln Section 1 7 

ln early work, Paul S Miller, who has ploneered the study of backbone-modilled 

ollgomers, syntheslzed short ethyl phosphotnester-hnked oligodeoxynucleotldes These 

analogues were found to mhlblt the formation of ammo acyl-tRNA m vitro when complementary to 

elther the 3'-end (the site 01 amlno acylatlon) or the antl-codon 01 the tRNA.!7 Short ethyl 

phosphotnester-hnked ollgonbonucleotldes (2'-O-methylated) complementary to the 3'-amlno 

acylallon site were prepared ln an attempt to Inhlblt proteln synthesis ln VIVO Studles usmg 

hamster flbroblasts, however, showed that the phoshotnesters are taken up by the cells, but are 

hydrolyzed wlthm, yleldlng phosphodlesters whlch are qUickly degrade~8 

Recent/y, a companson 01 dlfferent types of phosphate-modlfled asDNA strands showed 

that altemalmg (a dlester every second Unit) ethyl or Isopropyl phosphotnesters are very poor antl

sense mhlbltors (see section descnblng phosphothloates, below)49 

Sy lar the most thoroughly studled of the phosphate-modlfled systems are the 

methylphosphonate analogues 01 ollgonucleotldes These systems were Ilrst prepared by 

solution technlques';O ln 1979, and later syntheslzed by automated sohd phase methodology51 

44Zon, G ,In Martin, J C (Ed ), NucleotIde Analogues as AntlVlra/ Agents ACS SymposIUm Senes No 401, 
Amencan Chemlcal Society, Washmgton, De (1989), Chap, 10, 

45Marcus-Sekura, C J , Ana/yt/cal Blochem , 172, 289 (1988) 
46Kozlolklewlez, M, Uznanskl, B , SIee, W J , Zan, G , Chemlca SCf/pta, 26, 251 (1986) 
47Barrel, Je, Miller, P S, Ts'o, POP, B/Ochemlstry, 13, 4897 (1974) 
48Miller, P S, Brallerman, L T , Tso, POP, Blochemlstry, 16,1988 (1977) 
49Marcus-Sekura, C J, Woerner, AM, Shmozuka, K , Zan, G ,Qumnan, G V, Nue/elc AClds Res, 15, 

5749 (1987) 

50Mlller, P S Yano, J, Yano, E , Carroll, C ,Jayaraman, K, Ts'o, POP Blochem/stry, 18, 5134 (1979), 
51 Miller, P S , Reddy, M P , Murakaml, A, Blake, KR, Lm, S -8, AgTls, CH, Blochemlstry, 25,5092 

(1986) 
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The blologlcal acllvlty of the phosphonate ollgomers (MePhosDNA) was demonstrated 

usmg strands complemenlary 10 Ihe 3'-end of bactenal 16S rRNA~': This IS ttll' reglon of 

nbosomal RNA whlch base pairs wlth the Shille-Oaigarno sequence 01 mRNA durmg ttlt' Illltlatlon 

of translation (1 e the MePhosDNA has the same sequence as the ShlneOalgarno sequence) 

The bmdmg Dt MePhosDNA to nbosomes was observed ln vitro, and th€' ollgomers were lound 10 

mhlblt proteln synthesls ln cell free extracts of E coll No inhibition however, was obscrved for 

mtact cells, except for a mutant E coll straln whose cell membrane IS very permeable These 

results mdlcate that ollgomer uptake remams a prob!em, even for these uncharged analogues ln 

a slmllar study, MePhosDNA complementary to the antl-codon laap of tRNNv' was shawn to 

speciflcally Inhlblt the ammo acylatlon of the tRNA ln a cell-free system'i \ 
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Figure 8. Phosphate·Modlfied DNA Analogues. For the phospholnesters R = ethyl, 
Isopropyl For the phosphoramldates R, = H, R2 = H, Me, n-Bu, MeOCH?CH?, R"R;> =- (CH;»5' 
(CH2)20(CH2b (CH2)2NMe(CH2b 

52Jayaraman, K , McParland, K . Miller, P , Ts'o, POP, Proe Natl Acad SCI USA, 78, 1537 (1981 ) 
53Mlller, P S, McParland, K B . Jayaraman. K , Ts'o, POP, Blochemlstry, 20. 1874 (1981) 
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1 
MePhosDNA st rands complementary to the Initiation and codmg reglons of a- and ~

globm mRNA were used ln a senes of elegant expenmentsS4 ,55,56 The ollgomers were lound to 

specllically Inhlblt translation 01 the targeted globm mRNA ln ràbblt retlculocyte Iysate The 

bmdlng 01 ttle MePhosDNA to the complementary mRNA sequences was Inequlvocably 

demonstrated by usmg reverse transcriptase whlch syntheslzed DNA uSlng the MePhosDNA's as 

pnmers As expected, MePhosDNA strands targeted to the initiation reglon were more effective 

than those compllmentary to codmg reglons MePhosDNA complementary to stem-Ioop 

structures ln the mRNA were lound 10 not be Inhlbitory unless flrst preannealed wlth the target 

RNA This has Implications m the cholce 01 target sequences The strong Inhlbltory effect of 

ollgomers whlch blnd to codlng reglons when wheat germ extract was used suggests that the 

RNase H mechanlsm may be Important, even wlth thls backbone-modilled system 

The effectlveness vI MePhosDNA ln VIVO was demonstrated ln mouse L cells Infected 

wlth vestlcular stomatltus VIrUS (VSV)S7 Ollgomers complementary to the Initiation reglons of VIrai 

mRNA's were lound ta mhlblt virai protem synthesls wlthout affectmg the production of 

endogenous prote ln ln addition. MePhosDNA targeted agamst a partlcular VIrai mRNA was found 

to hait producllon 01 ail virai protem ln the celi, whereas the inhibition was more mRNA-speclllc ln 

vItro MePhosDNA complementary to a VIrai pre-mRNA spllce site was found to mhlblt the growth 

of herpes simplex VIrUS type 1 (HSV-I) in human celisSH The Inhl:>ltlon of VIrai growth was most 

effective when the ollgomer was added Just pnor to Infection 

Phosphoramldate analogues of ollgodeoxynucleotldes are now routlnely syntheslzed by 

solld-phase techniquesSq A study Involvlng a senes of pnmary and secondary amme-denved 

phosphoramldate DNA 15-mers showed thal the bindmg 01 the uncharged strands to natural DNA 

IS conslderably weaker than that between natural diesters60 

The replacement 01 a phosphoryl oxygen wlth a sulphur atom IS IIkely the slmplest 

modllication Even though the alteratlon IS mmor and the negat/ve charge IS retamed, 

phosphorothioate-linked ollgodeoxynucleotldes have proven to be potent Inhlbltors A senes of 

dlHerent phosphate modilled 15-mers complementary to the initiation codon reglon of the mRNA 

for chloramphenlcol acetyltranslerase (CAT) was used to compare the vanous analogue types49 

Sy companng the antl-sense inhibition of CAT actlvlty m cells transfected wlth CAT-gene 

54SIake, K R Murakaml, A , Miller, P S, Bloeh9mlstry, 24, 6132 (1985) 
55Slake, KR. Murakaml, A , Spitz, SA, Glave, SA, Reddy, M P , Ts'o, P O.P , Miller, P S , 

Bloehemlstry. 24, 6139 (1985) 
56Mlller, P S AgriS, CH Aurellan, L , Blake. KR, Murakaml, A , Reddy, M P , Spitz, SA, Ts'o, POP, 

Blochlmll? 67 769 (1985) 
57 AgriS CH Blake. KR, Miller P S Reddy, M P , Ts 0, POP. BlOchemlstry, 25, 626B (1986) 
58Sm1th CC Aurellan, L , Reddy, M P Miller. P S, Ts'o, POP. Proe Nat! Acad Sel USA, 83, 2787 

(1986) 
59Froehler. Be Tetrahedron Lett, 27.5575 (1986) 
60Froer.ler. B C Ng, P . MalteuCCl, M . Nue/elc AClds Res, 16, 4831 (1988) 
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contalnlng plasmlds, Il was found thal the phosphorothloate denvatlve was the mos! active, more 

effectIVe than the correspondmg melhylphosphonate or alternatmg me!hylphosphonate s!rands 

Phosphorothloate analogues 01 DNA ollgomers have also been shown to exhlblt potent 

actlvlty agalnst human Immunodellcemcy VIrUS (HIV) t-l,t> 1 Anll-sense 14-mers targe!ed agalnst 

sequences ln the codlng reglon 01 the art/trs genes 01 HIV Inhlblled virai repllcatlon m cell 

cultures A dC28 homopolymer analogue was found to be a potent Inhlbltor of wal DNA synthesis 

at 11-lM, but the mechanlsm of acllon IS unclear 

61 Malsukura, M , Shlnozuka, K , Zon, G . MIIsuya, H , Reltz. M , Cohen, J S , Broder, S, Proe Nat! Aead 
SCI USA, 84, 7706 (1987) 
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1.6 Ollgonucleotlde Analogues Lacklng Phosphorus. 

Vlrtually ail of the blologlcal studles deallng wlth non-natural DNA analogues so far have 

used antl-sense ollgomers ln whlch the modification conSlsts of replaclng one or both of the 

phosphoryl oxygens wlth a dlfferent atom or group This owes pnmanly to the fact that such 

phosphate-modlfled systems are accessible by relatlvely small changes to eXlstlng solld-phase 

synthetlc methodology, laclhtatmg the production of longer strands ln additIOn, the preparation 

of ohgomers contalnlng Internucleoslde groups very dltfer~nt trom phosphodu:sters were no 

doubl beyond the synthetlc capabllrtles of labs better eqUlped for blologlcal rather than synthetlc 

work Whlle many dl- and tnnucleotlde analogues beanng novel "dephospho" hnkages have 

been syntheslzed, rt IS only rece.lt1y that chemlsts have become aware of the poSSible applicatIon 

of such work to the antt-sense ollgonucleotlde strategy Sorne notable members of thls second 

class of backbone-modlfled systems are shown ln Figure 9 

Perhaps the simplest poSSible modification leadmg to a dephospho-ollgonucleollde IS 

the replacement of the phosphoryl wlth a carbonyl group Carbonyl-hnked dl- and tnnucleotlde 

analogues have been reported62 However, the Instabllity 01 the carbonate group towards 

hydrolysls hmlts the usefulness of such systems The )olnlng of nucleoslde unlts by methylene 

groups (formacetal linkages) has also recently been reported63 

Polynucleotide analogues beanng mternucleoslde carboxymethyl groups have been 

preparedM ,65 The poly(dA) analogue was shown to blnd to a complementary RNA strand but, 

agaln, hydrolysis of the ester linkage was problematlc The analogous acetamldate-hnked system 

was found to be very stable to hydrolysIs66 Ollgomers beanng thls group, however, gave no 

IndlcallOn of base-stacklng nor bmdlng to complementary natural strands67 Adsorption of the 

ollgomers onto glass was also problematlc The fallure of thls system to form a hehx was explalned 

by the greater ngldlty of the amide group whlch was presumed to prevent the strand trom attalnlng 

the reqUired conformation 

Ohgonucleotlde analogues ln whlch the phosphorus IS replaced by SIlicon were prepared 

ln thls department by Ogllvle and Cormier The initiai preparatlve studles Involved 

62T1ttensor, J R, ... Chem Soc (G), 2656 (1971) 
63MalteUCCI, MD, Tetrahedron Lett, 31, 2385 (1990) 
64Edge, MD, Hodgson, A . Jones, AS, MacCoss, M , Walker, R T., J Ghem Soc (C), 290 (1973) 
65Jones, AS. MacCoss, M . Walker, R T, Blochlm Blophys Acta, 365,365 (1973) 

66Galt. M J . Jones, AS. Walker, R T. J Ghem Soc (G), 1684 (1974) 
67Galt, M J . Jones, A S Jones, MD, Shepherd, M J , Walker, R T , J Ghem Soc (Perkm Il, 1390 

(1979) 
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dlphenylslloxane Imkages6H Hexamers beanng dllsopropylsllyl groups were eventually 

syn'heslzed, but very poor water solublhty prevented any bmdmg studlesh'i 

Whlle the chemlcal and enzymatlc stabliity of carbamate-linked dl and tllnucleotlde 

analogues have long been known 70, Il 15 only lalely thal the btndmg abliity of Ihls class 01 

compounds has been mvesllgaled Two groups have mdependently reported the synttleses 01 

carbamate-Itnked hexanucleotlde analogues The dC6 analogue was observed7! to blnd strongly 

to natural poly(G) and poly(dG) as demonstrated by thermal mslt studles Oddly, no blndtng nor 

base-stacklng was observed for the T 6 penta-carbamate analogue 72 
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Figure 9, Backbone-modlfled oltgomers lacklng a phosphorus-contammg group 

680glivle, K K , Cormier, J F , Tetrahedron Lett ,26, 4159 (1985) 
690gllvle, K K , Cormier, J F , Nuc/elc AClds Res, 16, 4583 (1988) 
70Mungall, W S , Kaiser, J K , J Org Chem, 42, 703 (1977) 
71Stlrchak, E P , Summerton, JE, Weiler, DO, J Or9 Chf'm, 52,4202 (1987) 
72CouII, J M , Callson, 0 V , Werth, HL, Tetrahedron Lett ,28, 745 (1987) 
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1 
Wlth the exception of the carbamate and acetamidate-linked systems, ail of the 

dephospho-ana\ogues descobed above contam mtact deoxynuc\eoslde umts The two 

exceptions are denvatlves of eaSl\y prepared 2',S'-deoxy-5'-ammo nucleosldes This no doubt 

stems Irom the COI1Venlence 01 usmg commerclally avallable startlng mate nais There are, 

however a lew examples 01 ohgonucleotlde analogues whlch Incorporate unnatural nucleoslde

hke bUilding blocks These systems, summanzed ln Figure 10 , may be vlewed as the thlrd and 

latest generallon of anh-sense analogues 

The prevlously known methods of convertmg nbonucleosldes to morphohne denvatlves 

were employed to prepare a novel carbamate-linked hexa-cytldine analogue 73 This hlghly

ahered system appeared to bmd to complementary DNA, but not RNA This fact was attnbuted to 

the shorter "Intemuc~eoslde" distance ln the analogue, coupled to the low flexlblhty of RNA 

RO 

Morphollno 
Carbamate 

OR' 

Glyceronucleoaldes 

RO 

(QI.? 
OR' 

Bishomo-deoxy 
nueleoslde 
Sulflde 1 Sulfone 

Figure 10. Ohgonucleotlde analogues composed of unnatural nucleoslde unrts. 

S A Benner has studled ollgonucleotlde analogues ln whlch the furanose sugar 15 

replaced by glycerol, anc\ then hnked by phoshodlesters Such acychc analogues have been 

shown to be reslstant to nuclease degradatlon 74 Although Isostenc to natural strands, the 

greater flexlbliity of the glyceronucleoslde umt5 was found to greatly reduce the abliity of the 

73St1rchak, E P Summerton .• J E Weiler, DO, Nuclelc ACld Res, 17, 6129 (1989) 
740gllvle, K K , Nguyen-Ba, N Glilen, MF, Radatus, 8 K , Chenyan, U 0 . Hanna, H R , Smith, SM, 

Galloway, K S , Can J Chem. 62. 241 (1984) 
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modlfled strands to bmd to complementary sequences 7'i 1 n fact. the presence of a smgle open 

chain unit m an otherwlse naturat DNA nonamer substantlatty reduced Its ablhty 10 torm a tlehx WIIt1 

a complementary strand (as seen as a 15 drop ln Tm) 

Fmally, the synthesls of the monomenc unlts for a non-hydrolyzable sulflde or sultone 

ollgonucleotlde analogue has recently been reported by Benner7/> ln thls bIs-homo system the 

3'- and 5'-oxygens of deoxynbonucleosldes have f)een replaced by methylene groups and the 

unrts are to be hnked by a sulphur alom whlch c..::;~ later be oXldlzec 10 Ihe sulfoxlde or sulfone 

This system will be further dlscussed later 

75Schnelder, K C, Benner, SA, J Amer Chem Soc, 112, 453 (1990) 

76Schnelder, K C , Benner, SA, Tetrahedron Lett, 31, 335 (1990) 
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1.7 Design Considerations 

The large body of pnmanly blologlcal research devoted to anll-sense regulallon, 

summanzed ln the prevlous secllons. has shown that certain design cnte na will have to be met lor 

a successful artlliciai antl-sense system A general overvlew 01 these constramts 15 glven below 

Overall Antl-Sense Strand Desig n. 
It IS obvlous that the ploper cholce of larget sequence wlthm the mRNA IS of central 

Importance to the design of an effective antl-sense ohgomer77 The ln VIVO and ln vItro study 01 

both natural and modlfled ollgonucleollde analogues has demonstrated Ihat certain ragions along 

the eukaryutlc message, ln partlcular those at the extreme 5'-end (CAP-site) and near the initiation 

codon, appear to be the most etfectlve targets for antl-sense translatlonal inhibition The same 

hdS been concluded for the Shlne-Dalgarno and InitiatIOn codon reglons ln bactenal messages It 

has 3150 been shawn that mRNA reglons eXlsling as stem-Ioop structures make roor targets, 

presumably due ta the Inabliity of antl-sense strands to blnd to them, RNA RNA duplexes are 

especlally stable 

Another Important deSign parameter IS the length 01 the antl-sense ohgomer Il IS clear 

that the strength of blndlng between an as-ohgomer and mRNA target, as weil as the speclhclty, 

will Increase wlth length ln opposition to thlS, however, IS the uptake lactor Shorter 

ohgonucleotldes or analogues will no doubt cross cell membranes more easlly 

n the ,:Jse ,)1 JsDNA Il Jppears :11al ollgonucleotldes shorter 'har, decamers usea at 

reasonable concentrations) dre generally mactlve Further mcreases ln the stranu length 15 

mlrrored by greater dntl-sense inhibition. but thls effect levels off greatly beyond a 20-mer One 

would expect modilled ollgonucleolldes, whose RNA blndmg 15 comparable to that of DNA. to 

behave slmllarly An Important fmdlng wlth regard to strand length IS that asDNA ohgomers, 

targeted ln tandem, appeL.1 '0 act synerglstically7S.74 It was shown that two asDNA 14-mers, 

complementary to contlguous mRNA sequences. inhlblted translation in a cell-Iree system to an 

extent comparable to that for a 20-mer al 8-tlmes the concentration ThiS phenomenon no doubt 

rellects some cooperatlvlty ln hehx formation 

It 15 clear that the strength 01 blndrng to RNA, the strand length, and the effective 

concentration for an antl-sense ollgomer to be effective are Interdependent lactors Whlle 

20nc8ntr3tlon hJS obvlous l~onstralnts 1 solubllitv and tOXIClty), the use of very lengthy strands also 

poses potentlal problems For uncharged analogues solublilty ana uptake oroblems as weil as 

--, 
, 'Dolmc\<. B J , Blochem Pharm, 40, 671 (1990) 

78Goodchild, J Carroll Il!, E , Greenberg, J R , Arch Blochem Blophys, 263, 401 (1988) 
79Maher III, L J , Dolnlck. B J , Arch Blochem Blophys, 253, 214 (1987) 
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non-speclflc association wlth sub-cellular structures, may occur Long sequences may also blnd 

to reglons of partial complementanty on non-target RNA specles This may have senous 

consequences If the ollgomer 15 a DNA analogue. translent associatIOn to non-target RNA 

sequences followed by cleavage by RNase H may result ln random destructIOn of mRNA ln th,s 

hght, tandem targetmg may be an Important strategy 

This last posslblilty bnngs up the question of preterred mecranlsm As outhned ln 

Section 1 4, asDNA, or analogues thereof, can act by promotlng the RNase H-catalyzed cleavage 

of targeted mRNA , as weil as by the usual translatIOn arrest mechanlsm Whlle tht} RNase H 

mechanlsm offers the potentlal for the Irreversible inactivatIOn of target strands. poor selectlvlty or 

cell-dependent vanatlons ln enzyme actlvlty may be problernallc 1 he process rndy Indeud 

become noth,"g more than a comphcatlng factor Ollgonucleollde analogues wtlose HNA tlybnd 

duplexes are not substrates fi • RNase H may, m the end, be the most deslrable systems TI1IS, 

and the other deSign cons l' ~ratlons dlscussed above Will no doubt be subJect5 of the ever 

Increasmg body of blologlca, InvestigatIOn devoted to the antl-sense strategy 

Blologlcal and Chemlcal Stability 

Nature's setthng on phosphate dlesters to hnk nucleoslde unlts ln RNA and DNA no 

doubt stems from the groups extreme chemlcal stablhty Slnce malntalmng the Integnty of a cell's 

genetlc Information IS perhaps the pnmary blologlcal funcllOn, th,s choiGe IS understandable 

Nonetheless, the phosphodlesters ln RNA and DNA are rapldly cleaved ,n VIVO Irl a controlled 

manner, by cellular nucleases The enzymatlc degradallOn of mRNA IS essenlial to p"1vent the 

"bUild-up" of messages whlch wou Id render transcrlptlon-Ievel control of qene expression 

purposeless As bnetly descnbed ln Section 1 1, the extensive modification found Irl mature 

mRNA serves, ln large part, to protect the strand trom such deC]radatlon 

Modification of the backbone such that It IS no lonGer a substrate for cellular nucleases IS 

the most stralghtforward solution to the problem of blologlcal stablhty The phosphate-modltled 

systems outhned ln Section 1 5 are the only class ot artlflclal antl-sense compounds to be studled 

ln any detall This IS due, pnmanly, to the tact that these systems are accessible through the 

modification of eXlstmg solld-phase synthetlc methodology, allowmg for Ille relatlvely 

stralghtforward preparation of sequences of blologlcal consequence 

A drawback to phosphate modification, however, IS that ln gOlng fram a phosphodlèster to 

an uncharged analogue, one compnmlses chemlcal stabliity This can compllcate the automated 

preparation of modlfled ollgomer~ ln whlch certain transformallOns ln pdrtlcular the deprotecllon 

of the nltrogenous bases, were onglnally developped wlth the stabliity of phosphodlesters ln 

mlnd ln addition, the long-term chemlcal stabll:ty ln VIVO IS also reduced ln modltylng the 

phosphodlester, especlally consldenng the array of nucieophlilc 5pecles wlthln the ce Il 
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Thoughtfully deslgned dephospho-ohgomers are the obvlous answer to satlsfytng the 

need for both chemlcal and blologlcal stablhty The drawback of such an approach, of course, IS 

the tnablhty to utlhze automated synthetlc methodology It IS here that the antl-sense field 

Intersects wlth synthetlc chemlstry 

A possible compnmlse between the advantages of a non-cleavable dephospho-strand, 

and the practlcahty of USInÇj known solld-phasc techmques, 15 the incorporation of modlfled 

sequences Into, and at the ends of, natural ohgomers. This has been demonstrated for short 

formacetalo} and methylphosphonate-linked sequences80 who se presence in natural DNA 

afforded protection agatnst degradatlon by exonucleases The frequency of modlfled linkages 

wlthln a natural strand reqUired for protection agalnst endonucleases has not yet been 

determmed 

Helix Fo(matlon 

ln the past decade, the understandmg of the factors tnvolved ln nuclelc aCld double helix 

formation and stablhty has greatly Increased This progress has been alded, ln partlcular, by X-ray 

diffraction studles whlch have led 10 the dlscovery of dlfferenl hehcal types (namely, A-, B- and Z

forms), and has allowed for the detalled conformatlonal analysis of the sugar, base and 

phophodlester moellieS of the vanous duplexes81 While the Importance of base-panng and 

base-slacktng ln double hehx stablhty IS weil recognized82 , the role of the sugar-phosphate 

backbone IS not fully understood 

The antl-sense field has alded thls aspect of nucleic aCld chemlstry whlch, ln turn, will no 

doubt play a large part ln the deSign of anti-sense compounds Slnce antl-sense regulation 

depends on hehx formation between the as-ohgomer and mRNA target, the evaluatlon of a new 

analogue often Involves an Initiai meltlng study to determlne the strength of bmdlng between 

complementary strands Early studles tnvolvlng short ohgomers appeared to Indlcate that 

uncharged analogues btnd more strongly to DNA (or RNA) th;}n thelr natural counterparts This 

was rallonahzed as belng due to the absence of electrostatlc repulslon between the phosphate 

groups of opposmg strands, whlch are he Id ln falrly close promlxlmlty ln the double hehx The fact 

that the Tm for these mlxed systems does not vary wlth salt concentration supports thls 

assessment 

A study of longer (-20 nt), uncharged phosphate-modrfled analogues, however, showed 

that the bmdmg IS much weaker than for unmodlfled systems This dlscrepancy between short 

80Agrawal. S . Goodchlld. J. Tetrahedron Lett, 28. 3539 (1987) 
81 Dlckerson. RE. Kopka. ML. Drew. H R , ln Clementi, E , Sarma, RH (Eds), Structure and Dynamlcs 

Nucil.~lc AClds and Protems, Adenine Press, New York, NY (1983). p149 

82Cantor, C fi. Schlmmel, P R . Blophyslcal Chemlstry, Part 1. WH Freeman & Co , San FranCISco (1980), 
Chap 3 

28 



analogues and lengthy strands may be due to solvatlon effects The natural double Ilehx ln 

solution IS known to possess what has been termed a "splne of hydratlon', conSlstlng of an 

orderly arrangement of water molecules along the major and mlnor grooves Il IS Ilkely tllat thls 

form of solvatlon reqUires charged phosphate groups along both polynucleotide strands ln shon 

ohgomers lacklng a charge, It IS possible that the allevlallOn of Interstrand charge repulSlon IS the 

predominant factor, leadlng to stronger blndlng ln longer strands, however, the helrx stablhzallon 

resultmg from charge removal may be more than offset by the resultlng Inablhty to form the 

stablhzlng hydratlon spme Nonetheless, the se systems do blnd to natural complementary 

sequences ln a manner whlch appears to mvolve double helrx formation 

An addltlonal problem mherent ln phosphate-modlfled ollgonucleotldes IS 

stereochemlcal The replacement of a single phosphoryl oxygen wlth another atom or group 

results ln a chiral phosphorus center Consequently, oilgomers beanng the altered gr0up are 

actually mixtures of a great many dlastereomenc strands Whlle each of these components 

presumably possess the potenllal to bmd to the target sequence, only a certam proportion Will 

have the optimal arrangement of stereocenters ThiS has been clted as a factor contnbutlng to the 

reduced blndmg of pho~phate-modlfled systems, although the senousness of the problem has 

been questlonned The preparation of stereochemlcally pure ohgomers IS belng Invest IgaterlK \, 

but the long-term practlcalrty of thls approach IS somewhat ln question 

It IS generally accepted that altenng or replaclng the phosphodlester should not dlsrupt 

the bmdlng of the modlfled ohgonucleotlde to sIs RNA or DNA, provlded that the length 01 the 

new hnkage IS close to that of the natural C-O-P(Ob-O-C bndge ThiS appiles to dephospho

systems as weil, as exemphfled by the carbamate-hnked systems There are, however, hmlts to 

the allowable alteratlons Too much flexlbllty, as m the glyceronucleoslde ollgomers, or major 

alteratlons, as ln the morphohno-carbamates, should be avolded The latter example, ln whlch 

hellx formation IS observed wlth DNA but not RNA, bnngs up an Important pOint DNA IS 

polymorphlc80,84 and can alter Its conformation 10 accomodale many modes of bmdlng to a 

complemenlary strand The presence of the 2'-OH, however, renders RNA much le55 fleXible, dis 

RNA occurs only as an A-type duplex An apparent consequence of thls IS that Ol-JA RNA hydnd 

duplexes occur only as A-type hehces85 , the conformatlonal constralnts of RNA presumably 

830zakl, H , Yamana, K , Shlmldzu, T, Tetrahedron Lett ,30,5899 (1989) 
84Sundaralingam, M , and Rao, ST, International Journal of Quantum Chemlsrry Quantum Blology 

Symposium 10, J Wiley & Sons, New York, NY (1983), P 301 
85Wang, AH -J , FUJII, S , van Boom, J H , van der Marel, GA, van Boeckel, S A A , Rich, A , Nature, 

299,601 (1982) 
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forcmg the system to assume thls form* Therefore, the observation of bmdmg to SIS DNA does 

not necessanly Imply tha! an ohgonucleollde analogue Will also blnd to a sIs RNA targe! ln IIght of 

thlS, the design of ohgomers whlch are hlghly flexible may be better One the other hand, 

analogues whlch have a ngld conformation simllar to those of RNA strands may be especlally 

strong bmders of mRNA targets 

One reason lor the lack 01 Ilexlbiity ln RNA cùntalnlng duplexes IS belJeved to be stenc interaction 
between the 2'·OH and one of the anlonlc o);ygens of the phosphodlester 3'- to the sugar ln questIon ln 
addition. the nbose sugars eXlst ln a parLlcular conformation (C3 -endo) whlch greatly favors the A-type 
hellx 
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1.8 Plan of t:'-' Idy. 

The overall goal 01 my proJect was to design and syntheslze a bac"bone-modilled 

oligonucleotlde analogue whlch possesses a hlgh degree of stabllilty. both blologlcJI ,md 

chemlcal Carelul study of the large volume of work performed ln the antl-sense field revedled to 

us that synthetlc chemlstry could make a valuable contribution by developplng ttle rnelilods for 

prepanng antl-sense analogues Inaccessible to the blologlcally-onellted researcher 

A recurnng theme ln the deSign of so-called . dephospho-" ollgonucleotldes ilas been 

the JOlnlng of natural nucleosldes by non-phosphate-Ilke functlonalltles. no doubt for reasons 01 

synthetlc expedlency Whlle stable to enzymes, these systems dre otten plaqued by Insuthclent 

chemlcal stability \Ve felt that the complete replacement 01 Ille C-o-p O-C bndge could glve an 

oligonucleollde analogue possesslng complete stablilty ta Ilydrolysis Ideell lor use ,lS ,ln ,mIl 

sense Inhlbltor It shuuld be mentlonned that such cl system could Lllso tmd ,1PpilC~llIon ,IS ,Hl Irwrt 

blndtng group for DNA or RNA whose attachment to d phosphodlester-deavlC1q tuncllon wou Id 

yleld an artlflClal restnctlon enzyme 

The deslre for hlgh chemlcal stablilty led US to choose a thloether-Itnked system ln whlch 

the 3'- and 4'-carbons of adjacent su gars are lomed by an alkane chain contatnlng a single sulphur 

atom The correspondlng sulfone and sulloxldes could also be easlly obtamed rhe 

stralghtforward lormatlon of sulldes from a thlol and an appropnately actlvated alcohol was clnolher 

factor maktng the group an attractive cholce The declslon to place tl1e sulphur dt the Position 

shown ln Scheme S 1 Section ~ ~ 1 was !)élsed on both '.vnttll;tlc 0LJllllll'tJ Il 3eClI011.: Il HlCl 

structural conSiderations 10 tamillanze )urselves Wlth ttle IJlter ,1 'Jc.Jle model ot 1 double 111:11,; 

was constructed' Careful study of the molecular models dld not reveal .1ny obvlous untavorable 

stene interactions upon replacement of the phosphate wlth the 1t1lOethylene group 

Thus, the plan of study for thls proJect was to deVIse an etflclent synthesls 01 3' deoxy-3'

C-(2"-substltuted-ethyl) nucleosldes beanng sulphur atoms, and develop the methodology for 

coupltng them to yleld a thloether-Itnked system 

t ThiS model can be seen on the caver of Interface, 9(2), (1988) 
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2. RESUL TS & DISCUSSION 

2.1 Synthetlc Strategy. 

Unllke most synthetlc endeavors, the lact that we were not restncted as to the type 01 

sugar (nbo, or 2'-deoxynbo-) or the placement 01 the sulphur atom allowed us the luxury of sorne 

flexlblhty ln the final target molecule's structure Nonetheless, devlslng an adequate synthetlc 

scheme lor a thloether-hnked analogue proved challenglng, oWlng ta the drtficuilles Inherent ln 

deahng wrth relatlvely small molecules contalnlng many functlOnalrtles 

Il was declded from the beglnmng that, allhough Il most closely resembled the natural 

system, replacmg the Internucleoslde O-P(Oh-O groups wllh a CH2SCH 2 linkage would 

necessltate lengthy syntheses of the monomenc unlts ThiS decision proved most lortunale 

consldenng Benner's recent preparation of the 3' ,S' -bls-homo-deoxynbonucleoslde bUilding 

blocks lor such a system An approach m whlch the mternucleoslde sulflde IS placed at the S', 

position was chosen whlch would Involve nucleoslde unlts beanng 2-substltuted ethyl groups at 

the 3'-posltlon Thus, the target system was S1 

Scheme Sl 
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The next chOlce was whether to place the sulphur at the 2"-posltlon (end of the ethyl 

branch-chaln) of the monomer unit. dlsplaclng a 5'-leavlng group on the next nucleoslde (route 

A), or the reverse strategy (route B) We assumed that sulflde formation would be stralgtltforward 

ln elther case and settled on the flrst route (A) This decision was based largely on our opinion 

that the monomer nucleoslde 52 cou Id be more easlly prepared than S3 We were also wary 01 

placlng a leavlng group X at the 2"-posltlon, mmdful that a 2'-substltuent (R' = OH or OR) would 

IIkely be present ln our system and ratSe the problem of participation or mtramolecular cychzatlon 

Scheme 52 
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The retrosynthesis of the branched-cham thlosugar nucleoslde S4 IS shown ln Scheme 

82 The overall strategy 15 more or less the same as that employed by Rosenthal and NguyenXh ln 

the preparation of 3-deoxy-3-C-(2'-hydroxyethyl)adenoslne from dlacetone glucose The 2'· 

hydroxyl group was kept slnce It IS requlred, ln the form of an ester, lor the stereoselectlve 

attachment of the nltrogenous base We fel! that the 1 ,2-dl-O-acetate sugar S5 could be formed 

by the acetolytlc deacetalatlon of the correspùndlng 1 ,2-0-lsopropyltdene sugar S6, although we 

were somewhat concerned by the presence of the sulphur ln the sugar Il was clear that the 

cholce of protectlng groups would have to be carefully consldered, keeplng ln mmd the later 

coupltng of the nucleoslde unlts 

1 ,2-0-lsopropyltdene furanose sugars are Ideal precursors for branch formation atthe 3· 

position of sugars Slnce the cls-fused "envelope" allows for control of the stereochemlstry at C-3 

(via reductlon of the Wlttlg products of the 3-oxo-sugars) This has been made use of ln 

86Rosenthal, A ,Nguyen, LB, J Org Chem, 34, 1029 (1969) 
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1 
numerous syntheses Invo/vmg carbohydrate startmg mate na/sil? and appeared to be the fastest 

route to 57 Thus, 1 ,2-0-lsopropylldene-D-xy/ofuranose was chosen as the startrng materla/ 

Another posslb/e route to monomer S4 IS through the modification of natura/ 

nucleosldes One mlgh! be able to carry out the Introduction of the 2-mercaptoethy/ branch to a 

nucleoslde by the same methods planned for the sugar Il appeared Improbable, however, that 

the nltrogenous bases cou/d survive ail of these transformations The stralghtforward 

incorporation of branch-chalns has been accomphshed uSlng a radical addition to ally~nbuty~ln, via 

a 3'-O-phenoxythloxomethyl denvatlve of thymldlne81l This approach IS presently bemg studled 

ln the lab, but may not be applicable to ail of the reqUired bases 

87Hanesslan S, Total Synthesis of Natural Products The 'Chiron' Approach, Pergamon Press, Oxford, 
U K (1986). P 116 

88Flandor, J Tam, S y, Tetrahedron Lett, 31,597 (1990) 
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2.2 Synthesls 3'-Deoxy·3'-C·(2"·Mercaptoethyl) Nuceotldes (18) and (19), 

Synthesis of Thiosugar (11). 

The key branched-cham thlosugar 11 was prepared Irom 1,2-0-lsopropylldene-D

xylofuranose 2 via the prevlously descrlbed 1.2-Q-lsopropylldene-5-Q-trltyl-o-D

erythropentofuranos-3-ulose 3 Monoacetonlde 2 was mltlally prepared lrom the free sugar by 

known procedures89 , but commercial materlal was later used The prevlously descnbed'lO 

trrtylatlon (TrCI / pyndlne / RT) and Moffatt oXldatlon (AC20 / DMSO) of 2 were readlly pertormed on 

a large scale, yleldlng the crystalhne (m p 133°C, hterature value, 132"C) 3-oxo-furanose 3 ln 

conslstently good ylelds, typlcally between 70 and 75 % overall for the two steps 

Scheme 1 

(1 ) 

, ~""" T.aH 'C.,sO,. HO~ 0'(10 
2 H'/HP'MeOH 

0y 
(2) 

1 TrCl py 

2 Acp DMSO 

Condensation of 3 and the anion of tnmethyl phosphonoacetate was Inltlally carned out 

by a descnbed86 method (t-BuOK / DMFj but afforded only moderate ylelds 01 4 The reactlon 

employlng sodium hydnde m THF, however, produced excellent ylelds 01 the two Isomenc (t,P
unsaturated esters 4 and 5 The olefln ISO mers could easlly be separated by column 

chromatography, and the respective stereochemlstnes were determmed through 'H-NMR nO e 

expenments The ratios of the esters remamed surpnsmgly constant over a large number 01 

reactlons at 38 1 ln favor of the Z-olelln 4 

Detalled analysls of the 'H-NMR spectra of the (l,[l-unsaturated esters (Figure 11 ) 

revealed that certam signais were more complex than expected Decoupllng expenments 

showed that ln addition to the couplmgs between H-2, H-4, and the olelmlc proton, 4-bond 

couphng between H-2 and H-4 was also operatlve wlth a value of -18Hz lor both 4 and 5 This 

was somewhat surpnslIlg consldenng that these Iwo protons are ln no way onented ln the "W"

manner normally reqUired lor such couphng (Casslopaela effect)'!1 

89Helfench, B, Burgdorf, M, Tetrahedron, 3,274 (1958) 
90Sowa, W, Gan J Chem, 46,1586 (1968) 
91 Cooper, J W , Spectroscoplc Techniques for Orgamc Ghem/sts, John Wlley & Sons, N Y , (1980). P 83 
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1 
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Figure 11. Portions of the hlgh-resolutlon 200 MHz 1 H-NMR spectra of a,p-unsaturated esters 
4 and 51n CDCI3 

Esters 4 and 5 were found to b~ hlghly reslstant to hydrogenatlon over palladium and. 

under forcing conditions, detntylatlon became a problem However, refluxing the mixture of 

Isomers 4 and 5 ln THF over "!Ilium aluminium hydnde resulted ln complete stereoselectlve 

reductlon of the unsaturated esters, affordmg the deslred 3-deoxy·3-C-(2'-hydroxyethyl) sugar 8 

ln 79 % yleld The rtbo-conflguratlOn of 8 was conmmed by 'H-NMR spectroscopy (Figure 12). 

whlch showed couphngs of 4 7 and 100Hz for 3JH2 H3 and 3JH3 H4, respectlvely The structure of 

the alcohol was also conflrmed by denvatlzatlon to the 2'-O-acetate 9. 

Attempts to mtroduce the sulpt ur via the convention al route92 of mesylatlon followed by 

dlsplacement wlth potassium thlolacetate, proved unsatlsfactory· Whlle mesylate 7 could be 

prepared (MsCI f pyndlne / CH2CI2) ln excellent yleld, the subsequent treatment wlth thlolacetate 

92Swann. 0 A T urnbull. J H . Tetrahedron. 24. 1441 (1968) 
• We later dlscovered tha! these low ylelds may have stemmed Irom the commercial potassium thlolacelate 

belng contammated wlth considerable amounts 01 potassium acetate 
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Scheme 2 
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ln DMF would not procede to completlon, and the use of large excesses of thlolacetate resulled tn 

the formation of troublesome slde-products The transformation was much more easlly effected tn 

a single step through the Mltsunobu coupllng of 8 and thlolacetlc aCld (PPh 1/ DIAD 1 THF) as 

descnbed by Volante93 The presence 01 the thlolacetyl group ln 6 was conllrmed by 'le NMR 

signais al Ô 195 47 and 30 50 13C-NMR was lound 10 be most uselul ln detectlng nIe ttllolacetyl 

group slnce the spectral dlfferences between S-acelales and O-acetates are much more 

pronounced than IS the case tn elther IR or 'H-NMR 

The Instablhty 01 the tntyl group towards the somewhat harsh conditions reqUired for 

removal of the 1.2-0·,sopropylidene group requlred that Il be replaced wlth a more aCld-stable 

lunctlonahty This new protectmg group would also have to be compatible wlth the planned 

attachment of the mtrogenous bases, as weil as the eventual coupllng 01 the nucleoslde umts, a 

sllyl ether" '')edred to best fit these requlrements Tr8atment 01 6 wlth mettlylene chlonde 

93Volante, R p. Tetr.ihedron Lett, 22. 3119 (1981) 
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1 saturated wlth HGI resulted ln selective cleavage of the tntyl group, but the reactlon rarely 

proceedeo to completlon Anhydrous tnchloroacetlc aCld proved far supenor, affordlng the 5-

alcohol 10 ln approxlmately 90 % yleld 1~lcohol 10 was then quantltatlvely converted to the fert

butyldlphenylsllyl ether 11 by standard means (TBDPhSICI / Imldazole / DMF)94 

H'1 
T'o

7ty 
OH 

H·2 

H·2' H'S H·S 1 

1 
! 

1 H·3 
'1 

! 
H·4 1 , 

H'" 

l 
l''T'ry 1 1 1 1 1 1 

1 
1 1 1 1 1 l--r i 

1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

5,5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 PPM 1.5 

Figure 12. The 300 MHz 1H-NMR spectrum of alcohol8 ln CDCI3 after D20 exchange (aromatlc 
signais omltted) 

A more expedlent route to 11, mtroducmg the tert-butyldlphenylsllyl group to the 5-

hydroxyl at the beglnnmg of the scheme, WétS also Investlgated Selective sllylatlon of 

monoacetone xylose to 13, followed by Moffatt oXldatlon, afforded the S-O-fert

butyldlphenylsllyl-3-oxo-sugar 14 ln 80 % combll1ed yleld for the two steps The subsequent 

Wlttlg condensa\lon wlth the anion of tnmethyl phosphonoacetate (t-BuOK / DMF) dld glve the 

u,~-unsaturated ester 16, but ln only fair ylelds (-40 %) It had been reported95 that the 

hydrogenatlon of a simllar unsaturated sugar beanng a S-O-tert-butyldlphenylsllyl group showed 

poor stereoselectlvlty Anempts to carry out the lithium aluminium hydnde reductlon to alcohol15 

attorded complex mixtures whlch appeared to Include the allyllc alcohol and desllylatlon products. 

and thls approach was abandoned 

94Hanesslan S. Lavallee, P. Gan J Chem. 53,2975 (1975) 
95Tam. T F Fraser-Reid. B . J Ghem Soc. Chem Comm, 556 (1980) 
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1 
The most cntlcal step ln our strategy was the conversion of acetonlde 11 to the 

correspondlng dl-O-acetyl turanose 12. whlch we hoped could De accomphshed Wlttlout 1055 01 

the other protectlng groups or rearrangemenl 01 the sugar The conditIOns requlred 10 carry out 

the converSion ln 70 % yleld (camphorsullonlc aCld 1 AcOH Ac:,O' 70 'Cl were eventually 

determtned, but only after much investigatIOn A detalled diSCUSSion of the studles Involvmg the 

acetolysis of 12, as weil as many other sugars, 15 glven Section 26 

Scheme 3 
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1 
Synthesls of Nucleosides (18) and (19). 

Wlth the ~ ,2 dlacetate 12 m hand, the nltrogenous bases were attached tollowmg 

Vorbruggen's methodologyYIl,lJ7,YK The tnmethylsllyl tnflate-catalyzed coupllng (CICH 2CH2CI / 

reflux) of 12 and bls-(tnmethylsllyl)cytosme, prepared from the unprotected pynmldlne by a 

descnbed method'J'), afforded nucleoslde 17 m 86 % yleld We found that the cleanest results 

were obtamed when the one equlvalent of trlflate was added ln two portions. 0 4 eqUivalents at 

the start of the reacllon and the dlfference Immedlately after refluxmg began Benzoylatlon (BzCI! 

pyndlne) aHorded the fully protected monomenc unit 18 
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The Vorbruggen coupllng of 12 and bls-(tnmethylsllyl)-tV'-benzoyladenme proved less 

stralghttorward The reactlon Involvlng preparation of the sllylated base ln Situ usmg 

hexamethyldlsllazane and chlorotnmethylsllane97 was found to be unreIJable. glvmg excellent 

ylelds of nuci':>oside (>80 %) ln some cases. but yleldlng very httle ln others A superior method 

was to use a s'lock solution of sllylated base tV'-benzoyladenme was prepared by a descnbed 

method 100 , and reacted wlth TMSICI to yleld the bls-sllylated base99 as a clear. yellow glass after 

96Vorbruggen, H, Krolikl9wlCZ, K, Angew Chem mternat EdIt. 14,421 (1975) 
97Vorbruggen H Holle, G, Chem Ber, 114,1234 (1981) 

98Vorbruggen, H , Krollklewlcz, K , Bennua, B , Chem Ber, 114. 1257 (1981) 
99Nlshlmura, T , lwal, 1 Chem Pharm Bull. 12, 352 (1964) 
100Prokop, J Murray, 0 H, J Pharm SCI. 54, 359 (1965) 
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bulb to bulb distillatIOn A stock solution of thts matenal ln 1 2-dlchloroethane was tound to be 

stable for months The Vorbruggen couplmg (01 equlv TMSIOTf CICH,CH ,CI' rettux) of 12 

and sllylated base conslstently afforded the adenoslne denvatlve 19 ln very good ylelds 
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Figure 13. The 200 MHz lH·NMR spectrum of the branched-chaln thlosugar nucleostde 17 ln 
CDCI3 "s" indicates peak due to CH2CI2 ln sample. 
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2.3 Attempted Thloether Formation - Intramolecular Cyclization. 

Model Studles. 

To famillanze ourselves wlth the chemlstry Involved ln formlng the Internucleoslde sulflde 

linkage. the followrng model studles were performed 2,3-0-lsopropyhdene-nbonolactone was 

rnltlally used slnce Il w~<) avallable from other won< belng carned out ln the lab It was hoped that 5-

sulftde formation mlght be accompli shed ln a single step through a Mltsunobu couplrng101 

Treatment of 20 wlth tnphenylphosphlne and elther dlethyl- or dllsopropylazodlcarboxylate, ln the 

presence of benzylmercaptan (THF / AT), resulted rn no reactlon Attempts to proceed via the 5-

bromlde 1 02 generated m Situ (PPh3 / CBr4 / BnSH / TEA / THF) gave complex mixtures whlch 

Included much unreact(d 5-01 The bromolactone 21, however, cou Id be prepared (PPh3 / CBr.; / 

MeCN) \01 ln 76 % yleld This suggests that the 5-hydroxyl can be actlvated, but the subsequent 

dlsplacement by the thlol IS very slow Il IS knowr. that the nucleophlle ln :;uch reac.tlons must be 

aCldlc The fallure of BnSH to meet thls requlrement may. In part. explarn the fallure of the 

reactlon. even though couphngs employlng thlophenol have been performed\04 

Scheme 5 
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101 Mltsunobu. 0 , Svnthes/s. 1 (1981) 
102Yamamoto, l ,Sektne. M . Hala. T . J Chem Soc (Perkm Il. 306 (1980), 
103Appel, A, Angew C/lem mternat Edit. 14.801 (1975) 
104Lo,bner H Zblral, E , Helv Chlm Acta. 59. 2100 (1976) 
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1 ln dlsplaclng the 5-bromlde wlth thlol (BnSH 1 TEA ,1 CH;>CI;». we r.scovered that 

ellmlnatlon competes wlth the substitution The benzyl sulflde 22 was formed. but Jccompallled 

by a lesser amount of 23. presumably formed by the ellmlnatlon 01 HBr lollowed by attacl-. by Ille 

thlol at C-4 

Consldonng thls result, we lelt a better model sugar sholJld be employed Methyl 2.3-0-

Isopropyhdene-~-D-nbofuranoslde 24 was chosen. whlch IS easlly prepared trom Ille Iree sugar ln 

a single stepl05 Agaln, ail attempted Mltsunobu couplmgs wlth BnSH lalled The 5-bromo sugar 

25 could, as ln the case of the lactone model, be obtalned ln 77 % yleld The 5-tnflate 26 was 

cleanly formed (Tf20 / pyndlne / CH2CI2) as momtored by tic, but qUlckly decomposed upon any 

attempts to Isolate it The addition of BnSH to solutions of the tnflate generated ln SItu appeared 

ta result ln IIttle sulflde formatton The 5-mesyl sugar 27 was easlly lormed (MsCII pyndme) ln 95 

% yleld Il was found that the treatment 01 elther the bromlde 25 or mesylate 27 wllh the model 

thlol USlng dlazablcycloundecene (DBU) ln DMF. resulted ln clean thloether formation Thus.lhls 

method was used for lurther work 

105Leonard. N J . Carraway. K L ,J Heterocycllc Chem . 3, 485 (1966) 
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Deprotectlon of Monomers. 

Encouraged by the model studles, the 5'· and 2",posllions of the monomenc nucleoslde 

Unit 18 were selectlvely deprotected The desllylalion of 18 usmg nBu4NF 3H;>O ln THF resulted 

ln considerable deacetylatlon accompanylng cleavage of the sllyl ether Even after thorough 

drymg of the ammonium salt over P205 (50' C / vacuum), notlceable deacylalion was observed 

The problem was easlly overcome by carrylng out the reaclion ln the presence of two eqUivalents 

of AcOH whlch cleanly afforded the 5"01 29 ln 95 % yleld Mesylatlon of 29 (MsCII pyndme 1 

CH;>CI;» aflorded the 5'·actlvated nucleoslde 30 ln 99 % yleld 

Scheme 6 
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The selective removal of the acetyl groups ln 18 could not be accomphshed wlth 

methanohc NaOH, debenzoylalion of the base always accompamed cleavage of the esters Good 

selectlvlty was attamed when the reactlon was perlormed by the careful addition of aqueous 

sodium hydroxlde to a dloxane solution of 18 However, oXldalion of the resultlng 2"·thlol to the 

symmetncal dlsullide, even employmg solvents whlch were prevlously degassed by ultrasound 1 
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1 
vacuum, was a problem This was overcome by addmg dlthlothrellol (Cleland's reagenl) 10 Ihe 

reactlon whlch afforded 31 ln 80 % yleld, bul removal 01 the remammg OTT (or dlsulfldel Irom tlle 

product proved to be dlfflcult Attempts to cleave only the S-acelyllrom 18 by Ille slow addition 

of a smgle eqUivalent of base repeatedly la lied 

The complete deprolecllon 01 Ihe branched-cham nucleoslde~ was pertormed by tlle 

base-hydrolysls of the 5'-alcohols The addition of aqueous NaOH to methanohc solulions 01 

nucleoslde 29 afforded only the symmetncal dlsulflde 32, tlle free thlol cou Id never be Isolated 

Agam, the oXldatlOn was rapld, even usmg degassed solutions DesllylatlOn of the adenoSlne 

monomer 19 (nBu4NF 3H20 / AcOH / THF) to 33, followed by deacylatlOn (NaOH / H;>O 1 MeOH), 

also afforded the symmetncal dlsulflde 34. 

Scheme 7 

NHBz 

N~N 
510 (N-l.) :K, N 

SAc 

(19) 

nBu.NF (H20b 

AcOHITHF 

SAc 

NHBz 

OAc 

(33) 

Attempted Coupllng of (35) and Benzylmercaptan. 

MoOH 

Since mesylate 35 was more easlly obtalned, we tlrst performed a model couphng, agaln 

uSlng benzylmercaptan as the model thlol Treatment 0135 wlth BnSH ln DMF m the presence of 

DBU resulted ln the formation of a new compound as observed by tic The' H-NMR 01 thls 

product, however, was ln no way consistent wlth 5'-benzylsulflde formation, but suggested a 

cyclized product 36 (Note that thls partlcular reaclion was carned out usmg the nucleoslde 

beanng the o-toluoyl group rather than the benzoyl protectlng group on the exocychc amlno The 

toluoylated nucleoslde 35 was prepared Irom 17 by methods Identlcal to those used m formlng 

30.) 
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Scheme 8 
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The observed formation of 36 suggests that the attack of the model thlol on the carbonyl 

of the 2"-thlolester group, followed by cycllzatlon, occurs much laster than the direct 

dlsplacement of the 5'-O-mesylate The Intramolecular attack of the mtermedlate 2"-thlolate must 

be very rapld since no dlmenc or polymene compounds, nor OXldatlOn products, were observed 

To ensure that thls mterpretatlon was correct, the followmg expenment was performed 

The 5-0-mesyl sugar 37 was prepared from 10 by the standard method (MsCI / pyndme / CH 2CI2) 

ln quantitative yleld freatment of 10 wlth BnSH ln a manner Identlcal to that used for 35 resulted 

Scheme 9 
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ln formation of the novellncycllc perhydrothlahydnndane sugar 38 ln 85 0/0 Isolated yleld A very 

small amount of the 5-benzylthloether 39 was also Isolated ln -3 ':'0 yleld Conclusive prool that 

transthlolestenflcatlon was mdeed occurnng was provlded by the Isolation of benzyl Ihlolacetate 

(73 % yleld wlth respect 10 Ihe mesylale). the 'H-NMR spectrum 01 whlch was Identlcal to that of 

commercial matenal 

~o 
5 o~ 

138) 

1: LI 1 ~\. 
Ji 

1 1 1 1 1 1 1 1 1 1 1 
1 

1 1 

5 5 5 0 4 5 4 0 3 5 3 0 2 0 , PfJtJ 

Figure 14. The 300 MHz 'H-NMA spectrum of the cychc suHlde 38 ln CD30D 
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1 
2.4 Synthesls of Thlanylfuranose Nucleosides. 

The apparent ease of formation of the trans-fused 5,6-nng system ln 38 was surpnsmg to 

us smce they are generally regarded as belng slramed It may be that a thlane nng can 

accommodate the trans-fusion much better Ihan one contalnlng oxygen atoms 

Nucleosides ln wh!ch the 5' and 3'-posltlons are hnked through 6-membered rings are not 

unknown (Figure 15) The ezomyclns and octosyl aClds are a group of natural antlfungal agents 

whlch contarn a trans-Iused blcychc perhydroluropyran system 1 06,107 ,1 (lI), 1 09 The presumed 

stram of the nng-lunctlon has been used to expia ln the dlfflcultles encountered ln formlng the 

trans-Iused system ln the total synthesis of octosyl aCld AllO, 111 More famlhar IS the second 

messenger cychc AMpl12 ln whlch the 5' and 3'-oxygens are hnked by a phosphodlester group 

A plethora 01 analogues of both cAMP and eGMP have been syntheslzed and the tOplC has been 

revlf~wedll ~,II.J 

Since blcyellc nucleosldes contammg the blcychc perhydro-oxathlahydnndane system as 

ln 38 have nol been reported, we set out to syntheslze them, Includrng the cAMP analogue 51 

o 
Hooc0 

l ...... NH 

OH ~O 

l;!T?H 
HOOC 

Octosyl aCld A 3',5'-Cychc AdenOSine 
Monophosphate 

(cAMP) 

Figure 15. Examples 01 naturally occurnng blcychc nucleosldes beanng trans-fused 5,6-
membered nng systems 

106Sakata K. Sakural, A . Tamura. S, Tetrahadron Lett ,4327 (1974) 
107Sakata K Sakural, A. Tamura, S, Tetrahedron LeN, 3191 (1975) 
1 081sono, K , Cram, P F , McCloskey, J A, J Amer Chem Soc, 97, 943 (1975) 

109Hanesslan S DIXlt, 0 M . Llak, T J . Pure and App! Chem, 53. 129 (1981) 
110Danlshefsky, SJ, Hungate, R, Schulte, G, J Amer Cham SOC, 110, 7434 (1988) 
111 Hanesslan S Kloss, J Sugawara, T , J Amer Chem Soc, 108. 2758 (1986) 
112Zubay G Blochl?mlstry Addison-Wesley, Reading, MA, (1983), P 719 
113Miller, J P ln Cramer, H Schultz, J, (eds). Gyclle 3',S'-Nuc/eotldes Mechanisms of Action, John 

Wiley & Sons, London, U K, (1977), chap 6 
114Revankar G R Robins, R K ln Nathanson, J A , Kebablan, J W , (eds ), Cyellc Nucleotides 1. Handb 

Exp Pharm Vol 58 , Spnnger Verlag, Berlin, (1982), chap 2 
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Synthesls of (41) and (43) 

An Interestlng aspect of Ihe thlol-Induced cycllzallon of 35 IS Ihal Il occurs Wllh Ihe 

selective cleavage of the thlolester, whlle leavlng the 2'-O-acelyl group Intact ThiS allowed !Ci the 

clean conversion of cytldlne mesylate 30 ta the cycllc sulflde 40 ln 95 ';0 yleld The subsequent 

deacylatlon ln methanal saturated wllh ammoma, afforded the novel bicyclic nucleoslde 41 as a 

crystalhne solid (Figure 15) The correspondlng adenoslne analogue was prepared by a simllar 

route It was dlscovered that trealment 01 mesylate 42, tormed ln 96 % yleld trom 33 (MsCI 1 

pyndme / CH2CI2). wlth cataly1lc sodium hydroxlde ln methanol resulted ln cycltzatlon as weil as 

complete deacylatlon, leadmg dlrectly to nucleoslde 43 

Scheme 10 

NHBz NHBz NHa 

t" C" c" MsO t ~O 1 NAO 
l ' 

N~O 

~, 
BnSHIDBU sm., NH, 0 

• 

- SC-~H DMF MeOH 

SAc 

(30) (40) (41 ) 

NHBz NHBz NHa 

HO (:x) •• 0 (x) (x) 

~, . ~ " 
N N 

MsCI NaOH Sm" py ICH2Cl2 HP 
MeOH 

CAc 

SAc SAc 
(33) (42) (43) 

An obvlously more expedlenl route to these cyclic nucleoslde~ 15 to form the blcycltc 

sugar pnor to the attachment 01 the base Treatment 01 ellher the mesylate 37 or losylate 44 wlth 

methanollc sodium hydroxlde afforded the crystaillne Ihlanylfuranose 38 ln quantitative yleld 

ThiS result underhnes the unreactlvlty of mesylates towards dlsplacement by hydroxlde (alkaxlde) 

ln the case of the tosylate 44, an InlerrPedlale abserved by tl c was lound to form Immedlately 

alter the addition of base, whlch was converted to the cycllzed product over four hours ThiS 

specles IS presumably the 2'-thlol whlch IS not observed ln the cycltzatlon Involvmg mesylate 37 
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Figure 15. The 300 MHz 'H-NMR spectrum of blcychc nucleoslde 41 ln CD30D. "s" Indlcales 
resldual solvent peaks 
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Figure 16. The 300 MHz 'H-NMR spectrum of 43 "5" Indicales resldual solvent peaks 
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J It must be mentlonned that the above descnbed reactlon of mesylate 37 (when used 

wlthout furthur pUrlflcallOn) !nlllally gave up to 30 % of an unwanted side-product whose structure 

after much consternation was concluded to be the 2 -methylsulflde 47 Its lormatlon was 

eventually traced to resldual MsCI whlch, surpnslngl, to us survlved the workup prlor \0 tlle 

mesylallOn of the 2'-alcohol, and presumé'bly then reacted wlth methoxlde dunng the cyclizallOn 

reactlon, generatmg the methylatlng age'1t, MeS020Me 

Scheme 11 

A0j=ê~ 
SAc 
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MaO j 

~ CHS ct' 
3 (47) 
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MeOH 's~~ 
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(38) 1 

ACETOLYSIS 

(48) 

OAc 

~ 
S OAc 

(45) 

+ 
,0----.... 

s0--00Ac 
OAc 

(46) 

The tlrst attempt to translorm 38 to the correspondlng , ,2-dl-O-acetyl sugar Involved an 

acetolysls The reactlon (camphorsulfonlc aCld / AcOH 1 Ac?O / 75' C) however, gave only the 

nng-opened , -O-acetyl-' ,2-0-lsopropylldene sugar 48 (see SeellOn 2 61 The acetonlde qroup 

of 38 was eventually hydrolyzed under falrly harsh condlllOns uSlng aCldle resin flle subsequent 

acetylatlon of the Iree sugar ylelded the deslred , ,2-dl-Q-acetyl luranoses 45 and 46 as a 1 1 56 

(a f3) mixture of separable anomers ln a comblned yleld of 87 % The laet that the acetylallOn 01 

the free sugar dld not yleld any of the 4-0-acetyl aldehyde suggests that the presumed straln of 

the trans-fuSion IS not sufflclently hlgh to prevent reclosure of the furanose nng 

The tnmethylsllyl tnflate-catalyzed Vorbruggen eoupllng 01 45 and bls-(tnmethylstlyl)-f>I'

benzoyladenme (CICH 2CH 2CI 1 reflux) cleanly gave the blcycllc nucleoslde 49 ln 88 % yleld 

Overmght stlrnng ln methanollC ammonla afforded the tree nucleoslde 43 (Figure 16) The 

oXldallOn 01 the sulphur ln 49 was performed USlng the Oxone reagent ln aqueous methanol as 

51 



l 
descnbed by Trost) ) 5 and gave the deslred sulfone 50 Deacylatlon ln methanollc ammonla 

aHorded the uncharged cAMP analogue 51 ln 72 % yleld for the two steps 

Scheme 12 
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Slnce we had ln hand the branched-chaln luranose 52, the tncycllc oxygen analogue 55 

was prepared ~ugar 52 was mesylated to 53 ln the usual manner (MsCI pyndlne CH ,CI ,l. and 

the sllyl ether cleaved wlth Iluonde (nBu4NF 3H;::>O 1 THF) to afford the hlghly unstablt> alcohol 54 

We expected that thls compound mlght cyellze sponlaneously under Ille basIc desllylallon 

conditions, bul found ralher, that Il was ve.y prone 10 deeomposltlon Il appeared that the mesyl 

group was b~lng hydrolyzed, perhaps catalyzed Intramolecularly by the Iree 2' tlydroxyl 

Treatment of 54 wlth sodium hydnde ln THF dld alford the tncyelle ether 55 ln 25 % yleld 

demonstratmg that the perhydrodloxahydnndane system IS also accessible by thls roule 

CVT 

S~H s 
(41) 

fi , l " , , 1 fi fi l ' , " 1 ,.,-rn"''''''''''--'-rTTT-rTTTTTTTrrrrrWf--r,,1 TT r, T 1"1 TT'rTTTT rrrrr r' 
4 2 4 0 3 8 3 6 3 .) 3 2 3 0 PPM " B 

H-l'àx 

H-3' 

""''''''"'": -.-, -rI -rI -r, -rI -rI "-1 "-1 r-. :""""""~,-,,r~'-'I~,~'~"T"T""TI~-r t t f ,t ! f"'T"""ïrT~~~ ....... O' "1' ...... T ..... T' t' .. ,. .. , r , , T r ~ T l 
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Figure 17_ Thlane and luranose nng proton signais 01 the 300 MHz H-NMR (hlgh-resolullon) 
spectrum of nucleoslde 41 ln CD20D 

53 



1 NMR Data and Conformatlonal Analysls 

Detalled analysis 01 the 'H-NMR spectra ot the Ihlane nng-contalnlng sugars and 

nucleosldes was possible oWlng 10 the tact that the signais were generally flrsl order This IS 

exempllfled by the spectrum of 41 whose enlargement IS shown ln Figure 17 The coupllngs 

between the protons of the thlane nngs of these molecules are IIsted ln Table 1 The values are 

remarkably constant over a vanety of compounds Indlcatlnq that they ail eXlst ln very simllar 

conformations The only exception to the conslstency ln J values IS tound ln the tour-bond "W" 

couphng between the equatonal H5 and H2' protons (sugar numbenng used), where the central 

atom Influences I1'S magnitude This four-bond couphng ranges from -28Hz for couphng over a 

suHone group, to 0 Hz for the cychc ether 

TABLE 1. 
Coupllng Constants for Thlane Sugars and Nucleosides. 

H-H Couphng (Hz) 41 43 51 38 46 49 55 

H3 - H4 108 10 2 11 3 103 103 10 6 103 
H4-H5eq 37 38 41 37 3,9 36 43 
H4 - H5ax 11 1 109 11 4 11 0 108 108 10 0 
H5eq - H5ax -11 9 -'20 -'26 -'20 -12 2 -120 -9.8 
H3-H1'eq 30 3 32 3.0 28 
H3 - H1 'ax 11 8 12 0 11 9 12 1 12 0 125 
H1 'eq - Hl 'ax -132 -128 -140 -132 -13 1 -125 
H1 'eq - H2'aq 30 3 34 30 29 25 
H1 'aq - H2'ax 3 0 3 1 34 29 29 
H1 'ax - H2'aq 4 0 38 48 4 1 55 4 1 35 
H1'ax - H2'ax 123 11 8 127 12 1 105 125 
H2'aq - H2'ax -135 -135 -14 -13.6 -13 -11 5 
H2'aq - H5eq -0 9 -1 1 -2 8 <0.5 <05 <05 0 

-----
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Figure 18. Portions of the 300 MHz 1 H-NMR spectra of the tncycilc sugar 38 and 
thlanylfuranose nucleosldes 41 and 43 showmg the signais for the thlane and furanose rtng 
protons (excludtng H-1) "s" Indlcates resldual solvent peaks 
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i A consequence 01 the nearly Identlcal couphngs throughout thls senes of compounds IS 

thatlhe proton NMR signais are very simllar wlth respect to splilting pattern, a happening whlch 

greatly facliltated thelr asslgnment A companson of the spectra of compound5 38, 41 and 43 IS 

shown ln Figure 18 ln whlch the slmllanty between correspondlng signais IS clearly eVldenl The 

figure also offers ct nlce demonstraliOn of the Intluence 01 the nltrogenous base upon the 

chemlcal 5hlfls of the sugar protons ln a nucleoslde Spectra of 41 and 43 are vlrtually Identlcal 

except for marked changes ln the p .Sltlons of the H-2' and H-3' signais (The anomenc proton 

Signais of 41 and 43 appear at «5 ') 61 and 591 respectlvely) This IS c1ue pnmanly, to the 

dlHerent anisotropie effects operatlve ln the pynmldlne and pUrine agtycones 01 the nucleosldes 

The sole compound, the H-NMR of whlch do es not follow the general signai pattern 

shown ln Figure 18, 15 the perhydrodloxahydnndane acelonlde 55 ThiS was somewhat 

expected consldenng the presence ot d dltferent heteroatom Nonetheless the slgmllcantly 

dltterent spectrd obtamed tor 38 <lnd 55 was somewhat surpnsmg ',FIgure 19 1 Most notable IS 

the lact tha! tor the IfiCycilC I~!her the dlastereotoplc H-5 and H-;:" protcns tlave mucn dlfferent 

chemlcal shllts (-1 and 0 8 ppm dltferen.::es between the equatonal and aXial protons, 

respp.ctlvely) whlle the H-1' signais have very slmllar values, for the analogous suillde 38, the two 

H-5 and H-2' protons have slmllar sMts whereas the H-1' equatonal ard aXial signais are 

5eparated ThiS latter situation 15 more or less the case for ail tre cycllc sulfldes 

ThiS dltterence can be explalned by the dlfferent stereoelectronJC propertles 01 oxygen 

and sulphur The lone electron pairs on the ether oxvgen ln 55 strongly Inlluences the adlacent 

ïletl1Vlene l]roup rh\~ t;qu31on~1 protons )n (:: :; Jnd G 2 bemq 'llore stronqly downneld snlttea 

OWlng to thelr positions gaucne 'Nlth respect :0 both 2sp-' orbitais ln the case 01 the sulflde 38 

the more diffuse and larger electron clouds have much less an effect on the adjacent protons but 

appear to aHect the C -1' protons two carbons away 

The coupllng data for the thlanylfuranose systems Iisted ln Table 1 are consistent wlth the 

6-membered sulflde nng of the compounds eXlstmg 1'1 a chair conformation, perhaps best 

descnbed as 3C S When companng the values of JH3 H4 lor uncycllzed branched-cham 

compounds and those contalnlng the cycllc sul1lde, one Ilnds httle vanatlOn A range 01 10 2-11 3 

Hz 15 found for the latter group white coupllngs wlthm 10 1 and 108Hz are observed for nme 

branched-cham nucleosldes Such conslstency 15 also 'Jbserved lor J H ? H3 where ln both groups 

the values are generally wlthln 4 and 5 Hz ThiS suggests that ln both cycllzed and open systems, 

the turanose nng IS puc!,ered SU ch 'hat 'he C-3\ ) and C-4\ 1 substltuents Jre pseudo-8ouatonal 

and that Iittie contormatlonal Change IS requlred ln tlle sugar for CVCllZJtlon la occur 1 hls may 

contnbute to the rapld sulflde forma!Jon otiserved for 30 and 37 The X-ray crystallographlc 

structure ot 41 conflrrns our NM R analyses clearly showmg the thlane ring ln the predlcted chair 
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Figure 19. The 200 MHz 'H·NMH spectra of the tncychc compounds 38 and 55 ln COCI, The 
abbreVlations "e" and "a" are used to denote equatonal and aXial protons 
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conlormallOn lused to a Virtually perfectly 3E-puckered (C3 -endo) luranose nng The value for 

the (C-2 )-(C-1 ')-O-(C-4) dlhedral angle obtamed lrom the X-ray data 15 very close to 0 

The very well-deflned conformation of these thlanylfuranyl nucleosldes and the apparent 

ease 01 lormtng the blCycllc system may Ilnd application ln the deSign 01 nucleoslde probes where 

the controlled placement 01 lunctlonal groups wllh respect to the base or sugar IS deslred 

Figure 20. X-ray crystallographlc structure 01 nucleoslde 41. 
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2.5 Synthesls of 5-Deoxy-5-Thiosugar (69) - Alternate Coupllng Strategy 

The unexpected cyclizatlon clearly demonstrated the Incompatlblhty of the mesyl and 

thlolacetyl groups wlthm the same molecule We lelt ttlat thls could be easlly overcome by usmg a 

3'-end Unit whlch lacked the branched-chaln mercapto group 

The mesylate 59 was prepared ln 85 % yleld (MsCI pyndlne CH ,CI,) Irom cytldlne 56 via 

the prevlously dcscnbed ~ benzoyl-2',3'-O-lsopropyhdene cylldme 57 1 H, Il' Model studles 

Involvlng BnSH ln DMF uSlng vanous bases were ont y moderately successlul Kellogg Il ~ Il'1 has 

descnbed the use of CS2C03 ln the effiCient preparation 01 macrocycllc polysulfldes The model 

couphng usmg vanous thlols, pertormed accordlng to thls method (DM F RT) gave a single 
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i product whlch, dlsappolntlngly, was found ta be the anhydro-nucleoslde 58 The dlmer 60 dld 

appear ta torm when NaH was used as base ln DMF, but the compound could not be separated 

fram unreacted st art mg materrals as weil as numerous slde products Il was concluded Ihal, 

although prrmary, the 5'-mesyl groups are tao slencally hrndered tor efficient dl~placempnt by the 

Incomlng nucleophlle 

Scheme 15 

T,O TrO AcO 

" " " OAc 

(0-....., fBOPrS,C: 0 ACETOLYSIS ~o------. 
\-----1 ""OazO'9 DM\' '\ __ / 

0 0 

/' o~ ,/ O~ /' OAc 

OH SiO SiO 
(8) (61 ) (62) 

1 

nBu,NF (H20h ' 

AcOHl THF 

AcO AcO 

" OAc " OAc 

('0; MsCI ay ~o~ 
~H C 

A.cO 
OAc 

(0-; ,/ OAc )Ac 

MsO OH 

, OAc 
(64) ~65) 

/' 
° NaH 

S ('NH' DMF B.Ao ° 0 

1 ~o 
~NH 
l ' 

1 

x, '-NAO 

X 
1 DIAD, PPh3 

AcSH/THF 0 L - 2 ~Hl MaOH 
(63) 

X X 
(66) ,671 X=OH 

67al < = .;~C 

'67b) X=S 

60 



l 
Model Study. 

The alternate strategy was to couple ln the opposite direction ln other words tlilve Ihe 

nucieophlilc sulphur al the 5 -pOSItIOn dlsplace a certalnly unhlndered leavmg qroup at ttll' end ot 

the 2' -branC~l chain as shown ln Scheme S1 (route Bl ThiS approach however would reqUlre 

lormlng a 2"-mesylate ln the presence 01 the 2'-O-acetale We were not certain wtlettle( dcetate 

migration dunng elther 2"-alcohol formation, mesylatlon or the dlsplacement by the UllOI would 

be problemaltc To Investlgate thls potentlal problem, the followlng model studles were 

performed 

The 2'-alcohol8 was sllylated ln 98 % yleld (TBDPhSICI/Imldazole ' DMF) to glve 61 The 

hlgh temperature acetolysls 01 thls sugar (camphorsulfonlc aCld 1 AcOH 1 Ac-,O 70 C) resulted ln 

deacetalatlOn, as weil as cleavage 01 the tntyl group and subsequent acetylatlon and dllorded 

furanose 62 ln 52 % yleld, accompamed b~' the expected side producis (see Section 26) 

DesllylatlOn of 62 (nBu 4 NF 3H"O AcOH' THF~ cleanly gave the 2 alcohol 65 1'1 88 °'0 yleld 

MesylatlOn by the usual method (MSCI ' pyndlne ' CH2CI~) ylelded the model mesylate 64 ln a 

quantitative manner 

The Mltsunobu coupilng of 2',3'-O-lsopropyildeneundm8 67 1.'11 wlth tt1l0ldcetlc aCld 

(PPh3
1 DIAD / THF) was used ta prepare the 5'-deoxy-5'-thlolacelyl nucleoslde 67a ln 95 ",p yleld 

This method proved supenor to a descnbed 12(' method Involvmg the dlsplacement 01 the 5' 

lodlde wlth thlolacetate Deacetylatlon employmg methanohc ammoma ylelded the known 121 

cychc suHlde 66 ln 80 % yleld The lormatlon 01 the S'-thlolate 67b upon treatmg suillde 66 wlth 

NaH could be easlly momtored by tic since the Michael ad du ct IS not UV active whereas the 

thlolate 15 Reaction of 67b, lormed ln SItu, wlth the 2'-mesyl sugar 64 ln DMF, gave the model 

thloether 63 ln a stralghtforward manner 

120Tlpson, R S , ln Zorbach, W W , Tlpson, R S , (Eds ), Synthetle Procedures ln Nuc/elc ACld Chermslry, 
Vol 1 , John Wlley :lnd Sons, N y, (1968), P 4:31 

121Sanmster, 8, Kagan. F, J Amer Chem Soc, 82.3363 (1960) 
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, 

Synthesls of Thlosugar (69). 

Wlth positive results for the model couphng reacllon ln hand the 5-thlosugar 69 was 

prepared The Inlyl group of 61 was selecllvely cleaved (CI3CCOOH 1 CH2CI2) 10 afford 52 ln 92 

% yleld demonslralmg the aCld-stabllrty of the TBDPhSI group The Mltsunobu couphng wlth 

thlolacellc aCld (PPh3 / DIAD / THF) gave the 5-lhlosugar 68 ln 84 % yleld SubJeclmg 68 10 hlgh

lemperalure acetolysls (camphorsulfonlc aCld / AcOH / AC20) at 75°C gave tnacelylated thlosugar 

69 ln a slralghtfol'Nard manner A detalled account of thls reactlon and the temperature

dependent formation of side-products 15 glven ln Section 2 6 

Scheme 16 
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2.6 Temperature-Dependent Acetolysls of 1.2-0-lsopropylldene Furanoses. 

Acelolysis reacllons have been used extenslvely ln carbohydrale chemlslry as a mean$ 10 

obtam acelylated sugars 122.123 124 One application of Ihe procedure 1$ the conversion 01 

Isopropyhdene denvatlves to the correspondmg acetylated compounds. thls IS partlcularly uselul 

ln the case of 1 ,2-0-lsopropyhdene sugars where the prolectlng group IS especlally stable 125 

Whlle the method has been wldely employed, the mechanrsm of the conversion has not been 

studled m detall 

The formation of novel non-furanose products dunng the course of the acelolyslS of 11, 

and the marked dependence of thelr formation on the reactlon lemperalure, led us 10 speculate 

on the mechanlsms of the processes Involved 

Scheme 17 
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Our initiai treatment of 11 Wlt~ an acetolytlc mixture composed 01 p-toluenesulfonlc aCld 

(TsOH) and acetlc anhydnde ln glacial acetlc aCld. when carned ouI al amblent temperature, 

afforded IWO products seen as IWO very closely separated spots by tic The more polar producl 

was found to be the deslred 1 ,2-dl-O-acetyl furanose 12 whlch was lormed ln 37% yleld The 

122Guthne, RD McCarthy, J F . Adv Carbohydr Res, 22,11 (1967) 
123Gelas, J ,Adv Carbohydr Chem BlOchem 39, 71 (1981) 
124Harnes. AH, Adv Carbohydr Chem Blochem. 39. 13 (1981) 
125Collrns, PM, Tetrahedron, 21. 1809 (1965) 
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structure was conflrmed by the' H-NMR spectrum. whlch shows the anomenc proton signai as a 

slnglet at 06 08. conSistent wlth an acetyl furanose of the il-configuration. as weil as three acetate 

peaks. Includlng one al li 231 Indicative 01 a thlolacetyl funchon The '3C-NMR spectrum 01 12 

Includes signais at c5 98 78. agaln consistent wlth an acetyl furanose 126.127. and charactenstlc 

thlolacetyl peaks at li 194 94 and 30 46 

TABLE Il. 
Product Distribution for the Acetolysls of (11). 

temperalure aCld tlme (h) % yleld (Isolated) 

71 1 2 12aa 
-------

00 to AT 1 5 equlv TsOH 22 44 21 a 
RT 5 equlv TsOH 067 13 32 6 

AT 4 eqUiv TsOH 1 5 20 48 10 

AT 3 equlv TsOH 2 34 40 4 

AT 05 eqUiv BF30Et2 20 9 34 9 

AT 1 eqUiv BF30Et2 5 24 30 29 

AT 4 eqUiv CSA 8 34 36 9 

480 3 eqUiv CSA 0.75 9 60 2 

70° 3 eqUiv CSA 0.25 <1 70 c:1 

a a-anomer of furanose 12 

The less polar component. Isolated ln 42 % yleld. was asslgned the cls-dlsubstltuted 

thlolane structure 71 Thd 1 H-NM A spectrum of thls compound dlsplays an anomenc proton 

signai at ô 6 86. too lar downfleld for erther a furanose or thlopyranose system and conSistent wrth 

a dlacetyl acetal 12H The chemlcal shtfts of 0 352 and 4 92 for H-2 and H-4. respectlvely. pomt to 

acetylatlon al 0-4 rather than 0-2 The 13C-NMA spectrum of 71 exhlbrts a C-1 signai at 0 90 63. 

agaln Inconslstent wlth elther a furanose or pyranose nng. and three carbonyl peaks ln the range 

for O-acelyl groups The stereochemlstry at C-2 was asslgned from the 3JH2 H3 coupllng of 47Hz, 

conSistent wlth a cis-geometry when compared to data obtalned for other 2.3-substltuted 

126S0CK K Thorgerson. H. Ann Reports ln NMR Spectros. 31.1 (1982) 
127Sock K Pederson. C . Adv Carbohydr Chem Blochem. 41.27 (1983) 
128Slschlfberger. K. Hall. RH. Carbohydr Res. 42,175 (1975) 
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r 
thlolanesl~Q,130,\31 Bnel treatment 01 71 wlth methanollc sodium tlydroxlde atforded the 

correspondlng aldehyde whlch shows a charactenstlc 'H-NM R signai at ~ 9 18 

The aeetolysls was subsequently repeated numerous limes under varylng reactlon 

conditions (summanzed ln Table Il) Substltutlng the TsOH wlth anhydrous camptlorsulfonlc ,1Cld 

(CSA) or boron tnfluonde etherate had 1IIIIe effect on the product distribution whlch generally 

remamed wlthm 1 5 and 3 1 ln favor 01 luranose 12 ln ail cases, the ~-furanose was largely 

favored over Its u-anomer The latter eould never be pUrifled and was observed as a contaminant 

m early column Iractions contamlng thlolane 71 Il was dlscovered, however tt1at the reClctlon 

temperature had a profound mfluence on the course 01 the reacllon When cooled lO C 10 11T) 

the thlolane 71 was preferentlally formed by a factor of 2 1, whereas tlea!lrlg of ttl!:! redcllon 10 45 

mcreased the selectlvlty for 12 to 67 1 At 70)C, the deslred furanose was formed ln 70 ')'0 yleld 

wlth only traces of the thlolane bemg lormed When the reaetlon temperature was further 

Increased to 100°C, the ylelds of 12 dropped substantlally, presumably due to 1055 of the sllyl 

group 
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(70) 
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1

4 5 3 
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l' 1 j l 
i ( 1 i 1 i il i i i i 1 i i i Iii i i i Il i i i 1 il i i Il i' i , 1 ri rit i fil t fil [1 f , rI' fi' 1 T rrr~T;rr-n-ll 

160 140 120 100 80 60 40 '"'PM 

Figure 21_ The proton-decoupled ' 3C-NMA spectrum of thlopyranose 70 ln CDCI1 

129LaLonde, R T , Codacovl, LM, Cun-heng, H Clardy, J Krlshnan, B S J Org Chem 51 4899 
(1986) 

130Anklam, E, Margaretha, p, Helv Chlm Acta, 67,2198 (1984) 
131Abbot, F S, Haya, K, Can J Cham, 56, 71 (1978) 
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~--------- -

We also mvestlgated a related method of convertmg Isopropylldene denvatlves to 

acetales 1 ,2, 131 When 11 was Irealed wlth boron tnfluonde elherale ln acetlc anhydnde at Q'C, 

the 1 ,2-dl-Q-acetyl thlopyranose 70 was formed as the exclusive product ln 70% yleld The '3C

NMA spectrum of the ring-expansion product shows only O-acetyl carbonyl signais and a C-1 peak 

at (5 7658 as expected for an acetyl thlopyranose Only the u-anomer was obtamed, exhlblling a 

3JH , H20t 29Hz This and the 3JH2,H3 coupllng of 114Hz Indlcates that Ihe thlosugar eXlsts as the 

4C, confcrmer 

Scheme 18 
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The acetolysis of acetonlde 68 was carned out usmg camphorsulfonlc aCld as Ihe aCld

catalysl When performed at 75-C, Ihe trealmenl afforded Ihe deSlred 1 2-dl-O-acelyl furanose 

69 ln 83 % yleld Only the ~-anomer was obtalned, the 'H-NMR spectrum of whlch dlsplays a 

slnglel al & 6 02 for the anomenc proton The thlopyranose 75 was found to be a mlnor slde-

132perltn, AS, Lesage, S , Can J Chem, 56, 2889 (1978) 
1330gawa, T Kawano, T, Matsul, M, Carbohydr Res, 57, C31 (1971) 
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t produc! (<: 5 %), Isolable only from large scale reacllons As expecled, the reactlon per10rmt;)d 31 d 

lower temperature (15 C over 24 h) produced a much lower yleld (8" 0) 01 luranose 69 Ttle 1l1310r 

products were the open-chain 1-0-acetyl-1 2-0-lsopropylldene sugars 72 ,md 73 wlllctl WtH8 

formed as a 5 7 1 mixture of separable anomers m a comblned yleld 01 80 ù 0 The dnOIllt;)nc 'H 

NMA doublets at 8 6 24 and 6 19, as weil as !he anomenc 'JC-NMA signais at ~ 96 92 ,md ,'t93 77 

for 72 and 73, respectlvely, were consistent wlth the data obtamed lor the analogous denvatlves 

of glucosel 34 Slich aldehydrol-derrvatlves are not unknown, but have not Deen weil 

charactenzed 127,135 

Unllke the stralghtforward rasults obtamed for the 2'-thloacetate 11, Iredlment 01 

acetonlde 68 wlth boron Influonde etherate ln acetlc anhydride atforded cl complex mixture lrom 

whlch only the tnsubstltuled thlolane 74 could be Isolaled ln a yleld of 25 0
/
0 This dlacetyl acetdl 

shows a C-1 '3C-NMA Signai at 889 00 conSistent wlth the value obtalned for 71 The strongly 

downfleld-shifted acetal 'H-NMA peak at Ô 726 (Figure 22) suggests that the chemlcal shltt ot 

thls proton 15 sensitive to the conformation of the acetoxy groups on C-1 At least tour other 

compounds were obtarned as an Inseparable mixture whlch Included the open-chain compounds 

72 and 73 

H" 
s 

OAc 
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Figure 22. The 200 MHz' H-NMA spectrum of thlolane 74 ln CDCI3 The dnomenc proton lies 
over the resldual chloroform peak al 1) 7 26 

134Sock, K. Pederson. C. Acta Cnem Scand, Ser B, 28,853 (1974) 
135Magnanl, A, Mlkunya. Y. Carbohydr Res, 28, 158 (1973) 
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Mechanlsm 

When luranoses 12 and 69 were resubJected to acetolytlc conditions at room 

temperature. none 01 the low-temperature products were observed, nor were any luranose 

products lormed Irom thlolane 71 upon heatlng to 50°C III the standard acetolysls solution, clearly 

demonstratlng that the temperature-dependent product distributions do not slmply represent 

eqUlhbnum ratiOs Studles 127,136 concerntng the effect of the composllion 01 the acetolyztng 

mixture on product dlstnbutlon have been carrled out, but we are not aware of any whlch have 

dealt wlth the elfect of temperature 

A cyclic oxonlum Ion lormed by SCISSion of the exocycllc glycosyl bond 15 generally 

acknowledged to be the Intermedlate tn the formatton of 1,2-dl-O-acetates, and thls 15 no doubt 

the case for the formation of the deslfed furanose sugars 12 and 69 At lower temperatures 

endocyclic C-O bond cleavage 15 eVldently favored, yleldlng an open-chain oxorllum Intermedlate 

The addltton of an acetate would result ln a 1-0-acetyl-1.2-0-lsopropylldene aldehydrol such as 

72 or 73 We beheve that the acetyl group at C-1 partlclpates ln the subsequent soivolysis 01 the 

Isopropylldene moelty, Yleldtng an acetoxonlum Ion brldgtng C-1 and C-2 as shown ln Figure 23 

Attack at C-2 by the sulphur of a thlolacetyl group at elther the 2'- or 5-posltlons would glve the 

thlolanes 71 and 74, respectlvely, and account lor the double InverSion at thls center 

Resubjectlng a sample 01 acetyl acetonlde 72 to the standard acetolytlc solution at room 

temperature resulted only ln Ihe appearéince of a 5mall amount of Ils C-1 eplmer 73 Thu5,lhese 

Iwo 1-0-acetyl-1,2 -O-acetonldes appear to proceed to thlolane 74 only ln the presence 01 boron 

tnlluonde etherate ln acetlc anhydride, unlike the case for the formatIOn 01 71 where the 

proposed 1-0-acetyl-1 2-0-lsopropylldene precursor(s) IS never observed The dlffeflng 

tendenCles of the thlosugars to rearrange to the correspondlng thlolane Ilkely reflects the relative 

stabllitles 01 the thlolane nngs, 74 belng less readlly lormed due to the addltlOnal rtng substituent 

We were relleved Ihat appreclable ring-expansion Irom luranose to thlopyranose took 

place only ln the treatment of acetonlde 11 wlth boron tnfluonde etherate ln acetlc anhydride, 

whlch afforded thlosugar 70 There eXlsts ample precedent for both nng-expanslon trom 5-

thloturanoses to thlopyranosesIJ7,13~,131),140 as weil as ring-contraction Irom 4-thlopyranoses to 

Ihloluranoseslll,I-l2,I-n,I-l4 under standard acetolytlc conditions We were concerned that 

136Sowa, W, Gan J Chem 49,3292 (1971) 

137Feather, M S Whistler, AL, Telrafledron Lell, 15, 667 (1962) 
138Chlu, C W Whistler, J Org Chem, 38, 832 (1973) 
139Shln , J E N Perlln A S C arbohydr Res 76 165 (1979) 
140Shln, J E N Perlln, A S Carboh ydr Res, 84, 315 11980) 

141 Relst E J GueHroy 0 E Goodman L J Amer Chem Soc 86, 5658 (1964) 
142Relst E J Fisher L V Goodman L J Org Chem, 33, 189 (1968) 
143Gross BOrlez F X Carbohydr Res, 36, 385 (1974) 
144Varela 0 Cicero, 0 de Lederkremer, R M, J Org Chem, 54, 188A. (1989) 
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rearrangement to the thermodynamlcally favored thlopyranoses could be a senous drawback ln 

oU' strategy 10 Nards the targel nucleosldes 

Acetolyses were also carned oulon a number of sugars lackmg the sulphur-contammg 

group Nol surpnslngly, only mixtures of 1 ,2-dl-O-acelyl furanoses and aldehydrol-denvatlves 

were observed For the Irrtylated sugar denvatlves 61 and 7, the reactlon (camphorsulfonlC aCld 1 

AcOH / Ac?O) camed ouI al 70"C ylelded Ihe correspondlng 1,2.5-0-tnacelates m 52 and 49 % 

ylelds respecllvely The Isomenc p:ms of acetyl acetonldes 77 and 78, and 79 and 80 were also 

obtamed m 30 % (5 1, 1 -R /1 -$) and 25 % ylelds (4 1, 1 -R / 1-$) respectlvely The presence of 

the C-3 branch-cham no doubt destabllizes the furanose nng, facilltatmg the nng-openmg 

pathway ln the case of the thlanylfuranvl acetomde 38 the acetolysls afforded only the nng

opened product 48 m 65 % yleld ln thls case, the stlaln ot the trans-fused system appears ta 

render furano'5e nng-openlng the exclUSive acetolysls pathway 
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Figure 24 shows the 'H-NMR spectra of acetyl acetonldes n and 78 As 15 observed tor 

ail of these compounds. the spectra of the two Isomers are vlrtually Identlcal eXCt'pt la' the 

position (and appearance) of the H-2 doublet of doublets The lurther downlleld pOSition 01 ttllS 

signai for the major 1-( R) Isomers Ii'''e!y stems trom the deshleldmg ettect 01 the adlacent 0 ,lcetyl 

group whlch IS CIS- ta H-2 The relatlvely conSistent preference for the 1 (R) ISO mer no doubt 

stems from the preferred attack of acetate from the untllndered slde 01 the dloxalane 

oxocarbomum 76 The bulk of the thlane nng system ln 48 renders thls Isomer the sole produci 

for thls partlCular reactlon 
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S~Q OAc 
fi 
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Figure 24. The 200 MHz 'H-NMA spectra for the aldehydrol-denvatlves n and 78 ln COCl'l 
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l ln simple sugars, endocycllc C-O bond SCIssion IS no doubt much less favored, 

accountlng for the generally cie an formation offuranose products upon acetolyllc deacetalallon at 

the standard low temperatures This IS exempllfled by the acetolysis 01 3-0-acetyl-5-0-tert

butyldlpheny'sllyl-1 ,2-0-lsopropylldene-u-D-xyloluranose (TsOH AcOH AC70' RT) performed 

as a model sludy, whlch atforded (he correspondlng 1 2-dl-O-acetyl luranose as the exclusive 

produGt ln 80 % yleld It IS also possible that both pathways are operatlve but ultlmately afford the 

sa me sugar The formation of an open-cham oxonlum Ion Intermedlate whlch eventually recloses 

by the attack ot the 4·oxygen atom may account for phenomena such as C-2 eplmenzatlon 

Partial inverSion al thls center has been observed ln the acelolysls of a vanely of 1 2-0-

Isopropylldene fil ranoses l ~ 'i, l-th l ~7, l·lX Il was recently demonstrated 1·1'1 that thls InverSion 

occurs dunng the removal of the Isopropylldene group, not aller Ils removal as was prevlously 

\3ssumed 

'45 Jerl\ernJn P 4cta C'lem Sc:wo, 17 2769,1963) 

146800n P J SCtlwartl A W Chlttenden G J F Carbonydr Res 30 • 79 (1973) 
• l7Chlt1enden G J F CarOohyor Res 22 491 ,'972) 
148Sowa, W, Can J Chem, 50,1092 (1972) 

149Selgelman, LN, Gurskaya, G V, Tsapklna, EN, Mlkhallov, SN, Carbohydr Res, 181, 77 (1988) 
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2.7 Synthesis of Branched-Chaln Nucleosides (83) and (88). 

Synthesls of (88). 

To bnefly reVlew, the model studles descnbed ln Section 25 demonstrated tlldt the 

mtermolecular dlsplacement of a 2"-mesylate by a 5'-thlol could be eftlclently carned out Il was 

declded that a non-sulphur contalnmg nucleoslde should be used as tlle 5 -end, and a 5' 10 3' 

cham growmg approach be taken 

The 5'-end requlred for the coupllng was prepared trom ttle In-O-acelyl sugar 62 fhe 

Vorbruggen reactlon of 62 and bls-(tnmethylsllyl)cytosme (TMSIOTI CICH ,CH ,CI reflux) ylt~lded 

the nucleoslde 81 ln 90 % yleld Subsequent benzoylatlOn (Bzel pyndlnt' CH ,CI,) g,lVt' 82 ln 

80 % yleld The selective removal of the sllyl group, however proved more dltflcult tll,Hl lor the 

model sugar, owmg pnmanly to solublilty problems When carned out ln Ille usual rnanner 

(nBu4NF 3H20 / AcOH / THF), the solullon would ~')lIdlfy, preventmg completlon 01 ttle redctlon 

This was overcome elther by us mg 10 % DMF ln the solvent, or dddmg Hf tnmt~ltlylpyrJdJne 

complex to the reactlon How the use of the latter ln place of acetlc aCld prevented qellorrndtlon 

IS not known Elther treatment afforded the 2"-alcohol 84 ln greater thdrl 85 ":, yleld Mesylatlon 

(MsCI/ pyndlne / CH2CI2) ylelded the 2"-actlvated nucleoslde 83 ready lor the couplinq reactlon 
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We also attempted to convert the sllyl ether 82 ta the mesylate or bromlde ln one-pot 

The addition of MsCI and vanous bases to the THF solutions alter desllylallon resulted ln camplex 

mixtures Removal 01 the SI/yI group. usmg vanous lorms of Iluonde (NaF KF HF pyndme 

complex. nBu-tNF 3H 20J. m solvents such as DMF or pyndlne ail resulted ln very slow and 

Incomplele cleavage of the sllyl group The direct converSion of tert-butyldlmethylsllyl ethers 10 

bromldes has been reported l50 but the reachon falled ln our case. where a more stable tert

butyldlphenylsllyl ether IS present 
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The apparent stablhty of mesyl groups noted by us. as weil as others 1 ()9 led us ta attempt 

a more direct route to 83 tram Ihe key alcohol 8 The mesylatlon of 8 (MsCI / pyndlne 1 CH}CI2) 

afforded. In 99 % yleld. acetonlde 7 whlch was then subleCled to acetolyslS at 78 C The mesvl 

group survlved th,s converSion 10 the dlacelyl luranose 64 whlch was lormed ln 49 % yleld (see 

SectIon 2 6) The Vorbruggen couplmg wllh bls-sllylated cytosine and subsequent benzoylatlon 

by the usual method gave the deslred product 83 but ln only 51 '''0 lor the two steps The 

maJonty 01 the loss 01 matanal occurred dunng the couplrng 01 base and sugar 

150 Mattes. H . Benezra. C. T etrahedron Lett . 28. 1697 (1987) 
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1 Scheme 22 
NH, 

~N 
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"S)=i0" A'S~NAO / s'----. 

(TMS'),Cyt + " ~-'----. 
TMSIOTf 1 CICI-I,CH2CI AcO' OAc 

OAc OAc ( 
510 510 SIO 

(69) (86) (87) 

1 
1 BzCI py N,ll)1! 

1 M"l lI! 

NHBz t NHBz 

CN 
AcS Î 1 NAo /5"'--, 

KOH/~O - ft, ,-_/~O ,-PrOH 

OH /' 
910 510 SIO 

(88) (89) (90) 

Synthesls of (88) • Competlng Thlopyrananone Formation 

The thlol-contarnmg couplrng unit was prepared trom the thlosuqar trtdcetate 69 r Ill' 
tnmethylsllyl trrflate-catalyzed Vorbruggen coupllng of thls sugar and srlylilted bdse carrred oui trl ,1 

manner Identlcal ta that descnbed lor the preparation 01 85 afforded the nucleoslde 86 lr1 78 ÙIO 

yleld Subsequent benzoylatlon (Bzel ' pyrtdlne) gave the lully protected monorner Urllt 89 ln 97 

%yleld 

The selective deacylallon 01 89 was attempted ln a number of solvents rhe standard 

method usrng dloxane and aqueous base could not be employed due to solubrllty problems 

Varylng the ratio of dloxane and water resulted rn precipitation 01 81ther the nucleoslde 89 or the 

b.)c:a (NaOH, KOH, K2C0 3) USlng aqueous base ln elther rnettlanol or ethanol gave beller 

results, but notlceable debenzoylatlon of the cytosine dmlno group always accompanled 

deacetylatlon Acceptable results were frnally obtalned uSlng Isopropanol to whlch 1 N KOH was 

carefully added The reactlon alforded thlol 88 ln 95 % yleld 

It must be pornted out that poor selectlvlty ln the deacylatlon was not the only problem 

The oXldatlon of the Iree thlol to the disuillde was troublesome especlally for very smafl scale 

reaetlons It was lound that both the alcohol and the base solutions had to be carelully 

deoxygenated pnor to use Degasslng 01 the solvents by ultrasound and vacuum was not 
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sufflclent Bubbllng argon or nltrogen Ihrough the IIqUids for al least one hour, Immediately 

belore use, proved necessary to prevenl Ihe oXldation 

The lact that the cytldme analogue 86 was obtalned ln, at most, 78 <;10 yleld, perturbed us 

slnce the analogous Vorbruggen couphng leadmg 10 81 whlch dlffers tram 86 only ln the lack ot 

the 5'-thlolacetyl qroup, consistently gave the latter nucleoslde ln -90 0/0 yleld A second product 

01 the lormer reactlon was eventually Isolated and lound to be the novel tetrahydrothlopyranone 

denvatlve 87 whlch accounted for an addltlonal 16 % of the matenal The structure of thls 

unexpected compound IS supported by hlgh-resolutlon mass spectrometry and the H- and '3C

NMA data (In partlcular the olefmlC '3C-slgnals at cS 108 32 and 141 66) Bnel exposure of 87 to 

base (NaOH 1 methanol ' 25 C 10 min) gave further praof of ItS structure resultmg ln cleavage of 

the anol acetate and subsequent ellmlnatlon of the remalnmg ester la yleld the unstable a.~

unsaturated ketone 90 
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Figure 25. The 75 4 MHz '3C-NMR spectrum of enol acelate 87 ln CDCI3 
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Figure 26. The proposed mechamsm for the competmg formation of 87 dunng the 
tnmethylsllyl tnflate-catalyzed Vorbruggen couphng of 69 and bls-(tnmethylsllyl)cytoslne 

The great utlilty of the Vorbruggen reactlon stems tram the )tef(~osèlèctlvlty 1)1 

~lyCOSldlc bona tormatlon TtllS IS d resull 01 partlclpdtlon Oy the ~ ,) lC"lyl 'or :)I:n/oyll qrollP 'II 

the sugar wnlch 8nsures \-attack by the Incommg base'l" ln the ,~ase ot normdl ~uqdr<; 

participation by the 5-Q-acyl groups does not Interlere wlth The reactlon A IIllolester ,lt ttw 5 

position, however can eVldently compete wlth the 2 O-acetyl ln stablilZlng the Qxocarbonlum 

(Figure 26 ). resultlng ln a blcycllc Intermedlate 92 Such systems dre not unknown l ,II and nle 

transfer of an acetyl group from a glYCOSldlc sulphur to oxygen atom ln a Similar Intermedlate has 

been proposed1 44 for the acetolytlc rearrangement of certain thlosugar den vat Ives rhe 

examlnatlon of molecular models clearly shows that the H-2 and anomenc oxygen ln 91 are 

onented Ideally lor eilmmaliOn to 87 

Although olten assumed sulphur contatnlng functlonalltles do not nece!>sJrlly behave dS 

do thelr Qxygen counterparts the observed tetrahydrothlopyranone formation 15 il clear '~/élmplf~ 

of thls While undeslrable ln thls Nork thls prevlousty unknown ',~.Jrr,HlfJl!mp.nt 'n.!y ~Irlrt 

application ln the synthesis of chiral carbocycles or cycllc sulfldes lrorn c,ubotlydrale prec..ursors 

77 



H·2 

o 

SIO 

(90) 

H·6 H·l' 

H·5 

1 

i' 1 i 
J U 1",,-----, '------.--__ 
. rrTTrr-rTT ' l , f , l , i , 1 1 fit tif i i Iii i 1 i il 1 i i j 1 t Iii 1 il il r i 1 ri i il ri ri 

7 6 5 4 3 2 PPM 1 

Figure 27. The 200 MHz 'H·NMA spectrum of thlopyranone 90 ln CDCI3 
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2.8 Synthesls of the Dlnucleoslde' Analogue (95). 

The suecessful couplmg of the branched-cham nucleosldes 83 .1nd 88 was dt~pt'ndent 

on selective attaek by the S'-thlol We ass~med that the greater nucleophlilclty of sulpllur ln tland 

wlth the stene congestion about the 2'-hydroxyl of 83, would be sufflclenl 10 ensure specIfie 

sulfide formation Indeed reactlon of the two compounds ln Ihe presence 01 CS,>CO, ln OMF 

aHorded the dlrner 93 ln 89 % yleld The structure oflhe sulflde IS conflrmed by detalled 'H .lnd 

13C-NMR analyses as weil as mass spectrometry, ln whlch the molecular Ion IS observed 

The dlmer was deprotected by successive desllylatlon and deacyldllOn Treatment 01 93 

wlth nBu4NF 3H 20 under aCldlc conditions (ACOH ' THF) alforded Ihe dlol 94 wtllCh W,lS 

Immedlately deacylated m methanohc ammollla The pUrificatIOn 01 ttle final product. however 

Scheme 23 
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The standard rules for nammg nuclslc aClds delmes a dlnucleotlds as a dlmer IlnKed by d rmo,:>phdte aroup 
whlch bears an addltlonal phosphate at elther the Iree 5 - or 3' hydro)(yls Il only th!; '>lnqle 
mternucleoslde phosphodlester IS present, the dl mer 15 called a dlnucleoslde phosphate Our system 
would, therefore, be best descrlbed as a 'dmucleoslde phosphate analogue' , but the term (jlnucleoslde 
analogue" Will be used 
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1 p'oved dlfllcult Trituration of the crude solld wlth acetone, followed by removal of the 

supernatant and repeated washlng, afforded a fine white solld The 'H-NMR of thls matenal clearly 

showed the presence 01 about one equlvalent 01 methyl benzoate, even atter repeated washlngs 

wlth acetone Oddly, the dlstlctlve odor of Ille ester, whlch was not notice able ln the sol/d, 

became very apparent after samples were dlssolved ln deuterated methanol and rotovapped alter 

NMR spectra were obtalned This led us to suspect that methyl benzoat~ forms a stable complex 

wlth the dlnucleoslde analogue when preclpltated from acetone The problem was overcome by 

dlssolvmg the solld ln a minimal volume of methanol and QUlckly addlng ethyl ether The white 

solld obtalned ln thls way was found to be the product of hlgh purlty wlthout any traces of the 

troublesome ester The '3C-NMR spectrum of the backbone-modlfled dlnucleoslde analogue 95 

IS shawn ln Figure 28 
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Figure 28. Portion of the proton-decoupled 13C-NMR spectrum of dlmer 93 ln CDCI3 The 
carbons of the branched-cham sugar unlts at the 3'- and 5'-ends of the molecule are denated by 
{small casel "c' and (capital) "C", respectlvely "s" mdlcates solvent signai 
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Figure 29. The proton-decoupled ,3C·NMR spectrum of dmucleoslde analogue 95 ln C010D 
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Figure 30. PortIon of the 200 MHz' H·NMR spectrum of 95 ln CD10D showmg the base and 
anomenc proton signais T and v Indlcate the coupled paIrs of doublets 
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i 2.9 Future Outlook 

Meanrngful ollgonucleotlde bmdmg studles cannot. generally be carned out usmg very 

short strands Important mformatlon could. nonetheless. be obtalned from the dmucleoslde 

analogue 95 The molecule was found to be very water-soluble. a solution 01 50 mM 

concentration at amblent temperature was easlly prepared This IS an Important flndlng Slnce, If 

one observed poor solubliity at the dlmer stage, one would no doubt be laced wlth dire solublhty 

problems once much longer strands are prepared 

A very tnterestlng leature of the' H-NM R spectum 01 the dmucleoslde analogue 95 IS the 

chemlcal sMt dlfference between the two pynmldlne H-6 ~Ignals (Figure 30) The two doublets 

are separated by 0 38 ppm and, ln bath cases, are shlfted downfleld lram the values generally 

observed for monomenc analog'Jes (eg nucleoslde 41 ln whlch the H-6 signai appears al 761 

ppm ln CD10D) Such dlfferences ln sMt are generally acknowledged to stem from the effect of 

the nng-current magnetle anlsotropy of the nelghbounng base, and suggests that base-stackmg 

IS oceurnng I51 ,1"i 2 'H-NMR eonlormatlonal studles have been earned out lor natural CpC. but 

the modlfled structure of 95 prevents direct companson The data. nevertheless suggests that 

the analogue 95 eXlsts ln a partlcular conformatIOn m whlch the cytosine rings are mleractlng 

rather than Ireely '1lopplng around" randomly 

Although the complex nature of the' H-r\M R spectrum of 95 obscures any Inlormatlon 

concernrnq the conformation of the furanose nngs. Il IS very probable that they are puckered ln a 

manner Simllar 10 Ihal for the monomenc nucleosldes As descnbed ln Section 24 tp 56), these 

compounds dll appear 10 eXlst ln a C3 -enoo envelope ln whlch the C3 and C4 methylene 

'3ubstltuenls are pseudo-equalonal The ribose sugars ln RNA are also known 10 assume a C3-

endo conformation The preference of nbonucleotldes to eXlst as suctl results ln RNA double 

helices and RNA DNA hybnd duplexes assumlng only A-type helical structures Ihe more ngld 

RNA strand forCing DNA mto tlliS conformatIOn ln the latter case~ l.~-l Thus. the lact that the 

branehed-chaln nucleoslde umts are "correetly" puckered ln systems such 95 may result ln them 

belng especlally good blnders 01 targeted mRNA 

The pOints descnbed above underltne the potentlal use of longer thloether-linked 

analogues of 95 as non-degradable antl-sense mhlbltors of gene expression There obvlously 

remalns much work before such systems can be studled ln thls manner The thesls descnbes the 

detalled investigations of branciled-cham thlosugars and nucleosldes. as weil as the 

151 Cantor. CR. Schlmmel. P R . Blophyslcal Chem/stry, Part 1/1, W H Freeman & Co , San FranCISco, CA, 
(1980). pp 1125-1130 

152Ts·O. POP. In Ts·O. POP. tEd ), BdSIC Prmclp/es m NUC/BIC ACld Chemlstry, Academie Press, N Y , 
(1974\. pp 331-333 
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1 development of a viable coupltng strategy The eventual synthetlc route used to obtaln ttlè dlmer 

ln an overall yleld of 30 % from ketone 3 IS shown ln Figure 31 This work lays down èl solld 

foundatlOn for the effiCient preparation of longer thloether-linked stands, and these studles ,1re 

ongolng 

The oXldatton of the Internucleoslde sulfldes wou Id yleld sulfoxlde- and suifone-linked 

analogues The problem of chlraltty ln the linkage would havI? to be addressed ln the former case 

ln additIOn, the synthesls of the monomertc nucleoslde untts allows for the removal of tlle 2'

hydroxyl through a radical reductlon Thus, sulflde- and sullone-Itnked oltgonucleollde .1nalogues 

of. both. RNA and DNA are accessible for study and companson ln future work A stlOrter-Ierm 

goalls to prepare appropnately prolected and/or actlvated backbone-modlfled dlmers ,lnd Inmers 

for incorporation Into natural DNA st rands 
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Figure 31. The synthesls of the dlmer 93 was carned out ln an optimum ove rail yleld of 30 % 
from ketone 3 The overaU yleld of the protected monomer 89 was 36 % 
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l 3. CONTRIBUTIONS TO KNOWLEDGE 

1. A number of 3'-deoxy-3'-C-(2"-substltuted-ethyl) nbonucleosldes were efflclenlly prepared 

from 1,2-0-lsoprr,pyhdene-a-D-xylofuranose The synthetlc approaCh allows for the specIfie 

placement of vanous funcllOnalities at elther the 5'- or 2"-posllions 

2. A senes of thlanylfuranose nucleosldes, rncludmg an uncharged cAMP analogue were 

syntheslzed The weil defrned conformation of these compounds was establlshed by 

detalled 'H-NMR analysls and was corroborated by an X-ray structure 

3. A mechamstlC temperature-dependence m the acetolytlc cleavage of 1,2-0-lsopropylldene 

furanoses was dlscovered An unprecedented rearrangement of sulphur-conlarnrng su gars 

to nuvel thlolanes (tetrahydrothlophenes) dunng these reactlons, as weil as Ihe formatIon of 

aldehydrol-denvatlves, was studled 

4. The rearrangement from 5-deox;'-5-thlosugar to thlopyran-3-one enol acetate was shown 10 

:ompete wlth nucleoslde formation dunng the Vorbruggen coupllng of Ihe former wllh 

sllylated nltrogenous base 

5. A dlnucleoside analogue beanng a non-hydrolyzable Internucleoslde linkage was prepared 

The synthetlc methods used to form thls dlmer are applicable 10 the preparation of longer 

oligomers whlch are potentlal antl-sense mhlbltors 
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4. EXPERIMENTAL 

4.1 General Methods. 

Meltlng pornts (m p ) were determrned uSlng an Electrothermal MP apparatus and are 

uncorrected Optlcal rotatif" measurements were camed out ln the Indlcated solvents employmg 

a Jaseo DIP-140 dIgital ),vlartmeter and a 1-dm cell UV spectra were recorded on a Hewlett

Packard 8451 diode array spectrophotometer low-resolutton chemlcallonrzatlon mass spectra 

(CI) were obtalned on an HP 5980A quadrapole mass spectrometer ln the dlrect-Inlet mode Hlgh

resolutlon CI and FAB mass spectra (HRMS) were obtamed on a VG ZAB-HS sector mass 

spectrometer, agarn, ln the direct-miel mode lhe measuremenls were generally carned out at a 

resolvlng power (res ) of 10000 unlcss otherwlse Indlcated Elemental analyses were pertormed 

by Guelph Chemlcal laboratones Ltd (Guelph, Ontario) Ali compounds were shown to be 

homogeneous by tic and hlgh-fleld NMR, or to have a punty of >95% by elemental analysls 

1 H-NMR specira were recorded on elther Vartan XL200 or Vanan XL300 spectrometers 

and the asslgnments are based on homonuclear decoupllng and / or COSY expenments When 

deutenochloroform was employed as solvent, Internai tetramethylsl!ane (TMS) was used as the 

reference The resldual proton signais of OMSO and methanol (asslgned values of 52 49 and 

3 35 ppm) were used as reference ln the se solvents The multlphcltles are rec0rded US:'1g the 

followtng abbrevlatlons s, smglet, d, doublet, t, tnplet. q, quartet, q5, qUlntel. h, hextet, hl, 

heptet. 0, octet, m, multiplet. mn, symmetlcal signai of n Imes, br, broad Sorne of the couphng 

data for certam compounds are recorded m Table 1 (p 54) '3C-NMA spectra were ail obtalned at 

754 MHz usmg a Vanan Xl300 spectrometel The 13CDC13, 13CD30D, 13C03S(O)CD 3 , and 

13CD;>CI? signais (assigned values of 577 00, 4900, 39 ~O and 5380 ppm, respecllvely) were 

used as references ln tI"Jese solvents Peak asslgments were, ln some cases, made wlth the ald of 

APT or HETCOR expenments Selected 2-D spectra are shown ln Appendlx III 

Tetrahydrofuran was dlstilled from sodium benzophenone ketyl Methylene chlonde and 

1,2-dlchloroethane were dlstliled Irom P20s Toluene was dned over sodium w/re Pyndme was 

dlstliled from calCIum hydnde N,N-Dlmethylformamlde was dned by shakrng wlth KOH followed by 

dlst lll?1u:m, at reduced pressure, f~l')m BaO Thin-layer chromatography (t 1 c ) was pertormed 

usrng K/eselgel 60 F~54 alumlnlum-ba(.":~ t-/'ates (0 2 mm thlckness) and v/sual/zed by UV and / or 

dlpplng Ifl a solution of ammonium molybd3te (25 g) and cene sulfate (1 g) m 10 % VIV aqueous 

sulphunc 2.cld (100 ml), followed by healing Kleselgel 60 (Merck 230-400 mesh) silica gel was 

employed for column chromatography 1 ~J 

15351111, WC, Kahn, M, Mltra, A, J Org Cham, 43, 2923 (1978) 
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4,2 EXPERIMENTAL FOR SECTION 2.2, 

Wlttlg reactlon of \J) ta unsaturated esters (4) and (5). 

Tnmethyl phosphonoacetate (2 10 ml, 128 mmol) was added dropwlse 10 a cooled (0 C) 

suspension of SOdlU,'1 hydnde (60 % 011 dlSp, 510 mg, 128 mmol) m dry letrahydroluran (100 rnl) 

and the mixture was stJrred under a mtrcgen almosphere for 30 mm A solution 01 ketone 3:\(' 

(500 g, 11 6 mmol) ln dry tetrahydroluran (40 ml) was then added over 30 mm Alter 20 Il of 

stlrnng at amblent temperature, the resultmg clear solution was concentrated rn vacua dnd the 

resldue extracted wlth ethyl ether (2 x 200 ml) and washed wlth salurated clLjueous sodium 

bicarbonate (200 ml) and water (200 ml) The comblned elhm layers were Illon dnec1(MqSO)) 

flltered and evaporated ln vacuo yleldmg esters 4 and 5 as an dmorpllous white soild ln 

quantitative yleld The product was generally reduced m Ihe ne xl slep wlthout any lurlher 

purification The two Isomene esters were easlly separated by chromalography over silica gel (5 1 

hexanes / ethyl acetate, v/v) whlch ylelded IWo produets ln a 381 rallo The méllor producl (Rf 

024), obtamed as colorless erystals by reerystalhzatlon Irom hexanes, was found 10 be Ihe Z esler 

4 m.p. 119-120° C, 'H-NMR (CDCI3, 200 MHz) 8 1 39 and 1 47 ppm (Iwo s, 6H, CMe2) 339 (A 

of ABX, 1 H, H5A), 3 51 (B of ABX, 1 H, H5s). 357 (s, 3H, COOMe), 5 26 (dl, 1 H, H2), 5 58 ('-l~, 1 H. 

H4), 605 (apparent t, 1H, ==CH), 623 (d, 1H, H1), 715-738 (m, 15H pt18nyls), couplmq 

constants (Hertz) J H , H2 == 4 6, 4JH2 H4 = -1 8. 4JH2 HoletlC -= -1 4, ')Jlllllo,p"" = 2 1 JII'I Wd\ - 1 9 J II ,) 

H5B = 24, 2JHSAHSB = -99, 13C-NMP. (CDCI3 , 754 MHZ) (') 16547 ppm (COOMe) 16041 (C3), 

14361,12856,12777,12701 (phenyl). 11606 (=CCOOMej, 11330 (CMe,), 10456 (C1) 

8716 (CPh3), 8234 and 81 02 (C2 and C4), 6570 (C5) 51 36 \COOMe), 2785 ,Jnd 2768 

(CMe2), [fJ ]2°0 == +110° (e = 0 5, CHCI3), MS (CI - NH3), mie 243 ([Ph3C+j, 100 ~/o) Anal calcd 

for C30H300 6 C, 7406, H, 621 lound C, 73 70, H, 626 

The mlnor E-ester 5 (Rf 0 41) was also oblamed as coiorless crystals by recryslallilatlOn 

from hexanes m p 115-116°C, 'H-NMR (CDCI3, 200 MHz) 0 1 46 and 1 50 ppm (Iwo s, 61-1, 

CMe2). 322 (A of ABX, 1H, H5A), 337 (B cf ABX, 1H, H58 ), 376 (s 3H COOMej, 495 (h', 1H, 

H4), 573-576 (m, 2H, H2 and =CH). 605 (d, 1H, H1), 720-746 (m 1~iH, phenyl<;), couplmg 

constants (Hertz) JH1 -H2 == 4 5, JH2 H4' -, 8, JH4 HOlef'n - -1 8, J I14 H5A == 3 9, JII4 HSH = 4 i 'Jlh" H'iH = 

-100, 13C-NMR ( CDCI3, 754 MHZ) ô 16520 ppm (COOMe), 15670 (C3), 14338 12846, 

12777,12701 (phenyls), 11596 (=CCOOMe), 11273 (CMe;», 10527 (C1), 8688 (CPh'I), 

7951 and 7851 (C2 and C4), 6532 (CS), 51 56 (COOMe), 2741 and 27 14 (CMe2) 1 (J 1/11,) '-' 

+252° (c=05,CHCI3). MS(CI-NH3), m/e 243 ([Ph3C+] 100%) Anal calcd forC,(H,rO., C 

7406, H, 621 found C, 7381, H, 662 
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t 3- Deoxy-3-C-(2' -hyd roxyethyl )-1 ,2-0-isopropylldene-S-O-t rit y I-u - o-rlbofu ra nose 

(8) . 

A solution of the IsomeriC esters 4 and 5 (33 0 g, 67 8 mmol) ln dry tetrahydrofuran (350 

ml) was added over 20 min 10 a stln ed suspenSion of lithium aluminium hydnde (234 g, 617 

mmol) ln dry tetrahydrolur3n (2 l) cooled la O°C The mixture was then refluxed under mtrogen 

resultlng ln the appearance 01 a bnght rad color After 22 h the mixture was cooled ln Ice and the 

remammg hydnde destroyed by the careful addition of water The resulling slurry was flltered, the 

sohds washed wlth COplOUS amounts of ethyl ether, and the flltrate evaporaled ln vacuo 

Chromatography of the erude syrup over slilca gel (2 1 hexanes / ethyl acetate, VIV) afforded 

aleohola as an amorphous white solld (25 2 g, 79 % yleld) 'H-NMR (CDCb, 200 MHz) i5 1 34 and 

1 50 ppm (iwO 5, 6H, CMe2), 138-1 53 (m, 1H, H1 'AL 1 6 (br and e.;changeable, 1H, -OH), 1 67-

1 88 (m, 1H, H1's), 213-234 (m, 1H, H3), 308 (A of ABX, 1H, H5A), 345 (B of ABX, 1H, H5s), 

356-367 (:Tl, 2H, H2'A,S), 3 94 (dt, 1H, H4), 4 71 (apparent t, 1H, H2), 590 (d, 1H, H1), 720-751 

(m, 15H, phenyls), coupllng constants (Hertz) JH1 -H2 = 38, JH2-H3 = 4 7, JH3 H4 = 100, JH4 HSA = 

41, JH4HSS = 28, 2JHSA-HSB::: -107, 13C-NMR ( CDCI3, 200 MHz) () 14381,12864,12781, 

12698 ppm (phenyls), 111 35 (CMe2), 10492 (C1), 8656 (CPh3), 81 45 and 8083 (C2 and 

C4), 63 33 (CS), 61 14 (C2'), 4228 (C3), 2792 and 2670 (CMe2), 2640 (C1 'l, [ex J220 = +39 0 (e 

= 0 5, CHCI3), MS (CI - NH3), mie 383 ([MH+ - PhHJ. 08 %),243 ([Ph3C+I, 100), HRMS (CI - NH3), 

mIe calcd for C23Hn Os [MH+ - PhH], 3831858 found 383 1853, Anal ealcd for C29H320S C, 

75 63, H, 700 found C, 75 69, H, 7 25 

A small sample of alcohol 8 was acelylaled (Acel i pyndlne 1 CH2CI 2) 10 glve the 2'-0-

aeetylated sugar 9 as a clear, colorless syrup 'H-NMR (CDCI3 , 200 MHz) () 1 33 and 1 48 ppm 

(Iwo s, 6H, CMe2), 1 40-1 60 (m, 1H, H1'A), 172-1 92 (m, 1H, H1's), 196 (s, 3H, OAe), 2 14-230 

(11, 1H, H3), 307 (A of ABX, 1H, H5A), 342 (B of ABX, 1H, H5s), 390 (ddd, 1H, H4), 400-424 

(m, 2H, H2'), 468 (appare:lt t, 1H, H2), 589 (d, 1H, H1), 717-752 (m, 15H, phenyls), coupllng 

constants (Hertz) JH1 H2 = 3 7, JH2 H3 = 45, JH3-H4 = 10 1, JH4-H5A '" 3 9, JH4-H58 '" 3 0, 2JH5A H58 '" -

106 

2'-S-Acetyl-3-deoxy-1 ,2·0-lsopropylldene.3-C-(2·-mercaptoe~hyl)-5-0·trltyl-a-O

rlbofuranose (6). 

Via Mesylate (7): Methanesultonyl ch/onde (218 Ill, 282 mmol) was added to a 

stlrred solution of alcohol 8 (649 mg, 1 41 mmol) and dry pyndlne (515 J.lL, 634 mmol) ln dry 

methylene chlonde (5 ml) cooled to O"C, and reaetlon allowed to warm to amblent tempe rature 

under nltrogen Alter 5 h, the reactlon was extracted wlth methylene chlonde (2 x 30 ml) and 

washed wllh aqueous sulphunc aCld (3 % WIV, 20 ml), saturated aqueous sodium bicarbonate (20 

ml), and watt>r (2 x 20 ml) The comblned organrc layers were Ihen dned (MgS04), flltered and 
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the solvent removed ln vacua The resultlng syrup was generally used ln the next step wlthout 

furthur punflcatlon An analytlcal sample was obtalned by chromatograç..,IY over sil Ica gel (2 1 

hexanes / ethyl acetate, VIV) whlch <lfforded mesylate 7 as d clear colorless syrup (726 mq 96 '\, 

yleld) 'H-NMR (CDCI3 • 200 MHz) (') 133 and 149 ppm (two s, 6H CMe2), 1 58-180 lm, 1H, 

H1 'A). 1 80-202 (m, 1 H, H1·s ). 2 16-235 (m, 1 H, H3). 290 (s. 3H MsCH J ), 3 12 (A 01 ABX, 1 H, 

H5A), 3 40 (B of ABX, 1 H, H5s), 391 (dt, 1 H. H4). 4 22-4 33 (m 2H H2'A B), 4 70 (apparent t 1 H, 

H2), 590 (d, 1 H, H1), 720-749 (two m. 15H, phenyls). coupllng constants (Hertz) Jill 11.' = 37, 

J H2 H3 = 46, J H3 H4 = 99, J H4 H5A = 40, JH4 H58 = 3 5, 2J H5A :~SB -= 105, ',IC NMR {CDCI I 754 

MHz} 814356, 12841.1276~. 12685 ppm (phenyls), 11132 (CMe,), 10477 (C1) 8639 

(CPh3), &020 (2xC. C2,C4), 6778 (C2'), 6288 (CS), 41 50 (C3) 3/02 (MsCH 1) 26·lB and 

2617 (CMe2), 2447 (Cr) 

A solution 01 mesylate 7 (726 mg. 1 35 mmol) and potassium ttllolacetate (200 mg. 1 76 

mmol) in dry tetrahydrofuran (12 ml) was refluxed under nltrogen, resulMg ln the lormatlon 01 a 

gelatlnous solld After 30 h, the solvent WdS evaporated ln vacua and the product extrclLted wlth 

ethyl ether (2 x 50 ml) and washed wlth aqueous sodium bicarbonate (5 % W/V, SO ml) dnd water 

(2 x 50 ml) The combmed ether layers were dned (MgSO,tl. flltered and the solvent rHmoved III 

vacuo yleldmg a deep red syrup Chromatography over slilca gel (4 1 hexanes 1 ethyl acetate, VIV) 

afforded thlolester 6 as a shghtly yeflow sohd (555 mg, 79 % yleld) 

Via Mltsunobu: Dlisopropyl azodlcarboxylate (1 17 ml 590 mmol) W<1S added 

dropwlse to a stlrred solution 01 tnphenylphosphlne (1 55 Q. 590 mmol) ln dry tetratlydrofuran (15 

ml) cooled ta O"'C Alter 30 mm of stlrnng under mtrogen, a creamy white suspension formed 10 

whlch was added a solution of alcohol 8 (1 35 g, 295 rnmol) and thloldcellc clcld (422 pl 5 90 

mmol) ln dry tetrahydrofuran (10 ml) Alter an addltlonal 30 min at 0 C the reaUI0n WclS ,1l1owed to 

warm to room temperature One hour later, the solvent was removed lf1 vacua yleldlng a yellow 

syrup whlch was chromatographed over sllica gel (8 1 hexanes 1 ettlyl acetate v/V) Jffardlng 

thlolester 6. contamlnated wlth a non-sugar Impunty, as a colorless solld The subsequent 

hydrolysis was generally carrted out on thls crude mateqal An analy1lcal sample was obtalned by 

recrystalhzatlOn Irom hexanes whlch afforded 6 as white crystals m p 85 5-87 C, H -N"v1R 

(CDCI3 , 200 MHz) 81 33 and 1 47 ppm (Iwo s, 6H, CMe2). 1 30-1 50 (m, 1H, H1 AJ, 1 72-1 92 (m, 

1H, H1·s). 212-2 30 (m, 1H, H3), 2 25 (s, 3H. SAc), 2 86-296 (m, 2H, H2'r"lJ 3 03 (A of ABX 1H. 

HSA), 339 (B of ABX, 1 H, H5s), 386 (dt, 1 H, H4) 4 68 (apparent t 1 H, H2) 587 (d 1 H H1), 

720-748 (m. 15H. phenyls), coupllng constants (Hertz) Jw li? -" 3 7 J tp Il'l ~ 46 J HI11 " ~ 102, 

JH4-H5A = 38, J H4 f15S = 31, 2J HSA HS8 = -la 6, 'JC NMR (COCI'l' 200 MHL) () 19547 ppm 

(SCOMe). 4384,12863.12774,12690 (phenyls) 11142 (CMe;) 10488 (C1) 8638 

(CPh3), 80 70 and 8052 (C2 and C4). 6278 (C5). 43 87 (C3) 3050 (SCCMe) 2719 and 2669 

(C1' and C2'), 2637 and 2462 (CMe2), [Cl FOo = +544 (e = 1, CHCI1), MS (FAB nltrobenzyl 
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alcohol), mie 441 ([MH+ - PhHj, 1 4 %), 259 ([MH+ - Ph3COH+j, 28) 243 ([Ph3C+j, 100), ~IRMS 

(FAB - glycerol, res 7500), mie calcd for C2sH290SS [MH+ - PhH) 441 1736 found 441 034, 

Anal calcd for C3,H340 SS C, 71 79. H, 661. S, 6 18 found C,71 99. H. 650, S. 6 13 

2' -S-Acety 1-3-deoxy-1 ,2-0-lsop ropyllde ne-3·C·(2· ·mercaptoet hyl )·a·O

rlbofuranose (10). 

The Impure thlolester 6 prepared (by MIIsunobu couplmg) above was dlssolved ln dr\' 

methylene cllionde (80 mL) To th,s solution was added dropwlse, a solution of tnchloroacetlc 

aCld (prevlously dned by 1zeotroplng wlth benzene) ln dry metllylene chlonde (1 4 wlV 28 0 ml) 

Alter 3 Il of stlrnng al amblent tem;Jerature under nllrogen. Ihe reacllon l'las dlluted wlth 

ch/oroform (150 ml), washed wllh saturaled aqueous sodIum bicarbonate (300 ml) and water 

(300 ml), and reextracted wlth chloroform (250 ml) Ttle comblned orgamc phases were Ihen 

dP9d (MgS04J. Illtered and evaporated ln vacua yle/dlng a yellow syrup whlch was 

chromatographed over slilca gel (1 1 hexanes / ethyl acetate Vlv) affordlng alcohol10 as a clear, 

colorless syrup (638 mg, 78 % yleld Irom 8 above) 'H-NMR (COCI3 , 200 MHz) 8 1 34 and 1 50 

ppm (two s, 6H, CMe2), 1 46-1 66 (m, lH, Hl 'Al, 1 8 (br and exchangeable, 1 H, -OH), 1 83·217 

(m, 2H, H3 and Hl'B), 234 (s, 3H, SAc). 3 01 (m, 2H, H2'AS), 355 (Aof ABX, lH, H5A). 3 82·395 

(m IOcludlng Bol ABX, 2H. H4 and H5s), 468 (apparent t, lH, H2), 581 (d. lH, Hl), cOllpllng 

constants (Hertz) J H1 H2 = 36. JH2 H3 -= 4 4, JH4 HSA "" 4 3, 2JH5A H5B = -13 0, 13C-NMR (COCI1. 75 4 

MHz) 8 19565 (SCOMe), 111 60 (CMe2), 10477 (Cl), 81 81 and 8082 (C2 and C4). 61 31 

(CS), 42 55 (C3), 3050 (SCOMe), 2702 and 2655 (Cl' and C2'), 2624 and 2471 (CMe2) [!J. 

F2D = +918 (C = 114, CHCI3). MS (CI- NH3 ), mie 294 ([M + NH4+], 16 %),236 ([M + NH 4+

C3HijO), 36),219 ([MH+ - C3H50], 18),201 (100), HRMS (CI - NH3, res 8000), mie calcd for 

C'2H240SSN [M + NH4) 2941375 found 2941376. Anal calcd lor C'2H200SS C, 5216, H, 

729, S, 11 60 found C, 51 87, H, 7 14, S, 11 82 

~. -S·Acety 1-5·0· tert-butyldlphe nylsllyl-3-deoxy-1 , 2-0·/sopropyl/dene-3·C·(2 '. 

mercaptoethyl}·a·o-ribofuranose (11). 

tert Butyldlphenylchlorosllane (427 mL, 167 mmol) was added dropwlse to a solution of 

alcohollO (452 g, 164 mmol) and Imldazole (234 g, 344 mmol) ln dry N.N-dlmeli~ylformamlde 

(21 5 ml) and the resultlng solution was sllrred at amblent temperature under mtrogen Alter 2 h 

the solution was poured Into water (800 ml). extracted wlth ethyl ether (2 x 750 ml). and was~led 

wlth water (2 x 800 ml) The comblned ether phases were dned (MgS0 4 ) flltered and tne solvent 

removed lf7 vacua yleldmg a shghtly brown syrup Chromatography over slllca gel (12 1 hexanes 1 

ethyl acetate. v/v) afforded 11 as a clear. colorless syrup (8 41 g, 99 % yleld) 'H-NMR (CDCI3, 200 

MHz) ,) 1 05 ppm (S, 9H. t-buryl) , 1 33 and 1 48 (IWo s, 6H, CMe2), 1 50-1 68 (m. 1 H Hl 'A), 1,80-



203 (m, 1H. H1's), 2 19-236 (m, 1H, H3). 231 (S 3H, SAc) 292,310 (m 2H H2) J 68 lA 01 

ABX, 111, H5d, 383 (m, 1H, H4), 3 88 (8 of ABX, 1H H5f1 ), 4 68 (apparent t 1H H2) 581 Id 1H 

Hl), 732-776 (m, 15H, phenyls), cOl!plmg constants (Hertz) J H , Il' = 36 J H , III = 46 JI< ,11,,\ .. 

27, JH4 H5B = 2 9, 2JH5A HSB = -108, '3C-NMR (CDCI1 , 754 MHz) 0 19520 ppm (Sr.OMel 13573 

13546,13316,13291,12952,12948,12754,12750 (phenyfs), 11135 leMe,), 10479 

(G1), 81 73 and 8070 (C2 and C4), 6271 (C5), 4299 (C3), 3038 (SCOMe) 2714 and 26 ·12 

(C1' and C2'), 2663 (CMe3), 2628 and 2472 (CMe2), 1908 (CMe3), [ II f"[) -- +378 (c = 1 5, 

CHGI3), MS (CI- NH3), mie 457 ([MH+ - C~Hl0J, 2 3 %), 339 (9),241 (84),199 (/Ph,SIOHtl. 100) 

HRMS (CI - NH 3 , res 8000), mIe calcd for C:'4H-H)O'iSSI lMH+ - C ,H, 01 457 1505 round 

4571506, Anal calcd for C~8HJ80~SSI C, 65 33, H, 744, S, 623 found C 6525, H 758 S 

605 

Attempted Synthesls of (15), 

Xylose monoacetonlde 2 (400 mg) was sllylaled and worked up ln a manner Idenllcallo 

that descnbed for the preparallon of thlosugar 11 above The 5-0-sllyl sugar 13 ttlUS oblalned 

was dlssolved ln freshly dlstilled dnnethyl sulfoxlde (8 0 ml) 10 whlch was added acellC ~mhydnde 

(0.90 ml) After stlrnng at amblent lemperature under mlrogen for 30 Il the reactlon was poured 

mto saturated aqueous sodium bicarbonate (150 ml) and sllrred tor 1 Il rtle producl was 

extracted wlth chloroform (4 x 75 ml), and washed wlth water (4 x 100 mL) rh9 cornbmed orqamc 

extracts were then dned (MgS0 4 ), flltered and evaporated ln vaGua yleldlng il yellow syrup 

Ghromalography over sllica gel (4 1 hexanes 1 ethyl acetale V'V) afforded ketone 14 ,.S .1 clear 

colorless syrup (721 mg, 80 % yleld trom 2) 'H-NMR (CDCI I 200 MHz) ,) 1 00 ppm 15 911 t 

butyl),148(s,6H,CMe2),386(AofABX,1H,H5AI,391(BotA8X 1H H51l ) ,140(rn 111 H41 

443 (dd, lH, H2), 625 (d, lH, Hl), 732-775 (Iwo m, 10H, phenyls) couplmq constJnts (Hertz) 

JH1 'H2= 45, JH2H4 = -1 1, JH4H5A = 2 2, JH4H5S= 1 8, 2JII5AIISH = 109 

Tnmethyl phosphonoacetate (090 ml) was added 10 a solution of potassium lert 

butoxlde (233 mg) ln dry N,N-dlmethylformamlde (4 ml) cooled 100 C, al • .:! the solution allowed to 

warm to amblent ternperature The reactlon was then cooled 3galn and a solullon ot ketone 14 

(721 mg, 1 69 mmol) m N,N-dlmethylformamlde (4 ml) was added Alter stlmnq for 2 rJays ,li room 

temperalure, the solvent was evaporated m vacua (vacuum pump) and the resldue extracteu wlth 

ethyl ether (2 x 75 ml) and washed wlth water (2 x 75 mL) The cornblned f-~ther lélyp.rs wem Ihen 

dned (MgS0 4 ), Illtered and evapolated ln vacuo to yleld a colorless syrup CllrorTli1toqrdptly over 

sllica gel (7 1 hexanes 1 ethyl acetale) ylelded a clear, colorfess synJp 1360 rnq 44 "/0 yleld) whost: 

, H-NMR IS consistent wlth an (J ~-unsaturaled ester 16 The stereochemlstry of fht~ olelln W<lS not 

established 'H-NMR (GDCI3, 200 MHz) è 1 02 ppm (S 9H t but yi), 1 45 dnd 1 48 (two 5 6H 

GMe2), 3 72 (A of ABX, 1 H, H5A), 381 (s. 3H, COOMe) 387 (B 0: ABX 1 H H51l1 490 lm 1 H 
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H4). 572 (m, 1H, H2), 597-601 (m, 2H, H1 and Holefm), 732-770 (Iwo m, 10H, phenyls), 

couphng constants (Hertz) J H4 tiSA = 2 7, J H4 H5B = 4 1, 2JH5A HSB = -10 8 

AttemplS 10 reduce Ihe ester 1610 the alcohol 15, uSlng lithium aluminium hydnde ln 

refluxlng tetrahydrofuran as descnbed for the preparatIOn of 8, gave complex mixtures whose 

components could not be completely separated 

2' -Q-Acet y 1-2" -S-acetyl-S' -0- tert-butyl dl phenylsllyl-3' -deoxy-3 '-C-(2"-

mercaptoethyl)-cytldlne (17). 

Tnmethylsllyl tnfluoromethanesulfonate (182 ~L. 0942 mmol) was added dropwlse to a 

sllrnng solullon ot tnacetate 12 (876 mg, 1 57 mmol) and bls-(tnmethylsllyJ)cytoslne'l'l (401 mg, 

1 57 mmo!) ln dry 1,2-dlchloroethane (12 ml) and the resulling solution was heated to reflux 

under nltrogen a atmosphere Alter 1 h an addition portion of tnmelhylsllyl 

tnfluoromethanesulfonate (121 Ill, 0 62B mmoi) was added ana the refluxlng contlnued Alter an 

addrtlOnal 25 h the solution was cooled ln an Ice bath and poured Into Ice-cold aqueous sodium 

bicarbonate (5 % w/v, 250 ml) The mixture was then shaken vigorously wlth methylene chlonde 

(225 ml) The resultlng emulslon was broken by filtratIOn and the organlc phase dned (Na2S0,d, 

flltered and the solvent removed ln vacuo yleldmg a white foam Chromatography over slhca gel 

(201 methylene chlonde / methanol, v/v) afforded nucleoslde 17 as an amorphous white solid 

(823 mg, 86 % yleld) 'H-NMR (CDCI3, 200 MHz) b 1 11 ppm (s, 9H. (-but yi). 1 30-1 68 (m 2H 

H1"A B), 2 15 (s. 3H, OAc), 227 (s. 3H, SAc) 240-256 (m. 1 H H3') 258-276 and 288-3 04 

(two m. 2H. H2"AS), 3 71 (dd. 1H. H5·A). 393 (br d, 1H. H4'). 414 (d, 1H, H5·s). 535 (d 1H H5). 

556 (d, 1H, H2'), 592 (S, 1H, H1'), 735-774 (m, 10H, phenyls), 8 02 (d 1H. H6). 86 (br and 

exchangeable, 1 H, NHBz), couphng constants (Hertz) JH. H2 ~ 0, JH2 H3 = 5 0, J H3 H4 = 104, 

JH4 H5A - 02, JH4 H5 B - 0, 2JH5A H5 B = -12 0, JH5-H6 = 73, 13C-NMR (CDCI3, 754 MHz) <519484 

ppm (SCOMe), 169 14 (OCOMe), 16593 (C4), 15547 (C2), 14001 (C6), 13537, 13522, 

13250, 13210, 12991, 12974, 12775, 12770 (phenyls), 9472 (C5), 9001 (C1'), 8419 

(C4'), 77 11 (C2'). 6209 (CS'), 3917 (C3'), 3030 (SCOMe), 2698 (C2"), 2676 (CMe3), 2466 

(C1"), 20 63 (OCOMe), 1902 (CMe3), [a ]2°D = +768° (e = 1, CHCI3), UV (methanol), À~ax 274 

nm (f 7500), MS (CI - NH3), mie 552 ([MW C4 H,oJ, 08 %),339 (10), 309 (12), 241 (36),225 (21), 

199 ([Ph2SIOW), 100), HRMS (CI - NH3), mie calcd for C27H3006N3SSI [MW - C4 H. o) 5521625 

found 5521626, Anal calcd for C3,H3906N3SSI C, 61 06, H, 644, N. 689, S, 5 26 found C, 

61 34. H, 658, N, 688, S. 534 
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2 '-0-Acetyl-2" -S-acelyl-N4-benzoyl· 5' -0- tert-butyld 1 p henylslly 1- 3' -deox y-3' -C

(2"-mercaptoethyl)-cytldine (18) 

Benzoyl chlonde (234 ~L 2 00 rnmol) was added dropwlse to ,Hl Ice co Id solution ot 

nucleoslde 17 (814 mg, 1 33 mmol) ln dry pyndme (4 ml) and the reactlon a"owt~d to warm to 

room temperature under nltrog'Jn Alter stlrrtng for 6 Il the reactlon was poured Into .1queous 

sodium bIcarbonate (5 % WIV, 150 ml.), extracted wlth methylene cilionde (2 x 100 mL) .wd 

washed wlth dllute sulphunc aCld (1 % wlV, 100 ml) and water b:·ne (100 mL) nle combmed 

orgamc phases were then dned (Na2S0,d, flltered and tne sOlvpnt removLd Ifl v,ICuO yleldmq .1 

yellow syrup whlch was chromatographed over slllca gel (2 1 tJtllyl ,1ceLlte 11ex lln8S v v) 

affordlng nucleoslde 18 as an amorphous wlllte solid (853 mg 90 Ù" y'l'Id) Rec r \'stJlIll.lllon lrom 

methanol ylelded white needles m p 191 C, 'H-NMR (CDCI,\ 200 MHz) \~ 1 15 ppm (s 'lH, t 

butyl),l 28-1 72 (m, 2H, rll"AB), 2 21 (S, 3H, OAc) 223 (5 3H SAc), 2 45 2 74 (m 2H rl3 and 

H2"A), 2 89-303 (m, 1 H, H2"B) 3 70 (dd, 1 H, H5'A), 400 (br d 1 H H4'), 4 24 (dd, 1 H H5 Il), 565 

(d, lH, H2'), 601 (s, 111, Hl'), 728-791 (m, 16H, phenyls and H5) 853 (d 1H H6), 86 (br and 

exchangeabte, lH, NH8z), coupllng constants (Hertz) J'i' H' - 0 JHl H1 ~ 48, JII'l Il,1 ~ 104, 

JH4' HS'A = 1 9, J H4 HS'S < 1, 2JH5A H5B '" -123, JH5 '16 = 76, '3C-NMR (COCI \,754 MHz) ü195 02 

ppm (SCOMe), 16904 (OCOMe), 16670 (C4), 16230 (NCOPIl) 154 JO (C2) 14419 (C6), 

13549, 13528, 133 14, 13283, 13225, 131 98 130 12 13002 12872 12791 (2C) 

12758 (phenyls), 9648 (CS), 9050 (Cl') 8488 (C4) 7686 (C2) 61 53 (C5: 3858 lC:3) 

3040 (SCOMe), 2702 (C2"), 2686 (CMel), ~4 50 (Cl ), 2069 (OCOMe) 19 11 (CMe li 

[afOo = +88 5' (c = l, CHCI3), UV (methanol) le '<1< 262 nm (f' 23600) and 304 nm (t 10600) MS 

(CI-NH3),m/e656([MH+-C4 H'ol.08%),5961[MW C:H,o AcOHI4) 3g9(2) :341(11) 241 

(50), 215 ([Cyt-Bz + H+l, la), 199 ([Ph?SIOWl 98) 105 ([PhCOtl 100) HF~MS (Cl NH 1) ITlie 

calcd for C34H3407N3SS1 [MH+ - C 4 H'ol 65618868 lound 656 18866 Anal c31cd lor 

C3sH4307N3SSI C. 6393, H, 607, N, 589, S, 4 49 lound C, 6423 H 632 N 557 S 441 

2' -O-Acetyl- 2" -S-acetyl-N6-be nzoyl-S' -Q- tert-buty 1 d 1 phenyl s Ily 1-3' -deo x y- 3' -C-

(2"-mercaptoethyl)-adenoslne (19). 

Chlorotnmethylstlane (86 ~l, 0678 mmol) was added ta a suspenSion 01 Nb 

benzoyladenme!O{) (213 mg, 0890 mmol) ln hexamelhyldlsllazane (6 mL) and the mixture was 

refluxed under a mtrogen atmosphere After 15 h the clear solution W3S evaporated ln vacua 

(002 mm Hg, 50'C) yleldlng a thlck yellcw syrup wllich was dlssolv8d 1'1 dry 1 2 dlchloroettlane (2 

mL) To thls solutIOn was added a solution of tnacetate 12 :47.\ mg !) 848 mmol, ln dry 1 2 

dlchloroethane (5 ml) followed by tilmethylsllyl trtfluoromethllnesulfonate 125 uL 0 128 mmol) 

The resultlng solution was then refluxed under nltrogen After 15 ,1 the reactlon was cooled ln 

Ice, poured mto Ice-cold aqueous sodium bicarbonate (5 ~/o WIV 150 mL) and the product 



extracted wlth methylene ehlonde (150 mL) The organlc phase was then dned (Na2S0~), flltered 

and the solvent removed ln vacua yleldmg a brown foam Chromatography over SillCâ gel (1 1 

ethyl acetatf. / hexanes, VIV) afforded nueleosld8 19 as an amorphoLl5 white 50lld (563 mg, 90 % 

yleld\ lit was found that a more convenlent melhod 15 la use a stock solution of bls-(tnmelhylsllyl)

f'Il-benzoyladenlne ln 1 ,2-dlchloroethane rather Ihan la generate the sIlylated base m SItU) 'H

NMR (CDCI1, 200 MHz) 01 04 ppm (s, 9H t -but yi), 1 72-1 93 and 1 48-1 67 (two m, 2H, H1 "A a), 

224 (s, 3H, OAG), 230 (S, 3H, SAc), 267-282 (m, 1H, H2"A), 2 89-3 09 (m, 2H, H3' and H2"a), 

3 7-1 (A of ABX, 1H, H5'A), 4 01-4 14 (overlappmg Bof ABX and dt, 2H, H5'a and H4'). 5 88 (d, 1H, 

H2'),6 15 (d, 1 H, H1 ),730-804 (two m, 15H, phenyls), 835 (s,1 H H8), 8 81 (s, 1 H, H2), 9 0 (br 

and exehangeable, 1 H, NHBz), eouplmg constants (Hertz) JH, H2 = 1 0, Jfj,J H3 = 53 JH3 H,; = 

108, J H4 H5A = 3 4, J H4 1158= 27, 2JH5A HS8 = -11 9, 1
3C-NMR (CDCI3, 75 4 MHz) (') 195 24 ppm 

(SCOMe), 17001 (OCOMe), 16446 (f\JCOPh), 15282 (C6), 151 00 (C2), 14946 (C4), 141 45 

(Ca), 13556,13542,13379,13265,13250,12997,12985,12881, 12778 (phenyls), 

12316 (CS), 89 12 (Cl'), 85 10 (C4'), 77 42 (C2'), 6286 (CS'), 4000 (C3'), 3057 (SCOMe), 

2709 (C2"), 2682 (CMe3), 25 13 (Cl"), 2078 (OCOMe), 1911 (CMe3), [Cl ]2°0 = +141 (e = 

1 6, CHCI3), UV (melhanol), Àma:< 282 nm (r 19000), MS (CI - NH3), n'Ve 680 ([MH+ - C4H,o]. 2 %), 

576 (4), 399 (10),339 (12). 279 (11),241 (57),240 ([Ade-Bz + H+], 10) 239 ([Ade-Bz+], 14), 199 

([Ph2S,OH"'j, 99) 105 ({PhCO+], 100), HRMS (CI - NH3, res 5000), mie calcd for C3sH3406NsSS, 

[MH+ - C4H,0] 6RO 1999 tound 6801998 
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4.3 EXPERIMENTAL FOR SECTION 2.3. 

Model Studles Involvlng Rlbonolactone (20). 

To a stlrled solu11On Of nbonolactone 20 (200 mg, , 06 mmol) and tnphenylptlOsptl1ne 

(334 mg, , 28 mmol) m dry acetonltnle (5 ml), was added a solution 01 carbon letr3bromll1e (·t23 

mg, 1 28 mmol) m dry acetonltnle (1 ml), and the reactlon was stlrred at amblent tern~t'rature 

under a nltragen atmosphere After 2 h methanol (3 ml) was added and ttle re,lLtlon was 

evaporated ln vacua nie resulllng yellow syrup then WJS ctlromatogr clpllèd over Slhc,l ql~1 \ 6 1 

hexanes 1 ethyl acetate ViV) atfordlr,g the bromlde 21 as a clear colorless syrup \20..2 1l1C] 7tl·'., 

yleld) . H-NMR (CDCI'). 200 MHz) li 1 39 and 1 47 ppm \Iwo S 6H CMe~1 J rU \/\ 01 !\f~X 111 

H5A), 3 66 (B of ABX, 1H, H5B), 469 (d, tH, H3), 486 (apparentt. tH. H·t), 493 (d Iii H:2J 

couphng constants (Hertz) JH2 H3 = 6 t, JH3 H4 - 0, JH4 HSA '" 2 5, JH.! Il'in " 40 'J II ,,,, Il'>11 Il 6 

Sromolactone 21 (50 mg, 0 199 mmol) was dlssolved ln dry méthylene chlonde (0 5 ml) 

contalnmg tnethylamme (67 Ill, 048 mmol) and benzylmercaptan (28 pl 0240 mmolJ WdS Olen 

added Alter stlrnng for 75 h under a mtrogen atmosphere al room lemperJture tl1\> ru,lctlon 

mixture was loaded dlrectly onto a column of sllica gel Elutlon (6 t Ilexanes ettlyl ,lcetilte V'V) 

afforded two praducts, the more polar (Rf 0 23) compopent 5-benzylsulflde 22 JS il (olorless 011 

(28 mg, 48 % yleld) 'H-NMR (CDCI3, 200 MHz) () 1 36 and 1 47 ppm (Iwo ') 6f~ CMe2) 267 (A 01 

ABX, lH, H5A) 274 (B of ABX tH H5(3) 371 and 376 (two doublet~~ 01 ;\[3 qu,Htt't 2H 

PhCH2S, "J=-132HZ),446(d, 1H H3),477 (dd, 1H H4) 495(d lH 112) 7.lb 7 j(}frTl 5H 

phenyl), couphng constants (Hertz) JII ) III '" 5 7 Jill Il,! - 0 JI1 \ tI',,\ " 2 8 J, I , ", Il - S:3 J'l':' 1 l,Il -

-'49 , and the less polar (Rf 040) component lactone 23 as il colorless syrup 15 rnq (3 "" yleldJ 

lH-NMR (CDCI3, 200 MHz; D 1 40 and 1 48 ppm (!wo s. 6H CMe2; 1 81 IS JH l3nSCCH,) J 97 

and404(twodoubletsofABquartet,2H PhCH 2S 'J=-125HZ) 452(d lH HJI4951d lH 

H2), 7 26-736 (m, 5H, phenyl), coupllng constants (Hertz) JII , li 1 -" 5 3 MS 1 CI NH li mie 312 

([M + NH4 +J, 26 %), 295 ([MH+J, 100),237 ([MH+ - ClHbO], 26) 

Model Studles Involvlng Methyl Rlbofuranoslde (24). 

Methyl furanoSlde105 24 was brommaled by a procedure Identlcal 10 Ihat descnbed for 

the preparation of 21 Chromatogiaphy of the crude syrup over sll1ca gel (101 hexanes ' elhyl 

acetate, vlV) afforded the 5-bromo sugar 25 dS ~ colorless 011 (77 % yleld) H NMR ICDCI. 200 

MHz) 8 1 33 and 1 49 ppm (two s, 6H CMe2 1 333 (A of ABX (apparent 1) 1 H H~f.) 335 (e, '3H 

OMe),344(BotABX.1H.H5 13 J 440 (ddd 1H H4) 462(d 1H H3; 4781d lH H2; 5021s 

1 H, H1), coupllng constants (Hertz) JH • H2 - O. J fP fl3 = 6 0 JH'I H4 = 0 9 JIj,' l '~A -- 1 () ~ Jllf, Il'JI 

57. 2JH5A HSB = -10 1 



t Melhanesulfonyl chlonde (379 !-Ll, 490 mmol) was added dropwlse 10 a sllrred solution of 

methyl furanoslde 114 (500 mg 245 mmol) and pyndme (090 ml 11 0 mmol) ln dry methylene 

chlonde ( 10 ml) cooled 10 0 CAlter 14 h of stlrnng at amblent tempe rature under a nltrogen 

atmosphere, Ihe reaCllon was extracted wllh methylene chlonde (3 x 60 ml) and washed wlth 

dllute sulphunc aCld (1 5 % wlV 50 ml) saturated al,Jeous sodium bicarbonate (50 ml) and water 

(50 ml) The combtned organlc extracts were then dned (MgS041, flltered and the solvent 

removed ln vacuo affordlng a colortess glass Recrystaillzation trom ethyl acetate / hexanes yave 

mesylate 27 as white needles \534 mg, n % yleld) m p 79-80 C, 'H-NMR (COCI" 200 MHz) 8 

1 33 and 1 49 ppm (two 5 6H CMe2) 307 (5 3H MsCH 3) 335 (s 3H -OMe) 4 19-4 23 (m, 

2H, H5A III 442 (ddd 1 H H'l) 461 (d 1 H H2). 470 (d 1 H H3) 500 (s. lH Hl) cOLJpllng 

constants (Hertz) Jfj, Il) ,0 J1I2113 = 59 J H 1 114 = 0 9. JH4 ilS -- 6 and 7 

Elther mesylate 27 or bromlde 25 (-0 25 mmol) was dlssolved ln dry N N

dlmethylformamlde (0 8 ml) contalnlng an amine base (2 equlv ), and benzylmercaptan (1 eqUlv) 

was th8n added Alter completlOn of the reactlon (as monltored by tic) the solution was poured 

Into aqueous sodium bicarbonate (5 % WIV. 100 ml). p.xtracted wlth m'?thylene chlonde (2 x 100 

ml), and washed wlth water (100 ml) The comblneLl orgamc layers were then dned (MgS04 ). 

Illtered and evaporated ln vaGua Chromatography of the crude syrup over slilca gel (9 1 hexanes 

/ ethyl acetat€ V'VI afforded the 5-benzylsulflde 28 as a clear colorless syrup Tile hlghest ylelds 

(-80 %) were obtamed when diazablcyeloundeeene was used as the base and the reactlon was 

heated to 40 C H NMR (COCI3. 200 MHz) ô 1 31 and 1 48 ppm (two s 6H CMe2) 249 lA of 

ABX, 1H H5A). 265 \B 01 A8X 1H H58 ) 329 (s 3H -OMe) 374 (5 2H PhCH2S) 422 (dd. 1H 

H4), 455 \d 1H H3). 463 (d, lH. H2). 494 (s. IH, Hl), 720-738 (m 5H. phenyl) coupllng 

constants (Hertz) J H , H:> - 0, JH2 H3 = 6 0 JH3 H4 < 1 J HA HSA = 9 6. JHA HSB = 6 2 2JHSA HS8 = -135 

2' -O-Acety 1-2" -S-acety I-N 4-benzoy 1-3' -deoxy-3' -C-( 2" -me rcaptoet hy 1 )-cyt Id 1 ne 

(29) . 

Tetra-n-butylammonlum fluonde tnhydrate (198 mg, 0 630 mmol) was added to a stlrred 

solution 01 nucleoslde 18 (300 mg 0420 mmol) and glacIal aeetlc aCld (72 !-Ll. 1 26 mmol) ln dry 

tetrahydroluran (3 4 ml) and the resultlng solution was stlrred at amblent temperature under a 

nltrogen atmosphere AUer 5 h the solvent was evaporated ln vacua and the resulling syrup was 

extracted wlth mettlylene chlonde (2 x 80 ml) and washed wlth aqueous sodium bicarbonate (5 % 

wlv, 80 ml) and .... aler \80 ml) The eomblned organle phases were th en dned (Na?SO.) Illtered 

and the evaporated removed ln vacua yleldmg ct yellow foam whlch was chromalographed over 

sll!ea gel (25 1 methylene ehlonde methélnol v'v) affordmg nucleoslde 29 as an amorphous 

white solld (189 mg. 95 ')'0 yleld) Reerystaillzation fram rnethanol ylelded white needles rn p 

163-164·C. 'H-NMR (COCI-" 200 MHz) 6145-180 ppm (m, 2H. H1"AS) 216 (S, 3H, OAe), 2 25 



(5, 3H, SAc), 262 (h?, 1 H, H3'). 265-297 (m, 2H, H2"A B) 35 (br and t'xcllangè.1ble, 1 H OHl. 

378 (A of ABX, lH, H5'A), 4 07 (m, lH, H4'), 4 14 (B of ABX 1 H H5 Il) 564 ,d 1 H tt2l 577,5 

1 H, H1 'l, 739-788 (two m, 6H, H5 and phenyl), 839 (d, 1 H H6), 89 (br ,Irld èxctl.mge"blù Hf 

NHBz), coupling constants (Hertz) J H , H2 - 0, J H2 H3 = 54 J H3 III - 11, Jill 115,\ = 2 1 J HI W,fl co 

14, 2JH5'A H5B = -12 6, JH5 H6 = 7 4, '3C-NMR (CDCll , 75 4 MHz) Ù 19548 ppm (SCOMel. 16950 

(OCOMe), 16675 (C4), 16250 (NCOPh), 15488 (C21, 14570 (C6), 13289 13278 12857 

12765 (phenyl), 9692 (C5), 91 84 (C1'), 85 65 (C4'), 77 28 (C2'). 6017 (C5), 3864 ,CT) 3038 

(SCOMej, 2696 (C2"), 2494 (C1"), 2067 (OCOMe), [ct fOl) = +88 (e ~ 05 CHe)l) uv 

(methanol), À",ax 260 nm (f 20600) and 304 nm (13100), MS (CI - NHll. m;e 476 ([MHt], ï2 "o) 

216 ([Cyt-Bz + H+], 72), 112 ([Cyl + H+l, 100), HRMS (CI NH 3 ), me c.llcd for C.,H't,O N\S 

[MH+] 4761491 found 4761493, Anal calcd for C22H?,O,'N3S C, 5557 H, 530, N, 884, S, 

674. found C, 5541, H, 5 70, N, 896, S, 639 

2' -O-Acetyl- 2" -S-acety 1- N 4-be nzoy 1-3' -deoxy-3' -( 2" -me rca ptoet hy 1)-5' -0-

methanesulfonyl-cytldlne (30). 

Methanesulfonyl chlonde (138 )..ll, 1 78 mmol) was added dropwlse to a cooled (0 C) 

solution of of nucleoslde 29 (431 mg, 0889 mmol) and dry pyndme (324 Ill, 400 mmol) ln dry 

methylene chlonde (6 ml) and the resultlng solution was stlrred at amblent temperature under a 

mtrogen atmosphere Alter 10 h the reactlon '/Jas dlluted Wlttl mettlylene cllionde (150 ml) 

washed wlth dilute sulphunc aCld (1 01
0 W/V 200 mL) saturated aqueous sodium bicarbonate (200 

ml) and water (200 ml), and reextracted wlth methylene chlonde (150 ml) Hw combmed 

organlc phases were then dned (Na2S0 d, flltered and tlle solvent removed ln vacua ,lftordlflq 

mesylate 30 as a white s~,.J (499 mg, 99 % yleld) Recrystallfzatlon frûm rnethano l ylelded 

colorless crystals m p 174-175 C (dec), 'H-NMR (DMSO db 200 MHz) () 1 61 ppm (q, 2H 

H1"AB), 216 (S, 3H, OAc), 2 29 (s, 3H, SAc), 240 (hl, 1H, H3'), 2 79 (0, 2H, H2'/\Il), 326 (s, 3H, 

MsCH3), 4 16 (dt, 1 H, H4'), 4 48 (A of ABX, 1 H, H5'/\), 4 58 (B of ABX, 1 H, H5 Il), 556 (d 1 H H2'), 

578 (s, 1H, H1'), 736 (d, 1H, H5), 746-802 (two m, 5H, phenyl), 8 12 (d, 1H, H6), '1:3 (br and 

exchangeable, 1 H, NHBz), couplmg constants (Hertz) J H, Il? - 0, J II? ln = 54, J I1 \ 114 .co 108, 

JH4'-H5'A = 50, JH4, H5B = 2 0, 2J H5A H5B = -11 8, JH5 H6 = 75, '3C-NMR (CD,JC\' 75 Il MHz) () 

19572 ppm (SCOMe), 16982 (OCOMe), 16720 (C4), 16296 (NCOPh), 15452 (C2), 14490 

(C6), 133 46, 13335, 129 28, 128 02 (phenyl), 9657 (CS), 93 11 (C 1'), 82 66 (C4) 7fi 78 (C,2') 

6803 (C5'), 4047 (MsCH3), 3809 (C3'), 3077 (SCOMe), 2728 IC2'} 25 11 (e1 ), 20!j7 

(OCOMe), [a FOo = +105 5' (C = 0 5, CH?CI2J, UV (CH?CI:», l"'niJ1 262 nm (t 21.'300) and 312 nm Il 

9550}, MS (CI - NH3). nve 458 ([MH+ - MsOH1, 100 %), 416 (52), 356 (15) 2; r3 ([Cyl BI • H + l H») 

HRMS (CI - NH3), l'TVe calcd for C22H2406N3S [MH+ - MsOHl 458 13858 found 458 13856 
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1 N 4.benzoyl· 5' -O· tert-butyld Iphenylsllyl-3' ·deoxy-3' -C·(2 "-mercaptoet hy 1)

cytldlne (31). 

Nucleoside 18 (225 mg, 0315 mmo/) was dlssolved ln dloxane (20 ml) contarnmg 

drthlothreotol (24 mg, 0 158 mmol) to whlch was then added aqueous sodium hydroxlde (1 N, 

970 ~L) The resultlng solution was stlrred for 30 mill under argon at amblent temperature, and an 

addltlonal portion of base solution was added (320 )lL) After 2 h glacial acetlc aCld (36 )ll) was 

added and the solution was evaporated ln vacua The resldue was extraeted wllh chloroform (2 x 

40 ml) and washed wlth aqueous sodium bicarbonate (5 % WN, 40 ml) and water (40 ml) The 

combmed orgamc ph?'e}s were then dned (Na2S04), flltered and tlle solvent removed ln vacua 

Chromatography ove. slhca gel (500 19 methylene chlonde / methanol, vlv) alforded thlol 31 as 

an amorphous sohd (151 mg, 76 % yleld) 1H-NMR (COCI3 , 200 MHz) 6 1 11 ppm (s, 9H, t-butyl), 

1 15-1 40 (m, 1 H, H1 "A), 1 86·2 10 (m, 1 H, H1 "B), 2 1 (br and exchangeable, 1 H, -SH), 2 20-2 40 

(m, 1H, H3'), 240-260 (m, lH, H2"A), 2 76·2 94 (m, 1H, H2"B), 3 66 (br d, 114, H5'A), 407 (br d, 

1H, H4'), 424 (d wlth an addltlOnal fme spllttlng, 1H, H5'B), 434 (d, 1H, H2'), 55 (br and 

exchangeable, 1H, -OH), 581 (s, 1H, H1 '),728-7,91 (two m, 16H, H5 and phenyls), 865 (d, 1 H, 

H6),91 (br and exchangeable, 1 H, NHBz), coupllng constants (Hertz) JH1' H2' - 0, JH2' H3 = 4 S, 

JI13, H4' = 10 7, J"4' HS'A < 0 2, JH4' HS'B - 0, 2JHS'A-HS'B = -12 2, JHS-H6 = 7 5 

3'-Deoxy-3'-C-(2"-mercaptoethyl)-cytldine dlsulflde (32). 

Alcohol 29 (140 mg, 0294 mmol) was dlssolved wlth heatJng Into degassed (ultrasound 1 

vacuum) methanc ' (0 25 ml) to whlch was added a methanohe solution of sodium hydroxlde (1 ° 
N, 055 ml) Alter 21 h of stlrnng at amblent temperature under argon, the solution was 

evaporated m vacuo and the resu/Mg sohd recrysta/hzed trom metharlo/! water aftordlng dlsulflde 

32 as a white cryslaillne sohd (62 mg, 73 % yleld) m p 246°C (dec), 1 H-NMR (DMSO-d6 , 200 

MHz) 8 504 ppm (t, 1H, S'-OH, J = 5 riz), 5 6 (br, 1H, 2'-OH), 698 (s, 2H, -NH2), (OMSO-ds / 0 20) 

S 149-167 and 1 70-1 88 ppm (Iwo m, 2H, H1"AS), 2 07 (h7 , 1H, H3'), 256-284 (m, 2H, H2"AB), 

3 54 (A of ABX, 1H, H5'A), 370 (B of ABX, 1H. H5'B), 385 (dt, 1H, H4'), 398 (d, 1H, H2'). 560 (5, 

1H, H1'), 568 (d, 1H, H5), 8 05 (d, 1H, H6), cauphng constants ( Hertz) JH1' H2' - 0, JH2, H3' '" 4 6, 

JH3, H4' = 11 6, JH4 HSA:: 3, JH4 HS'B = 2, 2JHS'A HS'B =: -123, JH5-H6 = 7 5, 13C-NMR (DMSO-ds, 75 4 

MHz) 816564 pprn (C-t), 15510 (C2), 14081 (C6), 92 69 and 91 92 (C1' and C5), 8460 (C4'), 

7530 (C2'), 5982 (CS'), 3866 (C3'), 3556 (C2"), 2388 (C1"), [a ]220 = +104° (c = 0270, 

DMSO). uv ,methanol), À.na;.: 274 nm (r 18400), MS (FAB - glyceroi), mie 595 (lM + Na+], 1 4 %), 

573 ([MH+I, 08), 134 (5),112 ((Cyt + H+J, 100), HRMS (FAB - glycero/, res 5000), mIe calcd far 

C22H330sNbS? [MW) 573 1801 found 573 1800, mie calcd for C22H320sNsS2Na [M + Na+) 

5951621 found 595 1622, Anal calcd for C22H320sNsS2 C, 4614, H 563, N, 1468, S, 

11 20 found C, 46 ~~. H, 573, N, 1426, S, 11 05 
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2' -O-Acety J-2"-S-acety I-N6-ben zoyl-3' -deoxy-3' -C-( 2" -mercaptoethyl)-

adenoslne (33). 

The desllylatlon of 19 was carned out ln a manner Identlcal 10 Iha! descnbed for Ille 

preparation of nucleoslde 29. The S'-alcohol33 was obtalned as an amorphous white solld III 97 

% yleld' 'H-NMA (COCI3, 200 MHz) 0 1 60-1 98 (m, ~H, H1 "A Bl. 223 (S 3H, OAc). 231 (s,3H, 

SAc), 272-3 13 (m, 3H, H3' and H2"A S), 372 (dd, 1 H, H5'A), 4 09-4 18 (m, 2H, H4' ana H5'B), 5 0 

(br and exchangeable, 1H, -OH), 552 (d, 1H, H2'), 607 (d, 1H, H1'), 746-806 (two m, 51-1, 

phenyl), 8,26 (s, 1H, H8), 875 (s, 1H, H2), 93 (br and exchangeable, 1H NH8z) couplmg 

constants (Hertz) JH"-H2' = 1 2, J H2, H3 = 60, 13C-NMR (GOCI J , 754 MHz) li 195 31 ppm 

(SCOMel. 17037 (OCOMe), 16478 (NCOPh), 15230 (C6), 15072 (C2), 14966 (C·ll 14200 

(C8), 13349, 13263, 12863,12787 (phenyl), 12327 (C5), 9031 (C1'), 8595 (C4), 7854 

(C2'), 6082 (CS'), 3901 (C3'), 3049 (SCOMe), 2683 (C2"), 2533 (C1"), 2066 (OCOMe), 

( a. }21 0 = -276° (e = ° 5, CHCI3), UV :methanol), Àmax 282 nm (r 19300) and 232 nm (~ 16200), 

MS (CI- NH3), mie 500 ([MH+], 100 %), 438 (18), 396 (16),240 ([Ade-Bz ~ H+],3), HRMS (CI 

NH3), mie calcd. for C23H2606NsS [MH+] 5001604 found 5001606 

3'-Oeoxy-3'-C-(2"-mercaptoethyl)-adenoslne dlsulflde (34). 

Nucleoside 33 was deacylated as descnbed lor the preparation 01 32 Thus, disuillde 34 

was obtamed as a white crystalhne sohd ln 81 % yleld after recrystalllzatlOn Irom methanol m p 

237-239°C (dec), 'H-NMR (OMSO-d6 , 200 MHz) 0512 (t, 1 H 5 -OH, J = 53Hz) 579 (d 111 2' 

OH, J = 53Hz), 721 (5, 2H, -NH 2), (OMSO-d6 / 020) 1 56-1 74 and 1 79-1 99 (Iwo rn, 2H, 

H1"A,B), 2 40 (h7, 1H, H3'), 256 (dd, 1H, H5'A), 260-287 (m, 2H, H2"A [li, 377 Idd, 1H, H5'11), 

3.94 (dt, 1 H, H4'), 439 (d, 1 H, H2'), 592 (d, 1 H, H1 '),814 (s, 1 H, H8), 8 40 ('). 1 H, H2), coupllng 

constants (Hertz) JH,'-H2' = 1 1, ,IH2, H3' = 44, JH3, H4 = 9 5, JH4 H5 A = 3 7, JI! \ Ils Il = 2 3, 'JHS A liS B 

= -12.4; '3C-NMA (DMSO-"", 75 4 MHz) Ô 155 96 (C6), 15239 (C2), 14865 (C4), 13865 (C8), 

11901 (CS), 9043 (C1 'l, 8486 (C4'), 7515 (C2'), 6075 (C5'), 3987 (C3'), 3564 (C2") 2449 

(C1"), [(l ]22D = -31 0 (e = 0 259, DMSO), UV (1N NaOH), Àma.x 262 (f 15200), MS (FAS glycerol) 

mIe 643 ([M + Na+], 3 %), 621 ([MH+], 80),136 ([Ade + H+], 100), HRMS (FAB glycerol res 

5000), mIe calcd for C24H3306N,oS2 [MH+] 621 2026 lound 621 2024, mie calcd lor 

C 24 H n 0 6 N 10S2Na [M+Na+] 64318454 found 

C24H3206N,oS2 CH40 C, 4600, H, 556, N, 21 46, S, 982 

S, 963 
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2 '-S-Acetyl-3-deox y-1,2- Q- isopropylldene-3-C-(2'-merca ptoethyl )-5-0-

methanesulphonyl-a-o-ribofuranose (37), 

Methanesulfonyl chlonde (1 79 mL, 232 mmol) was added dropwlse to a eooled (OGC) 

solution of alcohol10 (3 20 g, 11 6 mmol) and dry pyndme (421 mL, 52 1 mmol) ln dry methylene 

rhlonde (40 ml), and the resLJltlng solution was stlrred at amblent temperature under a mtrogen 

atmof'phere After 16 hr the reactlon was dlluted wlth methylene chlonde (500 ml), washed wlth 

dllute sulphunc aCld (05 % wlv, 1 l), saturated aqueous sodium bicarbonate (1 L) and water (1 L), 

and reextracted wlth methylene chlonde (500 ml) The comblned orgamc phases were then dned 

(MgS04 ), flltered and the solvent removed ln vacuo affordlng mesylate 37 as a clear, eolorless 

syrup m qùantltatlve yleld 'H-NMR (CDCI3, 200 MHz) 8 1 34 and 1 51 ppm (Iwo s, 6H, CMe2). 

1 48-1 68 (m, 1 H, H1'A), 1 88-2 13 (m, 2H, H3 and H1'a), 236 (S, 3H, SAc), 296-314 (m, 2H, 

H2"A,S), 3 07 (s, 3H, MsCH3), 402 (0, 1H, H4), 424 (A of ABX, 1H, H5A). 443 (B of ABX, 1 H, 

H5B). 4 70 (u~parent t, 1H, H2), 581 (d, 1H, H1), coupllng constants (Hertz) JH1 -H2 = 3 7, JH2-H3 = 

41, J H3 H4 = 9 7, J H4-H5A = 4 5, JH4 HS8 = 2 2, 2JHSA-H5B = -11 7, 13C-NMR (CDCI3, 754 MHz) 8 

19520 ppm (SCOMe), 111 64 (CMe2l. 10463 (C1), 8006 and 78 60 (C2 and C4), 6837 (C5), 

4321 (C3), 3722 (MsCH3), 3031 (SCOMe), 2662 and 2642 (C1' and C2'), 2602 and 2438 

(CMe2) , [a 120D = +7440 (c = 2, CHCI3), MS (CI- NH3). mie 372 ([M + NH4]. 100), 314 ([M + NH4 -

C3H60), 7), HRMS (CI - NH3 , res 9000), mie calcd for C'3H2607S2N [M + NH4+1 372 11507 

found 372 11511 

Attempted S'-Thloether Formation. 

The S'-mesylate 35 was prepared by the reactlon of nurieoslde 17 wlth o-toluoyl 

chlonde, carned out ln a manner Idenllcal to that forthe analogous benzoylatlon to compound 18 

The subsequent desllylatlon and mesylatlon were performed b~ procedures Identlcal to that 

descnbed for the preparation of nucleosldes 29 and 30 

Benzyl mercaptan (1 0 ~l, 0085 mmol) and dlazablcycloundecene (26 ~l, 018 mmol) 

were successlvely added to a stlrred solution of mesylate 3S (46 mg, 0081 mmol) m dry N,N 

dlmethyHormamlde (05 ml) and the reactlon was heated to 40°C unde~ a mtrogen atmosphere 

After 10 mm the reactlon was cooled, added to aqueous SOdlUiTI bicarbonate (5 % wlv, 25 ml), 

extracted wlth methylene chlonde (2 x 25 ml) and washed wlth water (25 ml) The combmed 

orgamc phases were then dned (Na2S04), flltered and the solvent removed ln vacua yleldlng a 

yellow syrup Chromatography over slilca gel (40 1 methylene chlonde / methanol, v/v) afforded 

nucleoslde 36 as a colorless glass (32 mg, 92 % yleld) , H-NMR (CDCI3, 200 MHz) Ô 1 48-1 68 

ppm (m, 2H, H3' and H1"ax ),217 (s, 3H, OAe), 223-233 (m, 1H, H1"eq), 2 51 (s, 3H, ToICH3), 

257-267 (m, 2H, H2"eq,ax), 2 84 (A of ABX, 1H, H5'ax). 3 09 (B of ABX 1H, H5'eq), 412 (td, 1H, 

H4'), 547 (d, lH, H2'), 579 (S, 1 H, Hf), 723-760 (two m, ?H, H5 and Tol-aromatlc), 784 (d, 1H, 
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H6), 8.4 (br and exchangeable, 1 H, NHBz), couphng constants (H8rtZ) J H, Il! ' 0, JH • 113 = 4 1. 

JH3'H4'= 10 2, JH4 H5'eq:::: 37, JH4-H5'ax = 11 1. 2JH5eQH5dX = -120, JH5 Hb = -75, '.IC-NMR (COCI", 

754 MHz) 816959 ppm (OCOMe), 16864 (C4), 16240 (NCOTo!), 154 54 \'~2) 14398 (C6) 

137.48,13394,131 76,13159, 12697,12612 (aromatlcs), 9621 (C5), 9076 (C1 ), 8031 

(C4'), 7801 (C2'), 4615 (C3'), 3287 (CS'), 2814 and 28 01 (Cl" and C2"), 2068 and 2010 

(OCOMe and ToICH3), MS (CI- NH3), mIe 430 ([MH+j, 100 %),230 ([Cyt-Toi + H+). 7), 201 ([MH+ -

Cyl-Toi], 7), HRMS (CI - NH3, res 6000), mie calcd for C21 H2~05N3S [MH+] 430 14367 found 

430,14372 

2' ,5·Anhydro·3·deoxy·1,2.Q·ISOpropyl idene·3-C-{2· ·merca ptaethyl )-, t -0-

rlbofuranose (38). 

Benzyl mercaptan (19 ilL, 0 155 mmol) and dlazablcycl'Jundecene (42 ~ll. 0282 mmol) 

were successlVely added to a stlrred solution of mesylate 37 (50 mg, 0 141 mmol) ln dry N.N

dlmethylfarmamlde (0 8 ml), and the reactlon was heated to 40"C under a nllrogen atmospl1ere 

After 1 h the reactlan was extracted wlth methylene chlonde (3 x 25 ml) and washed wllh dllute 

sulphunc aCld (1% w/v, 25 ml), saturated aqueous sodium bicarbonate (25 ml) and waler (2 x 25 

mL) The combmed arganlc phases were then dned (MgS04 ). flltered and the solvent rcmoved ln 

vacuo yleldmg a clear, colorless ail Chromatography over sllica gel atforded fhree producfs the 

cychzed sulflde 38 as a white, crystallllle solld (26 mg, 85 % yleld) m p 91-92 C .. H NM~~ (CDCI Il 

B 1.26 ppm (m15 , 1H, H3), 133 and 1 54 (two s, 6H. CMe2), 190 (m"- 1H Hr,1X), 226 (dq. lH, 

Hl'eq), 254-270 (m, 2H, H2'A,S). 267 (A of ABX, 1H, H5ax ), 291 (8 of ABX, 1H H5f)q) :3 39 (Id 

1H, H4), 460 (apparent t, 1H, H2) 577 (d, 1 H, Hl), coupilng constants (Hertl) JI! Il' - 3 f) JI!' 

H3 = 41, JH3 H4 = 103 (other couphng constants glven ln Table 1 ), 'Je NMR (CDCI'l' 75 iJ MHz) ô 

11177 ppm (CMe2). 10376 (Cl), 8088 and 7684 (C2 and C4), 49 29 (C3), 3226 (C5), 2837 

and2755 (Cl'and C2'), 2623 and 2600 (CMe2), [a]2oo =+205 (c=l,CHCI J), MS(CI NH j ), 

mie 217 ([MH+], 100 %),201 (18), 159 ([MH+ - C3H60), 54), HRMS (CI NH1, res 6000), mIe 

calcd for C 1oH170 3S [MW] 2170898 found 2170899, Anal calcd for C'OH'h01S C, 55 53, 

H, 746, S, 1482 found C, 5539, H, 726, S, 1478, the 5-S-benzyl sugar 39 JS a clear 

colorless 011 (2 mg, 37 % yleld) 1H-NMR (COCI3, 200 MHz) ô 1 32 and 1 48 ppm (Iwo s, 6H, 

CMe2), 1 35-155 (m, 1H, Hl'A), 1 75-206 (m, 2H, H3 and Hl'n) 234 (s, 3H, SAC) 248 (A of 

ABX, 1H, H5A), 276 (B of ABX, lH, H5s), 2 91-3 02 (m, 2H, H2",Il) 3 79 (s 2H, CH 2Ph) 394 (h:, 

1H, H4), 464 (apparent t, 1H, H2), 580 (d,lH, H1), 720735 (m 5H phenyl) couphng 

constants (Hertz) JH1 H2 == 3 8, JH2 H3 == 4 2. J H3 H4 = 9 4, JH4 "SA -= 58 J",. Il',ll = 3 2 'J"',A H<;1l = 

143, 13C-NMR (CDCI3 , 754 MHz) 1) 19567 ppm (SCOMe) 13838 12908 12844 12697 

(phenyl). 11157 (CMe2). 10481 (Cl), 81 20 and 80 61 (C2 and C4) 4666 (C3), 3722 (CH;>Ph) 

3308 (CS), 3065 (SCOMe), 27 18 and 26 38 (Cr and C2'), 2638 and 24 75 (CMe2), MS (CI 
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NH3). mie 383 ([MW]. 1 3 %). 325 ([MH+ - C3H60), 100), 265 (37), HRMS (CI - NH3• res 6000). 

mIe calcd for C'9H 270 4S2 [MH+] 3831351 found 3831350. and benzylthlolacetate (17 mg) 

the' H-NM R spec\rum of whlCh was Identlcal to that of a commercial sample 

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

2'-Q-Acetyl·2",5'-an hydro- N6·benzoyl-3',C·(2 "-mercaptoethyl)·cyt Id/ne (40). 

Benzyl mercaptan (95 ml, 0809 mmol) and dlazablcycloundecene (242 ml 1 62 mrnol) 

were added successlvely to a stlrred solution of mesylate 30 (407 mg, 0 735 mmol) ln dry N N 

dimethylformamlde (45 ml), and the reactlon was heated to 4~ 'C under mtrogen Alter 1 5 tl ttll~ 

solution was cooled and the solvent was removed ,n va cU(, Ttle resultlng yellow syrup was 

extracted wlth methylene chlonde (2 x 75 mL) and washed wlth saturated aqueous sodIum 

bicarbonate (75 ml) and water 1 bnne (75 ml) The combmed organlc phases were ttlcn drted 

(Na2S04), flltered and evaporated ln vacuo The resldue was chrom,Hoqraptwd OVt'I sille,} gel 

(300'11 methylene chlonde / methanol. v/v) yleldlng an amorptlous whIte solld Recryst.:lIItLJtlon 

fram methanol afforded the cychzed nucleoslde 40 as a white powder (291 mg, 95 % yleld) m p 

225° C; 'H-NMR (CDCI3, 200 MHz) Ô 1 49-1 74 ppm (m, 2H, H3' and H1"ax ), 2 17 (5, 3H, OAc), 

2.24-233 (m, 1H, H1"eq), 2 58-2 66 (m, 2H, H2"eq,ax), 2 84 (A ot ABX 1H, H5 .lx), 309 (B ot 

ABX, 1H, H5'eq), 412 (td, 1H, H4'), 5 49 (d, 1H, H2'), 580 (s, 1H, H1 ),747-792 (two rn, 7H, H5, 

H6 and phenyl), 87 (br and exchangeable, 1 H, NHBz), coupltng constants (Hertz) J 11 , li.' - 0, 

JH2'-H3' = 41, J H3, H4' = 100, J H4, HS'eq == 3 7, J H4, HS'ax == 11 1, ?JH5eq IIS,)x '" -11 8, 'IC NMR (COCI,], 

75,4 MHz) Ô 169 48 ppm (OCOMe), 16673 (C4), 16253 (NCOPhJ, 15440 \C2) 14375 (C6), 

13303,13291,12881,12764 (phenyl), 9657 (r.5), 9048 (C1') 8024 (C4), 7792 (C2'), 

4592 (C3'), 32 74 (C5'), 28 03 and 27 92 (C1" and C2"), 2062 (OCOMe) [(1 l'Ill - +474 (c = 

1 065, CHCI3), UV (methanol), Àmax 262 nm (E 23200) and 304 nm (1' 10200) MS (CI NH'!l, rrve 

416 ([MH+j, 100 %), 356 ([MH+ - AcOH], 8), 216 ([Cyt-Bz + W], 4), HRMS (CI - NH'I, res 7000) 

mie calcd for C2oH220sN3S [MH+} 416 12798 faund 416 12802 

2" ,5-Anhydro-3 '-deoxy-3' -C-(2 "·me rcaptoethyl )-cytldrne (41 ). 

Nucleoside 40 (291 mg, 0700 mmol) was suspended m dry rnethanol \ 15 ml) and 

cooled to O°C The mixture was then saturated wlth ammonla gas and allowed to warm to room 

temperature After 9 h the resultlng homogeneoLls solution was evaporated ln vacuo yleldmg an 

amorphous whrte soltd Tnturatlon wlth acetone resulted ln the formallOn of fane white crystals of 

nucleoslde 41 whlch were flftered, wa5hed repeatedly wlth acetone and dned If) vacuo (160 mg, 

84 % yleld) m p 215°C (darkens), 1H-NMR (CD30D, 300 MHz) <~ 1 32 ppm (m", 1 H H3') 1 83 

(m12 , 1H, H1"ax), 2 17 (dq, 1H, H1"eq), 2 51-270 (m. 2H, H2'eq,ax), 288 (A of ABX, 1H H5,Jx) 

295 (B of ABX, 1H, H5'eq), 4 09 (td, 1H, H4'), 410 (d, 1H H2) 561 (5, 1H, H1 J, 589 (d 1H H5J, 

761 (d, 1H, H6), coupllng constants (Hertz) J H1 112 - 0, Jill H3 '" 4 4, Jin 114 ~ 108 Jw, l'» = 75 

(other coupftng constants are Itsted ln 1 able 1 ), '3C-NMR (CD'lOD 754 MHz) <i 16774 ppm (C4), 

15823 (C2), 141 76 (C6), 95 60 (CS), 93 62 (C1'), 81 47 (C4'), 7842 (C2'J, 4780 (C3'J, 3361 
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(C5'), 2910 and 28 89 (C2" and Cn, [a ]l°D = +138'0 (e = 05, OMSO), UV (melhanol), À."ax 276 

nm (l8400), MS (CI - Nt-/3) , 270 ([MH+). 100 %),253 ([MH+ - NH3), 3), 112 ([Cy! + H+), 9\. HRMS 

(CI - NH1 , res 8000), mie calcd for Cl1H16N303S [MW) 27009124 found 27009126, Anal 

caled for Cl1H1SN30ïS C. 4906, H, 561, N, 1560, S. 1190 found C, 4930, H, 559, N. 

1585, S, 1206 

2" ,S' -Anhydro-3' -deoxy-3'·C-( 2" -mercaptoethyl)-adenosine (43). 

Via mesylate (42): Alcohol 33 (150 mg. 0300 mmol) was mesylated ln a manner 

Idenllcal 10 thal descnbed for 30 above Mesylate 42 was obtalned as an amorphous white solld 

ln 96 % yleld 'H-NMR (COCI3, 200 MHz) 8163-1 84 and 1 87-2 08 (Iwo m, 2H, H1"A B), 226 (S, 

3H. OAc) , 233 (s, 3H, SAc), 275-318 (m, 3H, H3' and H2"A,B), 2 96 (s, 3H, MsCH 3 ), 431 (dq, 

lH, H4'), 4 49 (Aof ABX, 1H, H5'A), 4 54 (Bof ABX, 1H, H5'B), 585 (d, 1H, H2'), 611 (S, 1H, H1'), 

747-806 (Iwo m, 5H, phenyl). 818 (5, 1H, H8), G 80 (5, 1H, H2), 9 2 (br and exchangeable, 1H, 

NHBz), coupllng constants (Hertz) JH 1 H2' ~ 0, JH2' H3' = 5 4, JH3 '-H4' = 10 1. JH4 HS A = 4 7, JH4, HS'B 

= 2 5. 2JHSA HSB '" -118, 13C-NMR (COCI3. 75 4 MHz) 8195 42 ppm (SCOMe), 17007 (OCOMe). 

16492 (NCOPh), 151 18 (C6), 151 05 (C2), 14914 (C4), 14216 (C8), 13298,13293,12876, 

12811 (phenyl), 12248 (C5). 8993 (C1 '),8253 (C4'), 77 06 (C2'), 6795 (C5'). 4075 (C3'). 

3763 (MsCMe3), 3054 (SCOMe), 26 77 (C2"), 25 15 (Cr'), 2067 (OCOMe) 

Mesylate 42 wa5 dlssolved ln methanol (2 ml) and to thls solution was added methanollc 

sodium hydroxlde (1 N, 480 :lL) Alter stlrnng for 16 h at amblent temperature, the rGsulling solid 

was flltered Reducllon of the Illtrate volume to ~O 5 mL resulted ln the precipitation of addltlonal 

product The comblned sollds were then reerystalhzed from methanol affordmg nucleoslde 43 as 

white needles (51 mg, 58 % yleld from 33) m p 237-239° C (dec), 'H-NMR (CD30D, 3nn MHz) 8 

1 75-1 97 ppm (m, 2H, H3' and H1 "ax), 2 23 (dq, 1 H, H1 "eq), 2 58 (dddd, 1 H, H2"eq), 2 72 (ddd. 

lH, H2"ax), 2 88 (A of ABX, 1H, H5'ax), 294 (B of ABX, 1H, H5'eq), 413 (td, 1H, H4'), 443 (d, .11. 

H2'), 591 (s, 1 H, H1'), 8 12 and 8 20 (two s, 2H, H2 and H8), coupllng constants (Hertz) JH1 1-12'-

0, JH2 H3' :: 4 3, JH3, H4 = 10 2, (other couphng constants are glven ln Table 1 ), 1
3C-NMR (CD30D. 

754 MHz) 815739 ppm (C6). 15391 (C2), 15007 (C4), 14032 (C8). 12067 (C5), 92 15 (C1'). 

81 43 (C4'), 7839 (C2'), 4851 (C3'), 3380 (C5'), 2916 and 2886 (C2' and Cn, [a j200 = -115° 

(c = 1, DMSO), UV (methanol), Àmax 262 nm (10 13700), MS (CI - NH3), mie 294 ([MH+]. 100 %), 

136 ([Ade + H+]. 6 %). HRMS (CI - NH3 , 9000). mie ealed for C.2H'602NsS {MH+] 29410247 

found 293 10251 

Via blC)'cllc thlosugar (49): An Ice-cold solution of nueleoslde 49 (300 mg, 0683 

mmol) ln dry methanol (8 ml) was saturated wlth ammonla gas and allowed 10 warm to room 

temperature Alter 30 t1 the reactlon was bnefly heated to bollmg and then allowed 10 cool. 

resultmg ln the formation of fine white crystals whlch were !lltered and washed repeatedly wlth 
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1 cold methanol (107 mg) The !r/trate was evaporated ln vacua ta a yellow solrd 'Nt1lch was w<lshed 

repeatedly wlth acetone Recrystalhzatlon 01 the resultlng white powder trom mettlanol water 

afforded an addltlonal 48 mg of nucleos,de 43 as colorless needles (combmed 155 mg. 77 "" 

yleld) 

2'-S-Acetyl-3-deoxy-1 ,2-lsopropy Ildene-3-C-12 '-mercaptoethyJ )-5-0-p -

toluenesulfonyl-u-o-rlbofuranose (44). 

p-Toluenesullonyl chlonde (372 g, 195 mmol) was added ta a stlrred solution of alcollol 

10 (3.60 g, 130 mmol) ln dry pyndlne (20 ml) and the resultlng solution was stlrred .lt amblènt 

temperature under mtrogen Alter 20 h the reactlon mlxlure was poured Inlo Ice W.1tlH (200 mL). 

extracted wlth ethyl ether (2 x 200 mL), anj washed wlth aqueous tlydroctllonc JCld (2"'0 V'V. 200 

mL). saturated aqueous sodium bicarbonate (200 mL) and water (200 i1ll) The cornbmed ciller 

layers were then dned (MgS04 ), Irltered and the solvent remcved ln vacuo yleldlng Cl yeflow syrup 

The crude product was chromatographed over slhca gel (3 1 ethyl acetate 1 Ilexdnes. v/v) 

affording tosylate 44 as a clear, colorless syrup (5 57 g, 99 % yl~ld) 'H-NMR (CDCl l , 200 MHz)" 

1 31 and 1 45 (two 5, 6H, CMe2), 1 41·1 58 (m, 1H, H1'A), 1 80210 (m 2H 113 dlld 'li Il), 236 

(s, 3H, SAc). 2 45 (s, 3H, TsCH3). 2 84-3 07 (m, 2H, H2'A 13),390 (ddd, 1 H. H4) 405 (A 01 ABX. 

1 H, H5A), 421 (801 ABX, 1 H, HSs), 463 (apparent t, 1 H, H2). 569 (0 1 H H1) 7 :35 and 780 

(two d, 4H, aromatlc H's, J = 84Hz), couplmg constants (Hertz) J fI , Il.' = 36 J", III 4:3 JIIIIII;' 

98, JH4 HSA = 39, J H4 HSB = 26, 2JH5A HSB::: ·11 2. '3C·NMR (CDC~l. 754 MHz) () 19508 pprn 

(SCOMe), 14466, 13234,12958,12761 (aromatlcC's) 11146:CMe.) 10451 IC1) 8044 

and 7835 (C2 and C4), 6834 (C5), 4322 (C3), 3025 (SCOMe) 2036 2657 2598 2428 

(C1 ',C2' and CMe2), 21 26 (TsCH3), [a FOD = +586 (c -= 1, CHCI3), MS ICI NH li, mie 448 ([M t 

NH3), 100), 390 ([M + NH4+ - C3H60), 2), HRMS (CI· NH3, res 9000) mie calcd lor C"lH l[,O,S,N 

[M + NH4+] 448 14637 lound 448 14634 

2' ,S-Anhydro-3-deoxy-1,2-0-lsopropylldene-3-C-(2' -mercaptoethyl )-U-D-

rlbofuranose (38). 

Via alkoxlde-promoted cycllzatlon: A solution 01 methanollC sod:um hydroxlrJe (1 

N, 145 ml) was added to a sllrred solution of tosylate 44 (5 00 g, 11 6 mmol) ln methanol (50 

ml), and the reactron was strrred at ambrent temperature Atter 4 h glaCial acetlc aCld (0 43 ml. 58 

mmol) was added to the solution and the solvent was removed ln vacua The resldue 'NilS tt181l 

extracted wlth methylene chlonde (2 x 250 ml) and washed wlth saturated aqu80us sodium 

bicarbonate (300 ml) and water (300 ml) The combmed organlc extracts were dned ~ MqSO d 

flltered and the solvent evaporated ln vacua alfordlng a colorless syrup Crystal/Ille suillde 38 was 

obtalned upon standrng rn a desslcator (2 53 g, quantrtatlve) 
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The Identlcal reactlon employtng me5ylate 37 (11 6 mmol of matenal "",hlch wa5 not 

chromatographed after mesylatlon) afforded Iwo products SeparatIOn of the component5 by 

chromatography over sllica gel (4 1 10 1 1 hexanes Î ethyl acelale v/v) afforded the expected 

Ihlanylfuranose sugar 38 (952 mg, 38 % Yleld), as weil as Ihe melhyl suif Ide 47 as a clear 

colorless syrup (1 39 g, 37 %) 'H-NMR (COCI:), 200 MHz) 8 1 33 and 1 50 ppm (IwO S 6H. 

CMe2). 1 57177 (m, 1H, H1'A), 185-203 (m, 1H, H1's), 208-224 (m, 1H H3), 212 (5, 3H, 

SCH3), 247-277 (m, 2H, H2'A s), 307 (s, 3H, MsCH3), 404 (dq, 1H, H4), 426 (A of ABX, 1 H 

H5A), 445 (B of ASX, 1H, H5B). 469 (apparent t, 1H, H2), 581 (d, 1H, H1), coupltng constants 

(Hertz) JH , H2 = 3 7, J H2 H3 = 4 5, J H3 H4 = 102, ;1-14 HSA = 4 5, J H4 H5B = 22, 2J H5A HSR = -11 7, '3C

NMA (COCI" 754 MHz) 8 111 78 ppm (CMe2), 10476 (C1), 8022 and 7890 (C2 and C4), 68 43 

(CS), 43 28 (C3), ':1745 (MsMe), 31 71 (C2'), 2657 and 26 15 (CMe2), 2369 (C1) 15 00 (SMe), 

MS (CI - NH3), mie 344 ([M + NH4 +j, 39 %),327 ([MH+], 6),311 (!MH+ - CH J ], 9), 269 ([MH+ -

C3H60], 100), HRMS (CI - NH3, res SOOO), mie calcd for C'2H2306S2 [MW) 3270936 found 

3270943 

1 ,2-01-0-Acetyl-2' ,S-anhyd ro-3-deoxy-3-C-(2' -mercaptoet hy 1)- D- ri bofu ranoses 

(45) and (46). 

Amber:lte 1 R-50(H} resln was added to a sttrred suspension of acetonlde 38 (439 mg, 

2 03 mmol) tn water (4 ml). and the mixture was heated to 65>OC m an 011 bath After 3 h Ihe resln 

was flltered out of the homogeneous solution and washed thoroughly wlth melhanol The 

solvent was removed by re~,aated co-evaporatton wlth toluene whlch afforded a white solld (359 

mg) This malenal was dlsso/ved ln dry methylene ch/onde (10 ml) contammg dry pyndlne (821 

~L, 10 2 mmol) and N, N-dlmethylamlnopyndlne (-0 2 mmo/) Acetlc anhydride (766 ~l 8 12 

mmol) was then added dropwlse, and the reactlon was sttrred at amblent temperalLJre under 

nttrogen After 45 min the reactlOn was dllL.ted wlth methy/ene ch/onde (150 ml), washed wlth 

dllute hydroch/onc aCld so/ullon (1 S % v/v, 200 ml) and waler (200 ml), and reextracled wllh 

methylene ch/onde (150 ml) The comblned organtc phases were then dned (MgS04 ), fl/tered 

and the sa/vent removed ln vacuo yle/dmg a white soltd Chromatography over siltca ge/ (45 1 

hexanes / ethyl acetate, VIV) afforded Iwo products the a-dlacelate 46 as a c/ear, colorless 011 

(150 mg, 34 % yleld) 'H-NMR (CDCI3, 200 MHz) il 153 ppm (m 15 , 1H, H3), 177 (m'6, 1H, H1 'ax), 

202 and 2 08 (Iwo s, 6H, OAc's), 213 (dq, 1H, H1'eq), 247-265 (m, 2H, H2'eq,ax), 261 (A of 

A8X, 1H, HSax ), 288 (B of A8X, 1 H, HSeq ), 4 08 (td, 1H, H4), 537 (apparent t, 1H, H2), 6 24 (d, 

1 H, H1). couplmg constants ( Hertz) JH < H2 = 43, JH2 H3 = 52, JH3 H4 = 103 (other coupltng 

constants glven ln Tab/e 1), '3C-NMR (COG/3 , 754 MHz) 6 16974 and 16926 ppm (OCOMe), 

9456 (C1), 7853 (C4), 7286 (C2), 4753 (C3), 3232 (CS), 2778 and 27 15 (C1' and C2'), 20 60 

and 2019 (OCOMe), [(l12°D = +933" (C = 2, CHCI3), MS (CI- NH3), mie 201 ([MH+ - AcOH]. 100 
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%),141 ([MH+ - 2AcOH), 3), 129 (11), HRMS (CI - NH3, res 12000) m'e calcd lor G.1H 10lS [MW 

- AcOHj 201 0585 found 201 0584, and the r~-dlacetate 45 dS il white crystalilne solld \282 

mg, 53 % yleld) m p 125-126' C, 'H-NMR (CDCI3 , 200 MHz)" 1 59-1 82 ppm (m ..:oH fl3,H1d 

H1'ax), 2 08 and 212 (two 5, 6H, OAc's), 227 (dq, lH, Hl eq), 252275 ,m 2H H2 8Q "lx) 2 72 

(A of ABX, 1 H, H5ax), 2 98 (B of ABX showmg an addlllOnal fine splittlng, 1 H H5eq ) 4 06 (Id 1 H 

H4), S19 (d, 1H, H2), 599 (s, 1H '-11). couphng constants (Hertz) J H, li:' - 0, J II?H3 == 3 7 JHJli4 = 

103, JH4 H5eq = 39, J H4 HSax = 109, 2JHSeq HSax = -120, 4JH?eQ HStlq = -0 7 'JC NMR (COCh, 75 4 

MHz) Ô 16993 and 169 30 ppm (OCOMe), 97 67 (C1), 80 31 (C4), 77 81 (C2) 4540 (e3), 33 63 

(CS). 28 21 and 27 70 (Cl' and C2'), Z1 04 and 2062 (OCOMe) [u ]>o[) = 126 (c = 1 CHr:ld, 

MS (CI - NH 3), mie 201 ([MW - AcOH], 100 %), 139 (15) 129 (3) HRMS (CI NH 1 8000) me 

calcd for C9H,30 3S [MH+ - AcOH] 201 0585 lound 201 0584, Anal calcd for C 11 Hlfi05S C 

5076, H, 620, S, 1232 found C, 5078, H, 6 12, S, 1200 

2'-O-Acetyl-2" ,S'-an hyd ro- N6-benzoy 1-3' -deolCy-3' -C-(2" -me rcaptoet h y 1)

adenoslne (49). 

Dlacetate 45 (1 15 g, 441 mmol) was dlssolved ln a stock solution of bls-(tnmethylsllyl)

Ni-benzoyladelllne99 ln 1,2-dlchloroethane (0 339 M solution, 14 3 ml 486 mmol) and 10 thls 

wa;; slowly added tnmethylsllyl tnfluoromethanesulfonatp. (170 fIL 0 882 mmol) Aller refluxmg 

under a nltrogen atmosphere for 50 min the reactlon was cooled ln Ice dlluted Wlttl IIll~thylene 

chlonde (500 ml) and shaken vigorously wlth saturated aqueous sodlurn blC,1rbonate (500 ml) 

The organlc layer was then dned (Na2S0<\), flltered and the solve nt removed lfJ vacua Yll)ldlnq ;ln 

amorphous, white sohd Chromatography OVJr slilca gel (25 1 methylene ctlloflde rnethanol V'V) 

afforded nucleoslde 49 as a colorless solid (1 72 g, 88 % yleld) Recrystaillzation trom melllJnol 

ylelded t:olorless needles m p 192-193'-'C (dec), 'H-NMR (CDCl l , 200 MHz) ,) 1 82 ppm (qd, 

1H, H1"ax), 219 (s, 3H, OAc), 228-245 (m 2H H3' and H1"eq), 2 58-285 (m 2H H2'Hq,,JX) 

2,88 (A of ABX, 1H, H5'ax). 3 01 (B 01 ABX, lH_ H5'eq), 4 12 (td, lH, H4') 568 (d,1H, H2'), 596 

(d, 1H, H1'), 747-805 (two m, 5H, phenyl), 8 06 (s, lH, H8), 879 (5, lH, H2), 92 (br and 

exchangeable, 1H, NHBz), couphng constants (Hertz) J H1 H? = a 8 JI<? 111 -= 5 0, JH3 114 -= 106, 

(other couphng constants glven ln Table 1), '3C-NMR (CDCI3 , 75 4 MHz) () 17016 ppm (OCOMe), 

16473 (NCOPh), 15267 (C6), 151 07 (C2), 14966 (C4), 14165 (C8) 13353,13270,12874 

12787 (phenyl), 12349 (CS), 8866 (Cl'), 8020 (C4'), 7856 (C2) 4614 (C3') 3272 (CS'), 

2817 and 2770 (Cl" and C2"), 2065 (OCOMe), [(J j?ou = 71 9 (c '" 1 1 CHClll UV 

(methanol), À'11~ 282 nm (E 20700) and sh 234 nm (r 14300) MS (CI - NH li rrve 440 I[MW] 100 

%). 240 ([Ade-Bz + H+]. 9),201 (9) HRMS (CI - NH3), mie calcd for C, H,,,O,,Nr,S [MH+] 

44013925 lound 44013924, Anal calcd for C2.H?04NSS C, 5739, H, 482 N 1594, S, 

729 found C, 5777, H, 506, N, 1623, S, 707 
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Oxldatfan of (49) ta cycllc sulfone (50). 

To an Ice-cold solution of nucleoslde 49 (500 mg 1 14 mmol) ln methanol (5 ml) was 

added a solullon 01 Oxone reagent (1 05 g, 3 41 mmol) ln water (5 ml) and the resultlng 

suspension allowed to warm to room temperature wlth vlgorous stlrnng Alter 4 h the reaetlon was 

dlluted wlth water (100 ml), extracted wlth ehloroform (3 x 100 ml), and washed wlth water (100 

ml) and br/ne (100 ml) Tl1e combmed orgamc layers were dned (Na2S04), Illtered and the 

solvent removed ln vacua yleldlng a white sohd Tl11S matenal was chromatographed over slllCd gel 

(25 1 methylene chlonde 1 methanol vlv) affordlng sulfone 50 as a colorless glass (484 mg 90 % 

yleld) 'H-NMR (CoCIJ , 200 MHz) 6 1 92-220 ppm (m, 1 H, H1 "ax) 2 17 (5 3H OAe) 2 25-238 

(m, 1H, H1"eq) 3 03-3 38 (m 3H H3' and H2"eq,ax), 3 44 (A 01 ABX 1H H5 ax) 367 (dt (801 

A8X Wllh an addlflona/eouphng), lH, H5 eq), 436 (td, lH, H4'), 5 67 (d lH, H2) 603 (S, 1H H1) 

741-805 (two m, 5H, phenyl), 8 15 (s, 1 H, H8), 8 75 (s, 1 H, H2), 93 (br and exehangeable, 1 H, 

NH8z), eouphng constant (Hertz) JH, H2 - 0, JH2 H3 = 54, J H3 H4 = 11 4 JH4 H5 eq = 3 9, JH4 H5ax 

= 122, 2JH5eq H5ax = -1~ 2, 4J H2' eQ HSeq = -27, 13C-NMR (CDCI3 , 754 MHz) 817013 (OCOMe), 

16491 ppm (NCOPh), 15237 (C6), 15099 (C2), 14971 (C4), 14236 (C8), 13311, 13268, 

12858, 12784 (pheny/), 12362 (CS), 9086 (C1 '), 77 12 and 76,92 (C2' and C4'), 5669 (C5') 

5090 (C2"), 44 66 (C3'), 2048 (OCOMe), 1844 (Cl"), [a ]220 = -432'- (e = 1, COCI3), UV 

(methanoll, Àrnax 280 nm (E 16000) and sh 234 nm (E 10100), MS (CI- NH3), mie 472 ((MH+], 100 

%),240 ([Ade-Bz + H+j, 67),233 ([MH+ - Ade-Bz], 11), HRMS (CI - NH 3 ), mie calcd lor 

C?1H2206NSS [MW] 4721291 lound 472 1292 

Adenosyl 2",5'-cyclic sulfone (51). 

An Ice-cold solution of nueleoslde 50 (,215 mg, 0456 mmol) ln anhydrous methanol (9 

ml) was saturated wlth ammonla gas and allowed ta warm to rQom temperature Alter 24 h the 

reactlon was bnefly heated ta bolling and allowed ta cool The resultmg Ime white erystalline solld 

(100 mg) was then flltered and washed repeatedly wlth cold methanol Concentration of Ihe 

flltrate resuiled lf1 the precipitatIOn of addltlonal nucleoslde 51 (comblned 118 mg, 80 % yleld) 

m p 252"C (darkens), 'H-NMA (DMSO-c4" 300 MHz) 8 442 ppm (t, 1H, H2'), 584 (d, 1H, 2'-OH, J 

= 45 Hz), 712 (S, 2H, -NH2), (DMSO-d6 / o2C) S 1 81 (dtd 1H, H1"ax), 2 n (dq, 1H H1"eq), 

2 36 (m", 1H, H3'), 310-3 26 (m, 1H, H2"eq,ax), 3 36 (apparent dt (A of ABX wlth an addltlonal 

large coup/mg), 1H, H5'aq), 350 (apparent 1 (8 of A8X), 1H, H5'ax), 4 17 (Id 1 H H4') 441 id, 1 H 

H2'), 597 (S , H H1') 8 15 and 820 (Iwo s 2H, H2 and H8), eouplmg constants (Hertz) J H, 112 -

a JH? H3 = 4 6, JH3 H4 = '1 3, (other coupllng constanls are glven m Table 1), 'C-NMR (CoCI3 

754MHz)615ô04(C6) 15313(C2) 14908 (C4), 13941 (C8),11902(C5) 9199(C1),7680 

and 7524 (C2 and C4'), 5651 (C5') 5082 (C2"), 4552 (C3') ,844 (C1"), 1 CJ.]"OD = -682 (c = 

05, DMSO), UV (melhanol) À"1ax 262 nm (t 12100), MS (CI - NH3), mie 326 ([MH+J 100 %), 

107 



HRMS (CI - NH3), nve calcd lor C'2H'60..jNsS [MW) 3260923 lound 3260924, Anal ,'.llcd lor 

C'2H,S04NSS C, 44 30, H, 465, N, 21 53, S, 985 lound C 4421, H 493 N 21 .25 S 968 

2'-0- tert-butyldlphenylsllyl-3-deoxy-3-C-(2"-hydroxyethy 1 )-1, 2-lsop ropylldene-

5-0-methanesulfonyl-a-o-rlbofuranose (53). 

Methanesulfonyl c~londe (82 ~l, 1 06 mmol) was added drop"Vlse to a cooled (0 C) 

solution 01 alcohol 52 (preparation descnbed ln Section 45) (240 mg, 0528 mmoi) Hl dry 

methylene chlonde (5 ml) contamlng dry pyndlne (384 ~Il) and the reactlOI1 ,1110wt'd to W,Hnl to 

amblent temperature under nltroqen Aller 15 h ttle reactlon was ddut.~d Wlttl rnt~lhylt'l1t' dllOfldt) 

(60 mL), wasned wlth d,lute sulphunc ac,d (1 % v/v, 75 ml), salurated aqueous sodium 

bicarbonate (75 ml) and water (75 ml), and reextracted wlth methylene ctllonde (60 ml) rtle 

comblned orgamc phases were then dned (Mg$04), "Ifered and eVJpOraled lf1 vacua yleldlng a 

colorless 011 whlch was chromatographed over slllca gel (3 1 hexanes ' ettlyl acetale v v) clttordmg 

mesylate 53 as a clear, colorless syrup (260 mg, 93 % yleld) 'H NMR (CDCI I 200 MHl) {~ 1 07 

ppm (s, 9H, t-bulyl), 1 26 and 1 47 (two 5, 6H CMe2), 1 41-1 65 and 1 75-1 S2 (Iwo m, 2H 

H"A,B). 2 17 (tt, 1H, H3), 303 (s, 3H, MsCH3 ), 370-390 (m, 2H, H2'A ,,),402 (ddd, 1 H H4), 4 20 

(A of ABX, 1H, H5A), 441 (dd, 1H, H2), 443 (B ot ABX, 1H H5(3),5 73 (d lH, H1) 738772 (m, 

10H, phenyls), couplmg constants (Hertz) J H , 112 '" 3 6, J H ! III -= 4 3 J H1 III - 10 5 Jill Il',''' 5 0 

J H4 HS8 = 22, 2JHSA HS8 = -11 7 '3C-NMR (COCI3, 754 MHz) () 135 52 13548 1:335.3 13.3 ,19 

12968, 12766 ppm (phenyls) 111 71 (CMe ,), 10490 (C1) 80 62 and 79 11 (C2 dnd C·l) 

6879 (C5), 61 76 (C2'), 41 61 (C3), 3754 (MsCH3), 2736 (C1'I 2683 (CMe3) 2670 ,1I1e1 26 1B 

(CMe2), 19 U8 (CMe2), [(X FOn = +350 (c == 2 5, CHCI3), MS (CI NH 1) m'e 552 t{M • NI i: '1 77 

%). 477 ([MW - C4H,o], 100), 399 ([MH+ - C 4H,o - PhH], 64) HRMS (CI NH1 res 9000) mie 

calcd for C27H420 lNSSI [M + NH4 +] 352 2451 lound 552 2452 

3-0eoxy-3-C-(2' -n ydroxyethyl)-1 ,2-lsopropyllde ne-5-Q-met hanesul fonyl-I'-O

rlbofuranose (54). 

Tetra-n-butylammonlum fluonde tnhydrale (95 mg, 030 mmol) WdS added 10 a stlrred 

solution of mesylate 53 (107 mg, 0200 mmol) ln dry tetrahydroluran (1 ml) and Ihe reactlon 

st,rred at amblent temperature under nltrogen Alter 1 h the solvent was removed m vdCUO <lnd 

the resultlng solld was exlracted wlth methylene chlonds ,2 j, '30 ml, and washed wllh waler 

bnne (2 x 30 ml) The combmed organlC phases were then dned 1 MqSO / flill;rc(j and 

evaporated ln vacuo yl,~ldlng a colorless syrup This matenal was chromatoqraphed over SlllC3 qel 

(31 ethyl acetate! hexanes, vlV) affordlng the unslable alcohol54 as a c'ear colorless syrup (49 

mg, 83 % yleld) 'H-NMR (COCI], 200 MHz) t5 1 34 and 1 51 ppm Ilwo s 6H CMe2! 1 58 1 74 
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1 and 1 81·1 98 (Iwo m, 2H, Hl 'A 8),20 (br and exchangeable, 1 H, -OH), 2 18 (tt, 1 H, H3), 3 08 (s, 

3H. MsCH 3). 368·386 (m. 2H, H2'AB), 407 (ddd, lH, H4), 430 (A of ABX. 1H. H5A), 448 (B of 

ABX, lH, H5A). 473 (apjJarant \ lH. H2), 582 (d, lH, Hl), coupllng constants (Hertz) JH, H1 = 

36, J H? H3 = 4 6, J H3 H4 = 104, JH4 H5A = 44, J H4 H5B = 2 2, 2JH5A HSB = ·11 7, '3C·NMR (CDCI3, 

754 MHz) cS 111 86 ppm (CMe2), 10484 (Cl). 80 86 and 7916 (C2 and C4), 6859 (CS), 6058 

(C2'), 41 55 (C3), 3754 (MsCH 3 ), 2746 (C1'), 2666 and 2623 (CMe:z), No furthur 

charactenzal10n was possible for thls compound due ta Ils Instablhty 

2' ,5- Anhydro- 3-deoxy-3-C-(2' -hyd roxyethyl)-1 ,2-0- isopropylidene-o.-o

rlbofuranose (55) 

Ta a stlrred suspension ot sodium hydnde (60 % 011 dJsp . 14 mg) ln dry tetrahydrofuran 

(03 ml) cooled to 0' C, was slowly added a solution of mesylate 54 (45 mg, 0 152 mmol) ln dry 

tetrahydrofuran (1 ml) Alter 20 h of stlrnng at amblent temperature, the solvent was removed m 

vacuo and Ihe resultmg syrup was eXlracted wlth methylene chlonde (2 x 20 ml) and washed wlth 

aqueous sodium bicarbonate solution (5 % w/v, 25 mL) and water (25 ml) The comblned organlc 

phases were then dned (MgS04), flltered and evaporated m vacuo 10 a colorless syrup W11Ch was 

chromatographed over slilca gel (2 1 hexanes / ethyl acetate, VIV) affordlng cycltc ether 55 as a 

crystaillne soltd (7 mg, 23 % yleld) m p 101 C, 'H-NMR (CDGI3 , 200 MHz) <5 1 34 and 1 53 ppm 

(two s, 6H CMe2), 1 36·1 51 (m, 1 H. H3), 1 72·1 97 (m, 2H H1 'eq,ax). 322-338 (m 1 H. H2'ax), 

330 (apparent t, lH. H5ax) 370 (td, 1H, H4J. 404 (ddd, 1H, ~2'eq) 428 (dd 1H, H5eq ). 466 

(apparent t. 1 H H2). 5 84 (d 1 H. H1), couplmg constants (Hertz) J H, H2 =: 35. J H2 H3 = 3 9. J H3 H4 = 

103. (other coupltng constants glven ln Table 1 J, '3C-NMR (CDCI3 , 754 MHz). 6 11204 ppm 

(CMe2) 10563 (Cl), 79.92 (C2). 7405 (C4), 7073 (CS), 6746 (C2').48 20 (C3) 2614 and 

2600 (CMe2) , 2575 (C1 'l, MS (CI - NH3). rrve 218 ([M + NH4+]. 32 %), 201 ([MH+]. 77),160 ([M + 

NH4 + - C.,H'ol, 100),143 ([MH+ - C4H,o]. 13), HRMS (CI - NH3), mie calcd for C,oH 170 4 [MW] 

201 112684 found 201 112680 
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1! 4.5 EXPERIMENTAL FOR SeCTION 2.5 

N4_ Benzoyl-2',3' -0-isopropylidene-5' -O-methanesulfonyl-cytldlne (59), 

Methanesulfonyl chlonde (40 Ill, 0 52 mmol) was added to a cooled (0 C) solution 01 

nucleoslde 57 (99 mg, 026 mmol) ln dry methylene chlonde (1 5 ml) contalnlng pyndlne (82 ~lL, 

1 ° mmol) Atter sllrnng at amblent temperature under nltrogen for 1 day, Ille reacllOn mixture was 

loaded dtrectly onto a column of slllca gel ElullOn (25 1 methylene chlonde ' methanol. v/v) 

afforded mesylate 59 as a whIte soild (101 mg, 85 % yleld) Cledn product was also obllltned by 

worklng up the reacllün by extractIOn wlth methylene chlonde and wrtshtng wlth dllutl~ sulptlLJflC 

aCld, aqueous sodium bicarbonate, and waler 'H-NMF{ (CDCI1 , 200 MH1) l) 1 37 ,lnd 1 58 (Iwo 5, 

6H, CMe2), 304 (s, 3H, MsCH3), 446-458 (m, 3H, H4' and H5'" nl. 498 (dd, 1 H, H3'), 5 19 (dd, 

1H, H2'), 567 (d, 1H, H1'), 749-794 (two m, 7H, H5, H6 and phenyl), 87 (br, 1H, NHBz), 

couphng constants (Hertz) JH1 , H2' = 1 3, JH2'-H3' = 64, JH3 H" = 3 3 

Attempted Coupllng of (59) and Thiol. 

A solut/on of mesylate 59 (50 mg, 0 107 mmol) and elther benzylmercaplan or 1-

propanethlol (0118 mmol) ln dry N,N-dlmethylformarrllde (25 ml), was added to a sllrred 

suspension of cesium carbonate (42 mg, 0 128 mmol) ln dry N,N-dlmelhylformamlde (25 mL) 

After 15 h (for BnSH) or 1 h (for PrSH) of stlrnng under a mlrogen almosphere, the solvenl was 

removed ln vacua yleldlng a white sohd ThiS malenal WllS pxlracled wllh mett1ylene chlonde (75 

mL), washed wlth aqueous sodium bicarbonate (5 % wlV 100 ml), and the organlc phase dned 

(Na2S04), flltered and the solvent eVélporaled ln vacua ln both reacllons the anhydro 

nucleoslde 58 was obtalned as a colorless sohd (> 80 % yleld) 'H-NMR (CDCI'l, 200 MHl) () 1 35 

and 1 50 (two s, 6H, CMe2), 4 17 (A of ABX, 1H H5 A), 445 (8 of ABX, 1H 1--15 n), 465 (m, 1H, 

H4'), 4 89 and 4 99 (A B q, 2H H3' and H2'), 533 (s, 1H, H1'), 651 (d, 1H, 115),716 (d, 1H, H6), 

736-755 and 8,01-808 (two m, 5H, phenyl), coupllng constants (Hertz) J fll fi? ~ 0, Jw 113' == 55, 

J HS'A-H4' = 1 0, JHS'B-H4' = 1 6, 2JH5A HS'S = -13 0, J H5-H6 = 7 6, UV (methanol), A'f'.lx 320 nm and 250 

nm 

2'-O-tert-Butyld Iphenylsllyl-3-deoxy-3-C-(2'-hyd roxyet hyl )-1,2-0-

isopropylidene-5-0-trlty'-a-D-f/bOfuranose (61). 

Alcohol 8 was sllylated and worked up by the same procedure as descnbed lor Ihe 

preparation of 11 Punl,catlOn cf the product by chromatography over sil Ica qel (9 1 hexanes ,1 

ethyl acetate, VIV) afforded 61 as an amorphous white solld (98 % yleld) H-NMR ICDCI,\, 200 

MHz) 01 00 ppm (5, 1H, t-butyl) , 1 26 and 1 46 (Iwo s, 6H, CM€2), 1 35-157 (m lH, HI rd 162-

180 (m, 1H, H1's), 221 (tt, 1H, H3), 308 (A of ABX, lH, H5AI, 335 ra of ABX tH H5fl) 360-
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i 380 (m, 1 H, H2'A B), 390 (ddd, 1 H, H4), 442 (apparent t, 1 H, H2), 581 (d, 1 H, H1). 7 15-7 67 (m, 

25H, phenyls), coupllng constants (Hertz) JH1 H2 = 3 7, JH2 H3 = 45, JH3.H4 = 102, JH4 HSA = 44, 

JH4 H5B = 30, 2J H5A H5B = -10 5, 13C-NMR (CDCI3, 754 MHz) 8143 98, 13557, 13551, 13382, 

13377, 12958: 12954, 12870, 12776, 12759, 12757, 12688 ppm (phenyls). 111 21 

(CMe2), 10505 (C1), 8650 (CPh3 ). 8101 (2C, C2 and C4), 6354 (C2ï, 6220 (CS), 42 20 (C3), 

2769 (G 1 ï, 2686 (CMe3), 26 78 and 26.35 (CMe2). 19 11 (CMe3), [a j220 = +256° (c = 2, 

CHCla). MS (FAS - nltrobenzyl alcohol). mie 621 ([MH+ - PhH], 0 4 %),243 ([PhaC+], 100), Anal 

calcd for C4sHsoOSSI C, 77 33, H, 721 found C, 77 06, H, 749 

1,2,5-TrI-O-acetyl-3-deoxy M 3-C-(2' -hydroxyet hyl )-a-O-rlbofuranose (65). 

T etra-n-butylammonlum fluonde tnhydrate (312 mg, 0 990 mmol) was added to a stlrred 

solution of furanose 62 (358 mg, 0,660 mmol) 10 dry tetrahydrofuran (7 ml) contalnlOg glacial 

acetlc aCld (113 J.1l, 1 98 mmol), and the reactlon was stlrred at amblent temperature under a 

Mrogen atmosptlere After 6 h the reactlon was evaporated ln vacuo and the resldue extracted 

wlth chloroform (2 x 75 ml), and washed wlth aqueous sodium bicarbonate (5 % wlv, 100 ml) and 

water (100 ml). The comblOed orgamc phases were then dned (MgS04J. flltered and the solve nt 

removed ln vacuo Chromatog(aphy of the crude syrup over slhca gel (2 5 1 ethyl acetate 1 

hexanes, Vlv) afforded alcohol 65 as a clear, colorless syrup (177 mg, 88 % yleld) 'H-NMR 

(CDGla, 200 MHz) Ô 1 58-1 82 ppm (m, 1H, Hl'A,B), 2.08, 210,212 (three s, 9H, OAc's), 2 48 (h7, 

1H, H3) 369 (apparent t, 2H, H2'A B. J ~ 6 Hz), 4 08·4 38 (m, 4H, H4, H5A B, and -OH), 527 (d, 1 H, 

H2). 6 10 (c;. 1H. Hl). coupllOg constants (Hertz) JH1 .H2 - 0, JH2Ha = 47, MS (CI - NH3), mie 322 

([M + NH 4 +), 3 %), 245 ([MH+ - AcOH], 100), 185 ([MH+ - 2AcOH], 6), 125 ([MH+ - 3AcOH], 5), 

HAMS (CI - NHa, res 8000), mIe calcd. for CllH'706 [MH+ - AcOH] 245 10250 found 

245 10251 

1,2,5-Trl-O-acety 1-3-doaoxy-3-C-(2' -hyd roxyet h yl)-2' -met hanesulfon yl-a-O

rlbofuranose (64). 

Alcohol 65 was mesylated and worked up by a procedure Identlcal to that descnbed for 

the preparation of 37 Chromatography of the erude syrup over sllica gel (2 1 ethyl acetate 1 

hexanes. vlv) afforded mesylate 64 as a clear, colorless syrup ln quantitative yleld ' H-NMR 

(CDGla, 200 MHz) Ô 185-2 05 ppm (m, 2H. H2'AB), 2 09, 210,213 (three s, 9H, OAc's), 2 45 (hl, 

1H, H3), 304 (c;. 3H, MsCH3), 409-422 (m, 2H, H4 and H5A), 4 24-4 35 (m, 3H, H5B and H2'A B), 

S 26 (d. 1 H, H2), 6 1::' (S, 1 H, H1). coupllng constants (Hertz) JH1 H2 ~ O. JH2.H3 == 48, JH3 H4 = 90 
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5',6-Anhydro-S'-Deoxy·2',3 '·O·lsopropylldene·S '·t hlouridl ne (66). 

Dllsopropyl azodlcarhoxylate (2 08 mL. 10 6 mmol) was added la ,1 stlrred solution 01 

triphenylphosphlne (277 g, 106 mmol) ln dry lelrahydrofuran (25 ml) cooled 10 a C resultlng ln 

a white suspension whlch was sllrred under a mlrogen atmosphere for 30 mm 10 thls was ddded 

a solution of 2',3'-O-lsopropyhdene undlne 11lJ 67 (1 50 g, 528 mmol) and Ihlolacellc aCld (075 

ml, 10.6 mmol) ln tetrahydroluran (20 ml), and the reactlon allowed to warm la roorn lemperature 

Alter 2 h the solvent was evaporated ln vacuo and the resultmg yellow syrup was 

chromatographed over sllica gel (2 1 ethyl acetate / hexanes, v/v), affordlng 5'-S-acetyl-5' deoxy 

2',3'-O-lsopropyhdene-5'-thloundme 67a as a white solld (1 72 g, 95 % yleld) 'H-NMR (COCl l , 

200 MHz) 0 1 34 and 1 55 ppm (two s, 6H, CMe2), 237 (s, 3H, SAc), 327 (apparenl d, 2H, 

H5'A,B), 421 (dt, 1H, H4'), 473 (dd, 1 H, H3'), 503 (dd, 1 H, H2'), 5 57 (d, 1 H, H 1 'l, 5 76 (d, 1 H, 

H5), 725 (d, 1H, H6), 938 (br s, 1H, NH). couphnq constants (Hertz) Jill III = 21, JII ,' Hl = 65, 

JH3'-H4' = 4 0, JH4'-HS'A,B - 67, JHS-H6 = 8 1 

ThiS thlonucleoslde 67a (1 66 g) was then dlssolved ln dry metr.anol (30 ml) and the 

resultmg solution was cooled ln an Ice bath and saturaled wlth ammoma gas Alter 30 min the 

solvent was evaporated ln vacuo yleldmg a white sohd Recrystalhzatlon from ethanol alforded the 

cychc sulflde 66 as colorless needles (1 16 g, 80 % yleld) m p 198-208 C (dec) (1Ilerature 

vaiues l20 range Irom 193-200°C to 200-215°C), IH-NMR (CDCI3, 200 MHz) ô 1 35 and 1 55 ppm 

(IWO S, 6H, CMe2). 271 and 314 (A and B of ABX, 2H, JAX = 20Hz, J IlX '" 2 5, 'J All -' -146),281 

and 312 (A and B of ABX, 2H, JAX = 90Hz, Jsx = 66, ?JAB = -172), The two ABX systems 

correspond to H4'-H5'A B ,3nd H5-H6A B but conclusive asslgnments could not be marje 4 65 (d, 

1 H, H3'), 490-499 (m, 2H, H4' and H6), 493 (d, lH, H2'), 6 18 (S, 1 H, H1 'J, 800 (br s, 1 H NH), 

couphng constants (Hertz) JH" H2' - Q, JH2, H3' = 6 O. JH3, H4' - 0 

Model dlmer (ô3). 

A solutIon of cychc sulflde 66 (48 mg, 0160 mmol) ln freshly dlslliled N,N 

dimethylformamlde (05 ml) was added to a sltrred suspenSion of sodium hydnde (60 % 011 dlsp , 

7 mg, -0 17 mmol) ln dry N,N-dlmethylformamlde (05 ml), and the mixture was stlrred under 

under an argon atmosphere for -2 mm A solution of mesylate 64 (51 mg, 0 133 mmol) ln DMF 

(0 5 ml) was then added and the stlrnng at amblent temperalure contmued (Smce 66 15 not UV 

active, the progress ot the reactlon could be monllored by the appearance a UV Jctlve spot on 

tic) After 1 5 h the solvent was rernoved ln vacua and the resldue was extrJcted wlth methylene 

chlonde (50 mL) and washed wlth aqueous sodium bicarbonate (5 % w/v 50 ml) HH: orgarliC 

layer was then dned (Na2S04), flltered and evaporated ln vacua ta glve a yellow syrup whlch was 

chromatographed over slhca gel (3 1 ethyl acetate / hexanes) afforOing cycllc sulflde 63 as ;] 

whrte sohd (36 mg, 46 % yleld) 'H-NMR (CDCI3 , 200 MHz) 0 1 36 and 1 56 (IwO " 6H CMe2) 
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1 169-183 (m, 2H, H1'AB), 208,211,212 (three s, 9H, OAc's), 236-249 (m, 1H, H3), 260 

(apparent q, 2H, H2'A s), 287 (d, 2H, UraH5'A a), 402-434 (m, 4H, H4, H5A a, and UraH4'), 482 (dd. 

1H, UraH3'), 5 05 (dd, 11-1, UraH2'), 523 (d, 1H, H2), 556 (d, 1H, UraH1'), 5 74 (d, 1H, U
raH5), 609 

(5. 1H, H1). 727 (d. 1H, UraH6), 92 (br and exchangeable, 1H, NH), coupllng constants (Hertz) 

JH1 H2 -0, JH2 H3 = 45, J(Ura)Hl' (Uralh2' = 1 8, J(UralH2'-(Ura)H3' = 6 5, JIUralH3' (Ura)H4' = 42, J(Ura)H4 

(Ura)HS'A a = 60, J(Ura)H5 (Ura)H6 = 80, MS (CI - NH3). mie 529 ([MH+ - C3H60). 9 %), 527 ([MW -

AcOHI.100) 

2' -0- tert- Butyldlphenyl sllyl-3-deoxy-3-C-( 2' -hyd roxyet hyl)-1 ,2-0-

Isopropylldene-a-o-rlbofuranose (52). 

The tntyl group of 61 was selectlvely cleaved by a procedure Identlcal to that used for the 

preparation o~ 10 PUrificatIOn of the crude product by chromatography over sllica gel (3 1 

hexanes / ethyl acetate. v/v) aHorded alcohol 52 as a clear, colorless 011 (92 % yleld) 1 H-NMR 

(CDCI3. 200 MHz) Ô 106 ppm (S, 9H. t-butyl). 126 and 1 48 (two s. 6H, CMe2) , 1 49-1 64 (m, 1H, 

H1'A). 1 75-1 91 (m, 1H, H1's), 1 9 (br and exchangeable, 1H, -OH), 207-223 (m, 1H, H3), 354 

(A of ABX, 1 H, H5A), 3 69-3 94 (m, 4H, H4, H5B and H2'A,a), 444 (apparent t, 1 H, H2), 574 (d, 1 H, 

H1), 733-772 (m, 10H, phenyls), couphng constants (Hertz) J H1 -H2 = 3 6, JH2-H3 = 4 5, 13C-NMR 

(CDCI3• 754 MHz) S 13558,13553,13368,12963,12762 ppm (phenyls), 11148 (CMe2l, 

10492 (C1), 8211 and 8139 (C2 and C4), 6216 and 6195 (C5 and C2'), 4076 (C3), 2755 

(C1'), 2684 (CMe3), 26 73 and 26 28 (CM~), 19 12 (CMe3), [ex FOD = +420" (c = 2, CHCI3), MS 

(CI - NH3), 399 ([MW - 58 (C4HIO or C3HsO)J, 100 %),341 ([MH+ - C4H10 - C3H60], 12),321 ([MW-

58 - PhH), 95) 303 (18),160 (30),143 (70), HRMS (CI - NH3, res 9000), rn/e calcd for C22H270SSI 

[MH+ - C4 H10] 3991628 found 399 1627, Anal calcd for C26H360SS1 C, 6839. H. 795 

found C, 68 72, H, 8 13 

5-S-Acetyl-2' -0- tert-butyldlpheny Isllyl-3,5-dldeoxy-3-C-(2' -hyd roxyethy 1 )-1,2-

O-Isop ropy Il dene-a-0- rlbofuranose (68). 

The Mttsunobu couphng of 52 and thlolacetlc aCld was carned out and worked up as 

descnbed for the preparation of 6 Punflcatlon by chromatography over slllca gel (6 1 hexanes / 

ethyl acetate, VIV) afforded 68 as a clear, co'orless syrup (84 % yleld) lH-NMR (CDCI3, 200 MHz) Ô 

1 06 ppm (s, 9H, t-butyl), 1 24 and 1 44 (two s, 6H, CMe2), 1 60-204 (m, 3H, H3 and H1 'A B), 232 

(s. 3H, SAc). 301 (A of ABX. 1 H, H5A). 333 (8 of ABX, 1 H, HSB). 369-388 (m. 2H, H2'A B). 395 

(dq, 1H, H4l, 437 (apparent t. 1H, H2), 569 (d. 1H, H1), 733-772 (m, 10H, phenyls), coupllng 

constants (Hertz) JH\ H2 = 3 8. JH2 H3 = 44, JH3 H4 = 99, JH4 H5A = 63, JH4 H5B = 3 1, 2J H5A H5B = -

142, \3C-NMR (CDCI3, 754 MHz) 8 19491 ppm (SCOMe), 13547, 13542, 13360, 13355. 

12951.12752 (phenyls). 11124 (CMe2), 10470 (C1), 8082 and 7983 (C2 and C4), 6190 
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(C2'), 44 59 (C3), 31 06 (CS), 30.32 (SCOMe), 2724 (C1 '), 2677 (CMe3), 2657 and 26 13 

(CMe2). 1903 (CMe2), [a ]23D = +38 6° (e = 2, CHCI3), MS (CI - NH3), mie 532 (lM + NH )+1. 14 

%),474 ([M + NH4 + - C4H,o], 96),457 ({MH+ - C4H1O], 100),379 ([MH+ - C4H'0 - PhH]. 26). HRMS 

(CI - NH3, 7000), mIe ealed for C24H290sSSI [MH+ - C4H,o] 457 1505 round 457 1503. Anal 

caled. for C2sH3S0SSSI C, 6533, H, 744, S, 623 found C, 65 41, H, 750, S, 625 
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4.6 EXPERIMENTAL FOR SECTION 2.6 

Acetolysls of (11). 

Acetonlde 11 (150 mg, 0 291 mmol) was dlssolved ln glacial acetlc aCld (45 ml) 

contalnlng acetlc anhydnde (0690 ml, 728 mmol), and the solution was allowed ta reach the 

deslred reaetlon temperature (011 bath or iee bath). Elther p-toluenesulfonlc aCld hydrate, 

anhydrous d.l-camphorsulfoniC aCld or boron tnfluonde etherate was then added and the solutIon 

stlrred under a nltrogen atmosphere Upon complellon of the reacllon (II C monltonng), the 

solution was cooled ln Ice and slowly poured Into a solution of sodIum carbonate (8 0 g) ln water 

(50 ml) and the resultmg suspension SWlrled mtermlllently over 30 mIn The product was then 

extracted wlth eth yi ether (2 x 60 ml) and washed wlth saturated aqueous sodium bIcarbonate (80 

ml) and water (80 ml) The combmed ether extracts were dned (MgS04 ), flltered and the solvent 

removed ln vacu,;- yleldlng a yellow syrup Chromatography over slhca gel (75 1 pelroleum ether 

1 ethyl aeetate, v/v) afforded the polar component (Rf 0 16), furanose sugar 12, as a clear 

colorless syrup 1H-NMR (CDGI3, 200 MHz) 0 1 07 ppm (s, 9H, t-butyl), 1 48-1 90 (m, 2H, H1'A B), 

1 91 and 2 16 (Iwo s, 6H, OAc's). 231 (S, 3H, SAc), 255-280 (m, 2H, H3 and H2'A), 286-302 

(m,1H, H2'B), 368 (A of ABX,1H, H5A). 3 85 (B of ABX, 1H, H5B). 4 00 (dt, 1H, H4). 5 30 (d, 1H, 

H2), 6 08 (s, 1H, H1), 734-773 (m, 10H, phenyls), couphng constants (Hertz) JH1 H2 - 0, JH2 H3 = 
45, JH3 H4 = 93, J H4 H5A = 38, JH4 H5B = 3 5, 2JH5A.H5B = -11 4, 13C-NMR (GDGI3 , 754 MHz) 8 

19494 ppm (SCOMe), 16998 and 16833 (OCOMe), 13546, 13541, 13301, 13291, 12973, 

12966, 12769, 12764 (phenyls), 9878 (C1), 8521 (C4), 7672 (C2), 6390 (C5). 3979 (C3), 

3046 (SCOMe), 2728 (C1'), 2669 (CMe3), 2526 (C2'), 2099 and 2065 (OCOMe), 19 17 

(CMe3), [a j200 = +18 4° (c = 1 56, CHGI3), MS (CI- NH3), mie 499 ((MH+ . AcOH], 3 %),441 

([MH+ - AcOH - C4 H lO), 8),439 ([MH+ - 2AcOH]. 10), 399 (15), 339 (22), 241 (100), 199 

([Ph2SIOH "), 99), HRMS (CI - NH3 , res 8000). mie calcd for C27H3SOSSSI [MH+ - AcOH) 

4991974 found 499 1973, Anal calcd for C29H380 7SSJ. C, 6234, H, 685, S, 574 found C, 

6231, H, 705, S, 594, and the less polar component ( Rf 023 ), thlolane 71, as a clear 

colorless syrup 1H-NMR (GDCI3, 200 MHz) 8 1 04 ppm (s, 9H, t-butyl) , 1 75-198 (m, 1H, H1'A), 

206 and 2 09 (two s, 3H + 6H, OAc'S), 215-230 (m,1H, H1'B). 256-273 (m, 1H, H3). 272-285 

(m, 1H, H2'A), 2 80-298 (m, 1 H, H2'B). 3 52 (apparent t, 1 H, H2), 3 73 (A of ABX, 1 H, H5A), 381 (B 

of ABX, 1H H5s), 492 (ddd, 1H, H4), 686 (d, 1H, H1), 735-772 (m, 10H, phenyls), couphng 

constants (Hertz) J H1 H? = 50, JH2 H3 = 47 JH3 H4 = 8 8, J H4 H5A = 44. JH4 HSB = 3 0, 2JH5A H5B = -

11 6, 13C-NMR (GDGI3 , 754 MHz) 817049, 16883,16870 ppm (OCOMe), 13552,13542. 

13305,13290,12985, 12978, 12776,12772 (phenyl), 9063 (C1), 7539 (C4), 6373 (C5), 

5199 (C2), 4385 (C3), 3404 (C2'), 3159 (C1'), 2666 (CMe3), 21 01, 2071(2C) (OGOMe), 

1920 (CMe3). [Il )Zoo = +353" (e == 220, CHCJ3), MS (GI - NH3), mie 576 (lM + NH4+], 33 %),501 
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([MH+ - C4H1D1. 58),499 ([MW - AcOH], 85), 399 (100),379 (66),339 (32), HRMS tCI NH 1 

8000), mIe calcd for C2sH2907SSI 501 1403 lound 501 1401 

Bnef exposure of thlolane 71 to methanolic sodium hydroxlde (25 C 15 mm) aflorded 

the correspond mg aldehyde 1H-NMR (eDCI3, 200 MHz) 61 05 (S, 9H, t-butyl), 1 64-1 89 (m, lH, 

H1'A), 196 (s, 3H, 4 DAc), 220-233 (m, lH, H1 'B). 279-297 (m, 3H, H3 Jnd H2'A 13),362 (dd, 

1 H, H2), 3 73 (A of ABX, 1 H, H5A), 3 79 (B of ABX, , H, H5s). 498 (ddd, 1 H, H4" 9 18 (d, 1 H, H1), 

733-7,68 (m, 10H, phenvlr~, coupling constants (Hertz) JH1 HZ = 5 1, JH:> H3 =: 8 1, JH 1 H" = 8 7, 

JH4-HSA = 4 6, JH4-H58 = 3 4, 2JH5A H58 = -11 6 

Acetolysls of (68) 

Acetonlde 68 was acetolyzed ln a manner Identlcal to that descnbed for 11 above Alter 

stlrnng at 75°C for 15 min, the reactlon was worked up ln the usual manner Chromatograplly over 

silica gel (6 1 hexanes 1 ethyl acetate, vlv) afforded furanose 69 as a colorfes5 syrup (80 CliO ylefd) 

lH-NMA (CDCI3, 200 MHz) () 106 (s, 9H, t-butyll. 1 68-180 (m, 2H, Hl'AB), 202 and 210 (IwO s, 

6H, OAc'sl. 233 (s, 3H, SAc). 253 (h7 , 1H, H3), 304 (A of ABX, lH, H5A), 332 (B 01 ABX, lH, 

H5s), 358-380 (m, 2H, H2'), 4 11 (h7, 1 H, H4). 5 15 (d, lH, H2), 602 (5, 1 H, Hl), 734-770 (m, 

10H, phenyls), couphng constants (Hertz) JHl112 - 0, JH2 H3 = 4 5, JH3 114 = 9 7, J1H Il'iA = 69, JI!.\ 

H5S = 3.4, zJH5A-HSB = -141, 13C-NMR (CDGI3, 754 MHz) è 19486 ppm (SCOMe), 16970 and 

16906 (OCOMe), 13540, 13534, 13339,13328, 12966, 12964, 12765 (phenyls) 9843 

(C1). 8338 (C4), 7719 (C2). 61 68 (C2'). 4057 (C3), 3328 (C5), 3038 (SCOOMe) 27 ~36 (Cl ), 

2673 (CMe3), 21 06 and 20 54 (OCOMe), 1908, [(1. ]l2D = -123 (e = 2, CHCl l), MS (CI NI-I.) , 

mie 576 ([M + NH/J, 21 %), 501 ([MH+ - C4H,o], 17), 499 ([MW AcOHI, 100), 439 ([MI-II-

2AcOH), 11), HAMS (CI - NH3, res 7000), mie calcd for C?(H1SOSSSI [MHt- - AcOHI 4991974 

!ound 499 1973, Anal calcd for CZ9H3S07SS1 C, 6234, H, 685, S, ') 74 lound C 6228, H, 

701, S, 591 

A reactlon camed out on large scale also ylelded a small amount «5 % yleld) 01 1,2,4-ln-O

acetyl-2'-O-t-butyldlphenylsllyl-3,5-tndeoxy-3-C-(2'-hydroxyelhyl)-5-lhlo-(J.-D-nbopyranose 75 as a 

clea.', colorless syrup lH-NMA (CDCI~, 200 MHz) S 105 ppm (s, 9H, t-butyl) , 180-1 98 (m, 1H, 

H1'p),1 86, 193,209 (three m, 9H, OAc's), 212-2 29 (m, lH, H1'B) 248 (A 01 ABX lH H5eq ), 

248-259 (m, 1H, H3), 292 (B of ABX, lH, H5ax ), 361-383 (r,l, 2H, H2 A Il), 5 16 (dt 1H, H4), 

524 (dd, 1 H, H2), 591 (d, 'H, H1), 733-771 (Iwo m, 10H, phenyls), couplmg const3nt5 (Hertz) 

JHl H2 ~ 3 2, JHZ H3 = 47, JH3 H4 =: 4 3, JH4 HSeQ = 3 7, JH4 HSdX = 11 0 'Jf,S,'Cl 11',,, - 13 1 

The acetolysls reactlon carned out at 15 C over 24 h ylelded three products after the 

usual workup and chromatography over slhca gel (6 1 hexanes / ethyl acetate VIV) f~-furanose 69 

(8 % yieldl. the malor l-R acetyl acetonlde 72 as a clear, colorl"SS syrup (68 % yleld) H-NMR 

(eDCI3, 200 MHz) Ô 1 05 ppm (5, 9H, t-bUlyl), 1 46 and 1 47 (Iwo s, 6H CMe2) 1 45-1 76 (m, 2H 
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Hl'A.e), 1 97 and 209 (two s, 6H, CAc's), 232 (s,3H, SAc), 233-245 (m, 1 H, H3), 3 13 (A of 

ABX, 1H, H5A), 3 28 (B of ABX 1H, H5B), 372 (apparent t, 2H. H2'A B), 440 (dd, 1H, H2). 519 (dt, 

1H,H4),624(d,1H,H1), ,33-770(m, 10H,phenyl), couphng constants (Hertz) JH'H2 =31, 

JH2 H3 :::: 48, JH3 H4 :::: 48, JH4 HSA = 77, JH4 HSB:::: 4 6, 2J HSA 1-15B :::: -140, 13C-NMR (CDCI3, 754 

MHz) ôHl428 ppm (SCOMe), 17030 and 16997 (OCOMe), 13547,13343,13340,12959, 

12762 (phenyls), 11162 (CMe2). 9692 (Cl). 81 29 (C2). 71 62 (C4), 61 43 (C2'), 38 64 (C3), 

3074 and 2931 (CS and Cn, 3039 (SCOMe), 2671 (2C, CMe2 and CMe3), 2593 (CMe2), 

21 19 and 2071 (OCOMe), 1906 (CMe3), [a j22D = +128° (e '" 1, CHCI3), MS (CI- NH3), mie 

634 ([M + NH4+j, 29 %), 574 ([M + NH4+ - AcOH], 24),559 ([MW + 58(C4H,o or C3H60)], 16), 557 

((MH+ - AcOHj, 49), 499 ([MH+ + 58(C4H,o or C3HsO) - AcOH). 100), 497 ([MH+ - 2AcOH], 33),447 

(48), HRMS (CI - NH3 , res 7000), mie calcd for C30H4106SS1 [MH+ - AcOH] 5572393 lound 

5572390, and the mlllOr 1-$ acetyl aGetomde 73 as a clear, colorless syrup (12 % yleld) 1 H

NMR (CDCI3, 200 MHz) b 1 05 ppm (5, 9H, t-butyl), 1 38 and 1 49 (two s, 6H, CMe2), 1 45-1 60 

(m, ':2H, H1'AIl), 194 and 199 (two s, 6H, OAc's), 2 31 (s,3H, SAc). 235-257 (m, 1H, H3), 3 22 (A 

of ABX, 1 H, H5A), 332 (B 01 ABX, 1 H, H5B), 368 (apparent t, 2H, J = 7 Hz, H2'A BI, 4 14 (dd, 1 H, 

H2), 530 (ddd, 1 H, H4), 6 19 (d, 1 H, H1), 733-770 (m, 1 OH, phenyl), couphng constants (Hertz) 

J H1 H2 = 30, JH2 H3 :::: 9 5, JH3-H4 :::: 3 0, JH4-H5A :::: 93, JH4-H5B = 4 6, 2JH5A H5B == -138, 13C-NMR 

(COCI3, 754 MHz) 019457 ppm (SCOMe), 17038 and 17010 (OCOMe), 13545, 13353, 

13335,12968, 12771 (phenyls), 111 39 (CMe2). 9377 (C1), 7888 (C2), 7217 (C4), 61 26 

(C2'l, 3735 (C3), 3126 and 3002 (CS and Cn, 3044 (SCOMe), 2818 and 2555 (CMe2), 

2682 (CMe2), 21 16 and 20 90 (OCOMe), 1915 (CMe3), [a]22o = ·145 (c = 1 3, CHel)), MS 

(CI - NH3), mie 634 ([M + NH4+), 44 %),576 ([M + NH4+ - 58(C4H,o or C3H60)], 52),574 ([M + NH4+ 

. AcOH], 22),557 ([MH+ - AcOH], 42), 499 ([MW + 58(C4H'o or C3H60) - AcOH), 100), HRMS (CI

NH3 , res 7000). mie calcd for C30H4,06SS1 [MW - AcOH] 5572393 found 5572390 

ThJoJane (74). 

Boron tnfluonde etherate (0 50 ml) was added dropwlse to an Ice-cold solution of 

acetomde 68 (200 mg, 0389 mmol) ln acetlc anhydride (1 0 ml) and the reactlon was stlrred 

under a nrtrogen atrnosphere Alter 20 mm the reactlon was slowly added to a solution of sodium 

carbonate (3 7 g) ln water (100 ml) and the resultlng suspension was SWlrled tntermettently over 

30 mm The product was then extracted wlth ethyl ether (2 x 75 mL) and washed wlth water (100 

ml) The comblned ether phases were dned (MgS04 ), flltered and evapNated ln vacua yleldlng a 

yellow syrup Chromatography over sil Ica gel (65 1 hexanes / ethyl acetate, v/V) af10rded thlolane 

74 as a clear, colorless syrup (50 mg, 25 % yleld) 'H-NMR (CDCI3, 200 MHz) 6 1 05 ppm (5 9H, t· 

but yi), 1 50·184 (m, 2H, H1'A B), 200,207 and 217 (three s. 9H, OAc's), 2 58 (m. 1H. H3), 289 

(A ot A8X, lH, H5A), 302 (8 of ABX, 1H, H5s), 356 (dd, 1H, H2), 3 62-382 (m, 2H, H2'A B), 535 
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(ddd, 1H, H4), 726 (d, lH, H1), 734-768 (m, 10H, phenyls), coupllng constants (Hertz) JII , Il' = 

90, JH2 H3 = 70, JH3 H4 = 34, JH4 HSA = 1 2, J H4 HSB = 4 7, 2JHSA H5B '" -124 . '3C NMR (COCI 1. 75 •• 

MHz) 017047,168 19 and 16814 ppm (OCOMe), 13547, 13347 13339 12977,12773 

(phenyls), 8900 (Cl), 7666 (C4), 61 94 (C2'), 5084 (C2), 4567 (C3). 3612 (CS), 2858 (Cn. 

26.86 (CMe3), 2095,2091,2075 (OCOMe), 19 16 (CMe3), [n)20l) = +200 (e = 09, CHCI1). 

MS (CI- NH3), mie 576 ([M + NH4+], 39 %),499 ([MW - AcOH), 100), 439 (MW 2AcOH), 7), 399 

(8), HRMS (CI - NH3, res 9000), mie calcd for Cn H3sOsSSI [MHt - AcOH] ·l991974 found 

499 1973 

1,1' ,2-Trl-O-acetyl-2'-O- tert-butyldlphenylsllyl-3, 4 ,5-trldeoxy-( 1 '( R), 2'

dlhydroxyethyl)-S-thlo-a-o-xylopyranose (70), 

Acetomde 11 was treated wlth baron tnfluonde etherate ln acetlc anhydnde and worked 

up as descnbed for 74 above Punflcatlon of the sugar by chromatography over slhca gel (6 1 

hexanes 1 ethyl acetate, v/v) afforded thlopyranose 70 as a colorless glass WtllCh crystaillzed 

upon standing (70 % yleld) m p 121-122°C, 'H-NMR (CDCI3, 200 MHz) () 1 03 ppm (S, 9H, t

but yi), 1 78,2.06,2 11 (three s, 9H, OAc's), 1 91 (qd, lH, J 12,3 = 14, J4 = 3 Hz, Hl'ax ), 2 27 (dq, 

1H, J,,2.~ = 3 , J4 = 14 Hz, Hl'eq). 235-252 (m, ~H, j-lj and H2'eq), 290 (td, lH, J'! = 13, J3 = 3 

Hz, H2'ax), 367 (A of ABX, lH, H5A). 3 73 (B of ABX, 1H, H5B), 5 09 (dd, lH, H2), 5 18 \h/. 1H, 

H4). 603 (d, lH, Hl), 733-770 (m, 10H, phenyls), couplmg constants (Hertz) Jill Il) -= 29 JIl ) 

H3 = 11 4, JH3 H4 = 2 4, J"4 H5A = 46, J H4 H5B = 78, 2JH5A H5B = -108, 'Je- NMR (CDCI1 , 754 MHz) " 

170 23, 16946, 16933 ppm (OCOMe), 13543, 13537, 13299, 13288, 12971 12765 

(phenyls), 7558 (Cl), 7285 (C2), 7086 (C4), 6387 (C5), 3659 (C3), 31 51 (C2'). 26 '31 (CMe3), 

23.66 (Cl '),2092 (2C) and 20 61 (OCOMe), 1899 (CMe3), [ (J. VOD = + 168 (c '= 06 CriCI-d, MS 

(CI- NH3), m'e 576 ([M + NH4+]. 100 %), 516 ([M + NH4+ - AcOHj, 21), 501 ([MW C,H.()j, 13),499 

([MH+ - AcOH], 56), 439 ([MH+ - 2AcOH], 40), HRMS (CI - NH 3 , res 7000), m/I~ calcd lor 

C27H3S0SSSI [MH+ - AcOH] 499 1974 found 499 1973, Anal ca/cd for C }(jH'180 ISSI C, 

62.34, H, 685, S, 5 74 found C, 62.11 H, 678, S, 598 

Acetolysls of (38) to 1 ,4-01-0-acetyl-2' ,3-anhydro-3-deoxy-l ,2-0-

isopropylidene-3-C-(2'-mercaptoethyl)-a.-o-rlbofuranose (48). 

Anhydrous d,/-camphorsulfonlc aCld (622 mg, 268 mmo/) was added 10 a stlrred solution 

of 38 (290 mg, 1 34 mmol) ln glaCial acetlc aCld (16 ml) contalnlng acetlc anhydride (32 ml) and 

the reactlon was stlrred at 60"C under mtrogen Alter 4 h the reacllon was eooled ln Ice slowly 

poured mto a solution of sodium carbonate (45 g) ln water (250 ml) and the resultfl,g suspension 

was sWlrled Intermlttently over 05 h The product was then extraC1ed wllh ethyl ether (2 t 200 ml) 

and washed wlth satmated aqueous sodium bicarbonate (250 ml) and water (250 ml) The 
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combmed ether layers were Ihen drted (MgS04), flltered and the solvent removed ln vacuo 

yleldlng a yellow syrup Chromatography over sllica gel (4 1 hexanes 1 ethyl acetale, VIV) afforded 

the unstable aldehydo- compound 48 as a clear, slightly yellow syrup (278 mg, 65 % yleld) 'H

NMA (CDCI3 , 200 MHz) b 1 43 and 1 46 ppm (two s, SH, CMe2), 1 71-1 92 (m, 1 H, H1 'ax), 1 98-

212 (m, 1H, H3), 207 and 208 (two s, 6H, CAc's), 223 (dq, 1 H, H1'eq), 250-262 (m, 2H, 

H2"eq,ax), 2 56 (A of ABX, lH, H5ax), 282 (B of ABX, 1H, H5eq), 4 15 (dd, 1H, H2), 496 (td, 1H, 

H4), 628 (d,1H, Hl), couphng constants (Hertz) JH1 H2 = 23, JH2 H3 = 27, JH3-H4 = 103, JH4-HSeq = 

41, JH4 H5ax '" 10 3, 2JH5eq H5ax = -12 7, 13C-NMA (CDCI3, 754 MHz) <') 17036 and 16981 ppm 

(OCOMe). 112 12 (CMe2), 9740 (C1), 8356 (C2). 71 71 (C4), 4227 (C3), 31 65 and 31 33 (C5 

and C2'), 2762 (C1'), 2631 al.d 2570 (CMe2), 21 13 and 2094 (OCOMe), No lurthur 

charactenzallon was possible for Ihls compound due to ItS Instablhty 

Acetolysis of (61) 

d,l-Camphorsulfonlc aCld (1 69 g, 729 mmol) was added to a stlrred solution of acetonlde 

61 (1 70 g, 243 mmol) ln glacial acetlc aCld (28 ml) contalnlng acetlc anhydnde (69 ml) heated 

to 70°C The resu/Mg bnght yellow so/utlon was stjrred at 70°C under Mrogen After 25 min the 

reactlon was cooled ln Ice and slowly added to a solution of sodium carbonate (80 g) ln water (450 

ml) and me resultlng slurry sWlrled Intermlttantly over 30 min The product was extracted wlth 

elhyl ether (2 x 400 mL) and washed wlth 5aturaled aqueous sodium bicarbonate (500 ml) and 

water (500 ml) The combmed ether layers were then dned (MgS04 ), Il!tered and the solvent 

removed ln vacuo yleldmg a clear, colorless syrup Chromatography 01 Ihe crude product (551 

10 4 1 hexanes 1 ethyl acetale, v/v) afforded Ihree produCIs Ihe p-Iuran05e 62 as a clear, 

colorless syrup (691 mg, 52 % yleld) lH-NMA (CDCI3, 200 MHz) <') 1 06 ppm (5, 9H, t-butyl) , 1 56-

1 82 (m, 2H, H1 'A,B), 204, 206,208 (three s, 9H, OAc's), 261 (h?, 1H, H3), 357-379 (m, 2H, 

H2'A,B), 406 (A of ABX, 1 H, H5'A). 433 (B of ABX, 1 H H5B). 4 10-425 (m, 1 H, H4), 5 16 (d, 1 H, 

H2), 609 (s, 1H, Hl), 734-769 (m, 10H, phenyls), couph~g constants (Hertz) JH1 H2 - 0, JH2H3 = 

45, JH4 HSA '" 6 1, JH4 HSB = 2 3, 2JHSA-H5B = -11 5, 13C-NMP :CDCI3 , 754 MHz) 017065, 16974, 

16906 ppm (OCOMe), 13545, 13337, 13328, 12977, 12773 (phenyls), 9881 (Cl), 8261 

(C4), 7687 (C2), 6549 (C5), 61 64 (C2'), 3793 (C3). 2771 (C1 '). 2678 (CMe3), 21 12, 2076, 

2061 (OCOMe), 1913 (CMe3), [IX j2so = 120° (c = 1 25, CHCI3), MS (CI - NH3), mIe 485 ([MH+

C4H lO), 12 %),483 ([MW - AcOH), 100), HRMS (CI - NH3, res 8000), mie calcd for C27H3S0 6SI 

[MH+ - AcOH) 4832203 found 4832201, the ma/or 1-R acetyl acetonlde 77 as a clear, 

colorless syrup (371 mg, 25 % yleld) 'H-NMA (CDCI3, 200 MHz) Ô 1 05 (s, 9H, t-butyl) , 1 46 and 

1 47 (two s, 6H, CMe2), 1 48-1 76 (m, 2H, H1 'A Bl, 201,203,208 (Ihree s, 9H OAc's), 239 (0, 

1H, H3), 37'4 (apparent t, 2H, H2'AB), 420 (A 01 ABX, 1H, H5A), 430 (8 of ABX, 1H, H5s), 434 

Idd, 1H, H2), 531 (ddd, 1H, H4), 627 (d, 1H, H1), 733-770 (m, 10H, phenyls), couplmg 
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constants (Hertz). JH1 H2 = 3 0, JH2 H3 = 51, JH3 H4 = 48, J H4 H5A = 7 1. JH4 H~1l '" 3 5 'J'I~A Il'.n : 

120, '3C-NMR (CDCI3, 754 MHz) 817057,17026, 170 11 ppm (OGOMe) 13549 133 ·l3 

12966,12767 (phenyls), 111 84 (GMe2), 9715 (C1), 81 43 (C2), 7097 (Cot) 6398 (C51 6139 

(C2'), 3742 (C3), 2942 (C1'), 2675 (2C,CMe3 and C(Me)Me), 2602 (C(MelMe), 21 .22 2081 

2073 (QGOMe), 1910 (CMe3). [a ]220 =0 +330" (c = 225, CHCI]), MS (FAB nltrobenzyl 

alcohoJ), mie 543 ([MW - 58(C4HlO or C3HsO)], 8 %), 541 (IMH+ - AcOH]. 17), 483 ([MH+ -

58(C4H lO or C3HsO) - AcOH), 10:,307 (17). 285 (19),241 (100),221 (45), ~1'lMS (FAB glyceroll. 

rTVe calcd for C30H4107S1 [MH+ - AcOHj 54126215 found 541 26233 and the mrnor 1 5 

acetyl aceton/de 78 as a clear, colorless syrup (75 mg, 5 1 % y,eld) 'H-NMR (COCI \ 200 MHL) \~ 

1 05 (s. 9H, r-butyl), 1 37 and 1 48 (two s, 6H, CMe2), 1 43-1 56 (m, 2H, f 11 ,\ Il) 1 95,203 :2 04 

(three 5, 9H, OAc's), 241 (m' 1, 1 H, H3). 370 (m 1O , 2H, H2'A Il). 4 31 and 4 32 (calcd by spm 

simulation as A and Bof ABX, 2H, H5A and H5B, appear as 4 30 d, J =1 1 Hz, 4 33 5), 413 (dd, 1 H, 

H2), 549 (ddd, 1H, H4), 619 (d, 1H, H1), 732-770 (m, 10H, phenyls), coupllng constJnts 

(Hertz)' JH1 -H2 = 3 0, JH2 H3 :;: 9 7, JH3-H4 = 2 6. JH4 H5A = 66, JH4 H5B = 5 3, 'JIir,A HSIl = -123 . 'IC 

NMA (CDCI3' 754 MHz) 817065,17031,17024 ppm (OGOMe). 13547,1354113049, 

13329; 129,74; 12970,12773,12772 (phenyls), 11137 (GMe?) 9366 (Cl), 7858 (C2), 

71 09 (C4), 65 22 (CS). 61 10 (C2'), 3591 (C3), 2992 (C1'), 2821 and 2560 (CMe2), 2682 

(CMe3), 2114,2093,2083 (OCOMe), 19 16 (CMe3), [IL 1220 = -416 (e ~ 1 40. CHCh), MS 

(FAB - nrtrobenzyl alcohol), mie 543 ([MH+ - 58(C4HlO or C]HbO)], 9 ~/O) 541 ([MW AcOIl], 19), 

483 ([MH+ - 58(C4H 10 or C3H6 0) - AcOH), 13),307 (16), 285 (27) 241 (100), 221 (58), HRMS 

(FAB-glycerol), mIe calcd for C30H4107S1 [MH+ - AcOH] 541 26215 found 541 26233 

Acetolysls of (7). 

Mesylate 7 (3 00 g, 5 57 mmol) was acetolyzed at 78' C and worked up ln a manner 

identlcal to that descnbed for the acetolysls of 61, above Punflcatlon of the crude syrup by 

chromatography over slhca gel (1 1 1 hexanes / ethyl acetate, vlv) aflorded three products I~

tnacetate 64 (Rf 0 13) as a clear, colorless syrup (1 043 g, 490 % yleld) whose 'H NMR was 

Identlcal to product obtamed by an alternate route (see SectIOn 45), the ma:or 1 R acetyl 

acetonlde 79 (Rf 0 29) as a clear, colorless syrup (486 mg, 198 % yleld) 'H-NMR (COCI I , 200 

MHz) 01 48 ppm (5, 6H, CMe2), 1 65-201 (m, 2H, H1 'A Hl, 2070 2073 and 2 11 (three 5, 9H, 

QAc's), 235 (mS, 1H, H3), 305 (s, 3H, MsCH3), 422 (A 01 ABX, 1 H H5,,) 434 and 4 28438 (B 

of ABX overlappmg amuit, 4H, H5B, H2 and H2'A B), 531 (ddd 1H, H4) 622 (d 1H H1) 

couphng constants (Hertz) JH, H2 = 31, J H3 H4 = 4 8, J H4 H5A = 68 JHt. 1151l ,37, 'Jw,t. Il',1l = 121 

and the mlnor 1-$ acetyl acetonlde 80 (Rf 0 24) as a clear, colorles5 syrup (188 mq, 5 4 "/" y,eld) 

'H-NMR (CDCI3 , 200 MHz) 8 1 39 and 1 50 (two s, 6H, CMe2), 1 58 1 68 (m, 2rl H1 '" Il) 2 05, 

2.12 and 2 14 (three s, 9H, OAc's), 235-248 (m, 1 H, H3), 303 (S, 3H MsCH3), 4 12 (dd, 1 H 
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H2), 426-441 (m, 4H, H5A a and H2'A al, 546 (ddd, 1H, H4), 625 (d, 1H, H1), couphng constants 

(Hertz) JH1 H2 = 32, JH2 H3 = 99, J H3 H4 = 23, JH4 H5A = 67, JH4 H5B = 47 No furthur 

charactenzatlOn was possible for these compounds due to thelr mstablhty 
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4.7 EXPERIMENTAL FOR SECTION 2.7 

2' ,5'-Dl-O·acetyl-2"-O· tert·butyld Iphenylslly 1-3' -deoxy-3' -C-(2" -h ydroxyet hyl)

cytldlne (81). 

The Vorbruggen couphng of furan05e 62 and bls-(tnmethylsllyl)cytoslne was carned out 

ln a manner IdentJcallo that descnbed for the preparation of 17 Punflcatlon of t'le crude sohd by 

chromatography over slhca gel (20 1 to 14 1 methylene ehlonde methanol, v v) aftorded 

nucleoslde 81 as an amorphous white soltd (90 % yleld) 'H-NMR (COCI" 200 MHz) \) 1 00 ppm 

(s, 9H, t-butyl) , 1 54 (br q, 2H, H2"A 8), 205 and 2 06 (two s 6H OAe) 237 256 (Ill 1 H H3), 

357-377(m,2H,H1""B),416(dq,1H,H4'),428(AOfABX 1H H5,\) 4·14 (Rot A 1:3 X 111 H5 1l ) 

543 (d, lH, H2'), 573 (d, 1H, H5), 580 (5, lH, H1'), 730-763 (m 10H phenyls), 768 (d, 1H, 

H6), couphng constants (Hertz) J H1 H2 - 0, J H2 H3 = 4 9, JH3 114 = 10, JII 'l liS A = 46, Jill liS Il '" 2 3, 

2JHS'A-HS'B = -12 5, JHS H6 = 74, 13C-NMA (COCI3, 75 4 MHz) 6170 38 and 169 09 pplll (OCOMe), 

16602 (C4), 15548 (C2), 14025 (C6), 13539, 13341,13312,12981,12973,12774, 

12770 (phenyl), 9441 (C5), 91 35 (C1'), 8201 (C4'), 77 29 (C2'), 6327 (CS), 61 19 (C2"), 

3746 (C3'), 2731 (Cr'), 2681 (CMe3). 2075 (2C, OCOMe), 19 11 (CMeJ)' [(1 J lOi) ~ t88 2 (e = 

1, CHCI3), UV (methanol), Àmax 272 nm (10 6910), MS (FAB - nltrobenzyl alcohol) mie 1188 

([2M+], 100 %),594 ([MW!. 27), 536 ([MH+ - C4H'oL 46),483 ([MH+ Cytj, 43),363 (14),292 (36), 

241 (41), 239 (14), 221 (36), HRMS (FAB - glycerol), mie calcd for Cl' H,;oO ,N ISI [MW] 

594 26355 found 594 26370 

2' ,5'-OI-O-acetyl-N4-benz0'11-2 "-0- tert-butyldiphenyl sllyl-3' -deox y-3' -Col 2"

hydroxyethyl)-cytldlne (82). 

The exocycllc amlno group of 81 was benzoylated and worked up uSlng Ille same 

procedure as descnbed for the preparation of 18 PUrificatIOn of the erude product by 

chromatography over slltca gel (2 1 to 6 1 ethyl acetate 1 hexanes VIV) afforded nucleoslde 82 as 

an amorphous white soltd (89 % yleld) 1H-NMR (COCI3, 200 MHz) D 1 00 ppm (s, 9H, t but yi), 

1 48-1 61 (m, 2H, H1"AB), 2 09 (s, 6H, OAc's), 2 53 (h 7, 1H, H3'), 3 58-380 (m, 2H, H1') 423 (dt, 

1H, H4'), 435 (A of ABX, 1H, H5'A), 448 (B of ABX, 1H, H5'B), 550 (d, 1H H2), 589 (5 1H H1'), 

7,31-792 (two m, 16H, phenyls and H5), 8 17 (d, 1H, H6), 8 7 (br and exchangeable, 1H NHBz), 

couphng constants (Hertz) J H1 H2 - 0, J H2 H3 = 5 2, JH3 ~j4 '" 1 0 5 J H4 I/~ A = 3 9, JH4 ifS Il = 2 0, 

2J HS 'A-HS'B = -127, JHSH6 = 7 6, 13C-NMR (COCI3, 754 MHl) \) 169 96 and 168 64 ppm (OCOMe) 

16675 (C4), 16240 (NCOPh), 15403 (C2), 14377 (C6) 13513, 13317 13290 1'3282 

12956,12951,12860,12750 (phenyls), 9606 (CS) 9140 (C1'). 8237 (C4') 7681 IC2'), 

6235 (C5'), 6092 (C2"), 3672 (C3'), 2680 (C1"), 2657 (CMe3 ), 2052 and 2041 (OCOMe), 

1888 (CMe3), [a j220 == +804'"' (c = 1, CHCI3), UV (methanol), }''1''a1 262 nm (/25100) and 304 nm 
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(f 10700), MS (FAS - nltrobenzyl alcohol), mte 698 ([MH+], 29 %), 640 ([MH+ - C4H,o], 31), 483 

(16),421 (36), 221 (26), 216 ([Cyt-Bz + 11+], 100), HRMS (FAS - glycerol), mie calcd for 

C1sH440sN-JSI [MW] 6982898 found 6982900, Anal calcd for C3sH430sN3S1 C, 6540, H. 

621, N, 602 loulld C, 6527. H. 614, N, 5 79 

2' ,5' -DI-O-acetyl-3 '-deoxy-3' -C-( 2" -hyd roxyet hyl )-2" -O-met hanesulfon y 1-

cytldlne (85). 

Tnacetate 64 was suoJected to the Vorbruggen couphng wlth bls-(tnmethylsllyl)cytosme 

as descnbed lor the preparation of 17 Punflcatlon of the product by chromatography over slhca 

gel (20 1 to 12 1 methylene chlonde " methanol. VIV) afforded nucleoslde 8S as an amorphous 

wh Ile solld (640 mg, S4 3 % yleld) 'H-NMR (CDCI3, 200 MHz) ô 1 72-1 96 ppm (m. 2H. H1"A B), 

214 and 2 18 (!wo s, 6H, OAc), 232-252 (m, 1H, H3'), 301 (s, 3H, MsCH3), 410-431 (m,3H, 

H4', H5'A B), 436-448 (m, 2H, H2"A B), 562 (d, ~ H, H2'), 5 72 (s, 1 H, Hl '), 593 (d. 1 H, H5), 760 

(d, 1H, H6), 67 and 8 2 (IwO br, 2H, NH2), couphng constants (Hertz) JH1 H2 - 0, JH2 H3 = 5 2, 

JH5 H6 = 76, 13C·NMR (CDCI3 , 754 MHz) 8 16980 and 17061 ppm (OCOMe), 16590 (C4), 

15541 (C2), 14082 (C6), 9520 (CS), 9229 (C1 '), a1 96 (C4'), 77 18 (C2'), 6792 (C2"), 6309 

(C5'), 38 10 (C3'), 37 17 (OMs), 2439 (C1"), 2072 and 20 78 (OCOMe), UV (methanol). Àmax 

270 nm (e 7900), MS (FAS-nltrobenzyl alcohol), mIe 771 ([2M + W]. 17 %), 434 ([MH+], 17), 338 

([MW - MsOH], 100),323 ([MW - Cyt], 65), HRMS (FAS - glycerol), mie calcd fo, C'6H240gN3S 

[MH+] 4341233 found 4341231 

2' ,S' -0 I-O-acety 1- N 4-benzoyl-3' -deoxy- 3' -C-(2 "-hydroxyet hy 1 )-2" -0-

methanesulfonyl-cytidlne (83). 

Via alcohei (84) Nucleoside 82 (70 mg, J 100 mmol) wa" dlssolved ln 

tetrahydrofuran (1 0 ml) contalnlng acetlc aCld (17 ml, 030 mmol), and tetra-n-butylammonlum 

fluonde Inhydrate (53 mg, 0 150 mmol) was then added After stlrnng at amblent temperature 

under nltrogen for 2 75 h, the colorless solution began to sohdlfy At th,s pOint, dry N, N

dlmethyNormamlde (100 IJl) was added and the resultlng homogeneous solution was stlrred for 

an addltlonal 1 5 h The reactlon was then evaporated m vacuo to a syrup whlch was extracted 

wlth methylene chlonde (30 + 20 ml) and washed wlth aqueous sodium bicarbonate (7 % WIV. 30 

ml) and water (30 ml) The comblned organlc phases were then dned (Na2S04), Illtered and the 

sclvent removed ln vacua Chromatography over slhca gel (25 1 methylene chlonde 1 methanol 

VIV) afforded alcohol 84 as a colorless solld (46 mg, 85 % yleld) ln an alternate method. 1 5 

equlvalents 01 hydrogen fluonde 2.4.6-tnmethylpyndlne complex was used rather than acetlc 

aCld, and the additIOn of DMF was omltted ThiS treatment attorded alcohol 84 ln >90 % yleld 'H

NMR (CD30D. 200 MHz) 01 50-1 68 ppm (m, 2H, H1"A B), 2 13 and 2 16 (two S. 6H, OAc's), 235-
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2.50 (m, 1H, H3'), 3 45-363 (m, 2H, H2"AS). 4 25 (dq, 1H, H4') 441 (A of ABX 1H. H5',,) . .t 50 (B 

of ABX, 1H, HS's). 567 (d, lH, H2'), 580 (S, lH, Hl'), 749-768 (IwO m, 6H. H5 ,md pl1enyl), 83-l 

(d, 1H, H6), coupllng constants (Hertz) J H1 H2 - 0, J H2 H3 = 5 l, Jill H,\ '" 11 0, J II \ 1 l'i " '" 2 2, Jill 

HS'S = 40, 2JHS A HS S : -129, J H5 HG = 76 

Alcohol 84 (1 00 mg, 0 218 mmol) was dlssolved ln dry methylene chlonde (1 ml) 

contammg pyndrne (158 Ill, 1 96 mmcl) and 'l1ethanesulfonyl chlonde (74 pl, 0 44 mmcl) was 

then added After 2 5 h of stlrnng at amblent temperature under a nltrogen atmosphere Ille 

reactlon was extracted wlth methylene chlonde (2 x 25 ml) and washed wlth dllule sulptlunc ,1Cld 

(1 % wlV, 25 ml). saturated aqueous sodium bicarbonate (25 ml) and waler (25 ml) flle 

combtned organtc extracls were then dned (Na?S04l, Illtered and the solwnt \)VJpOr,lIed "1 VdCUO 

affordlng a colorless glass whlch was chromatographed over s/lica gel (25 1 methylene cllionde 1 

methanol, vlV) to afford mesylate 83 as an amorphous white solld ln quantitative y/eld 'H NMR 

(CDCI3, 200 MHz) 01 66-196 ppm (m, 2H, Hl"AS), 2 17 (s, 6H, OAc's), 24601, lH, H3'), 296 

(s, 3H, MsCH3), 419-427 (m, 3H, H4' and H2"A El), 441 (A of ABX, 1 H, HS Al, 4 51 (8 of ABX. 1 H, 

H5's),5.81 (s, lH, H1'). 582 (d, 1H, H2'), 745-798 (Iwo m, 6H, phenyl and H5). 815 (d, lH, H6). 

905 (br and exchangeable, 1H, NHBz), couplmg constants (Hertz) Jill 112 - O. J w Il:! = 48, J/f,\ 

HS'A = 2 0, JH4, HS'S: 3 9, 2JHS'A HS'B = -129, JH5-H6 = 76, '3C-NMR (CDCll , 75 4 MHz) 017025 and 

16923 ppm (OCOMe), 16680 (C4), 16260 (NCOPh), 15447 (C2), 144 11 (C6), 13287 , 

12861,12778 (phenyl), 9621 (C5), 9201 (Cl'), 8258 (C4'), 7667 (C2') 6762 (C2'), 6204 

(CS'), 37 25 (C3'), 37 02 (MsCH3), 2399 (Cl"), 2062 (2C, OCOMe), [(1 ),l\1) -= +677 (e ~ 05, 

CHeI3), UV (methanol), Àmax 262 nm (E 24400) and 304 nm (t 10400), MS (FAB - mlrobenlyl 

alcohol), mie 538 {[MH+]. 60 %),478 ([MH+ - AcOH], 4), 442 ([MW MsOH), 5), 323 ([MW Cyl 

Bzl, 100), 216 ([Cyt-Bz + H+], 58). HRMS (FAB - glycerol). mie calcd for C, IH.'flO>()N IS [MHt J 

538.1495 found 538 1494, Anal calcd for C23H21010N'lS C, 50 62, H 5 Oô, N, 782. S, 596 

found C, 5035, H, 5 00, N, 761, S, 593 

Via mesyl sugars: Nucleos/de 85 was benzoylated and worked up ln a manner 

Identlcal to that descnbed for the preparation of 18 

2' -O-Acetyl-s '-S-acetyl-2 "-O-tert-butyld Iphenylsllyl-3 ',5' -d Ideoxy-3' -C-( 2"-

hydroxyethyl)-S'-thlocytldlne (86). 

The Vorbruggerî coupllng of furanose 69 and bls-(tnmelhyls/lyl)cytosme was camed ouI 

in a manner Ident/cal 10 that descnbed lor Ille preparation of 17 Punflcation 01 the crude syrup by 

chromalography over slltca gel (20 1 10 12 1 methylene chlonde / methanol VIV) afforded Iwo 

products the more polar componenl ( Rf <0 5 1 1 elhyl acetate / hexanes v/V) nucleoslde 86 

as an amorphous wh/te solld (78 % yleld) . H-NMR (CDCI3. 200 MHz) <5 1 02 ppm (s 9H, t but yi) , 

1 49-1 75 (m, 2H, H1"A B). 202 (s, 3H, OAc), 2 29 (hl, 1H, H3/, 236 (s, 3H SAc),3 12 (A 01 ABY 
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, 
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1H. H5'A), 3 39 (B of ABX, 1H, H5's), 3 55-3 78 (m, 2H, H2"A,S), 4 04 (ddd, 1H, H4'), 5 36 (dd, lH, 

H2'). 573 (d,1H, Hl'), 581 (d,1H, H5), 730-764 (two m, 10H, phenyls), 746 (d, 1H, H6), 

cGuphng constants (Hertz) JH1 H2' = 1 3, JH2, H3 = 5 5, JH3'.H4 = 10 1, JH4 H5 A = 78, JH4 HS B = 28, 

2JH5'A H5'B = ·14,3, JHS H6 = 75, 13C-NMR (CDCI3, 754 MHz) ô 19467 ppm (SCOMe), 16924 

(OCOMe), 16596 (C4), 15544 (C2), 14039 (C6), 13544,13344,13325,12976,12971, 

12772 (phenyls), 9480 (CS), 91 46 (C1'). 82,70 (C4'). 77 66 (C2'), 61 34 (C2"), 41 42 (C3'), 

31 75 (CS'), 3055 (SCOMe), 2740 (C1"), 2684 (CMe3), 2072 (OCOMe), 1913 (CMe3), 

(Il j220 = +100 1u (c = 0 5, CHCI3), UV (methanol),!.max 272 nm (r 8480): MS (FAS - glycerol}, mie 

610 ([MH+], 45 %),552 ([MH+ - C4H,o], 9). 499 ([MH+ - Cyt], 30), 292 (21),241 (38),221 (26), 

HRMS (FAS - glycerol), rrve calcd for C31H4006N3SSI [MH+] 6102407 found 6102406, Anal 

calcd for C31H3906N3SS1 C, 61 06, H, 6 44, N, 689, S, 526 found C, 60 86, H, 6 ~4, N, 694, 

S, 532 , and the less polar (Rf = 085, 1 1 wthyl acetate / hexanes, vlv) component, 35-(3a.4a)]-

3,5-Dtacetyl-2' -tert-butyldiphenylsllyl-3,4-dlhydro-4-(2' -hydroxyethyl)-2H-thlopyran 87, as a clear 

colorless 011 (160 mg, 16 % yleld) 1H-NMA (GDCI3, 300 MHz) ô 1 05 ppm (s, 9H, t-butyl) , 1 77 (q, 

1 H, H1 'A,S), 1 99 and 2 02 (two s, 6H, OAc's), 288 (A of ABX wlth an addlttonal fme sphttmg, 1 H, 

H2A(eq)), 2 95 (m, 1 H, H4), 296 (B of ABX wlth an addltlonal fine sphttmg, 1 H, H2s(ax)), 3 71 and 

3 74 (overlapplng dt's, 2H, H2'A,S), 5 27 (ddd, 1H, H3), 578 (d, 1H, H6), 736-767 (two m, 10H, 

phenyls). couplmg constants (Hertz) JH3 H4 = 4 5, JH4-H1' ::: 65, JH3 H2ax = 84, JH3 H2eq = 30, 

2JH2eq H2ax::: -126, J H1 H2'= 65, 2JH2'A.H2'S::: -137, 4J H4.H6::: -1 2, 4JH2eqH4 = - 1 2, 4JH2ax H6 - -05, 

13C-NMR (CDGI3 , 754 MHZ) 0 16989 and 16909 ppm (OCOMe), 14166 (C5), 13547,13370, 

13359,12968, 12768 (phenyls), 10832 (C6), 68 83 (C3), 61 70 (C2'), 36 04 (G4), 3092 (Cr), 

2680 (CMe3). 26 08 (C2), 20 94 and 2070 (OCOMe), 1913 (CMe3), MS (CI - NH3), mie 516 ([M 

+ NH4+], 100 %),499 ([MW]. 43), 439 «(MH+ - AcOH), 37),421 (14), HRMS (CI - NH3), rrve calcd 

for C27H3S0SSSI [MH+] 499 1974 found 4991973 

2'· t,)- tert·Suty Idlphenylsl J yl-4-(2' -hydroxyet hyl)-2 H-t h iopyran-S(6H)-one (90). 

Aqueous sodium hydroxlde solution (1 0 N, 150 Ill) was added to a solution of enol 

acetate 87 (65 mg, 013 mmol) ln methanol (1 5 ml), cd "1 the reactlOn was stlrred at amblent 

tempe rature After 7 mm the resuittng wme-colored solution was poured Into methylene chlonde 

(30 ml), washed wlth aqueous sodium bicarbonate (5 % wlv, 30 mL) and bnne (30 ml), and 

reextracted wlth methylene chlonde (20 mL) The comblned organlc phases were then dned 

(Na2S04), flltered and the solvent evaporated ln vacuo yleldlng a brown syrup Chromatography 

over siltca gel (10 1 hexanes 1 ethyl acetate, vlv) afforded the unstable thlopyranone 90 as a 

colorless 01/ (32 mg, 62 % yleld) 'H-NMR (CDCI3, 200 MHz) 8 1 04 ppm (S, 9H. t-butyl), 249 (t 

wlth furthur fme spltttmg Into q, 2H, H1'), 3 22 (fine t, 2H, H6), 3 31 (d wlth furthur fine splttting mto 

1 or q, 2H, H2), 3 74 (t, 2H, H2'), 679 (1 wlth furthur fine spltttlng Into t, lH, H3), 732-768 (Iwo m, 
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10H, phenyls), coupllng constants (Hertz) JH2 H3 = 4 4, JH1 H2 = 6 3, JH3 Hl = -1 0, long range 

coupllng'3 of <1 Hz between H2, H1' and H6 also observed, '3C-NMR (COCI,!, 75 4 MHz) () 191 88 

ppm (CS), 14211 (C3), 13623 (C4), 13553,13375, 12959,12761 (pheny/s), 6228 r,C2'), 

34,68 (C6), 34 00 (C1'), 2683 (CMe3), 26 02 (C2), 1920 (CMe3) The Instablilty of Ille "etone 

prevented any lurther charactenzatlon 

2'-0-Acetyl-5'-S-acetyl-N4-benzoy 1-2" -0- tert-butyldlpheny Islly 1-3' ,5' -dldeox y-3'-

C-(2"-hydroxyethyl)-S'·thlocytldlne (89). 

The exocycllc amlno group 01 86 was benzoylated and worked up usmg Ille same 

procedure as descnbed for the preparation of 18 Punflcatlon of ttle crude product by 

chromatography over s.lIca gel (2 1 to 4 1 ethy/ acetate 1 Ilexanes, Vlv) afforded nucleoslde 89 as 

an amorphous sohd (97 % yle/d) 1H-NMR (COCI3, 200 MHz) () 1 02 ppm (S, 9H, f-buty/), 1 49-1 77 

(m, 2H, H1"A,B), 2 06 (s, 3H, OAc), 236 (h7, 1H, H3'), 238 (s, 3H, SAc), 3 20 (A of ABX, 1H, H5i\l, 

342 (8 of ABX, 1H, HS'B), 3 58-3,80 (m, 2H, H2"A,B), 4 13 (ddd, 1H, H4'), 542 (dd, 1H, H2'l, 582 

(d, 1H, H1'), 732-797 (two m, 17H, phenyls, HS and H6), 8 75 (br and exchanqeable, 1H, NHSl), 

couphng constants (Hertz)' JH1'-H2' = 1 2, JH2'-H3' = 5 6, JH3, 1-.4 = la 3, JH'1 HSA = 73 JII4 W,[l =0 28, 

2JHS'A-H5'B = -14 5; 13C-NMR (COCI3, 754 MHz) Ô 19440 ppm (SCOMe), 16906 (OCOMe), 

166,59 (C4), 16229 (NCOPh). 15428 (C2), 14422 (C6), 13543, 13338, 13319,12977, 

12973,12900, 12772, 12753 (phenyls), 9648 (CS), 9193 (Cl '),8322 (C4') 77 42 (C2') 

61,18 (C2"), 41 15 (C3'), 31 41 (CS'), 30 57 (SCOMe), 2716 (Cl') 2681 (CMe3), 2064 

(OCOMe), 19 12 (CMe3), [a ]220 = +109 D'" (c = 1, CHCI3), UV (methano/), À .. ,,j' 262 nm (l 24600) 

and 304 nm (E 10000), MS (FAB - mtrobenzy/ alcoho/), mie 714 ([MW] 25 "10), 656 ([MH 1 

C4H,o], 24), 241 (33), 216 ({Cyt-Sz + H+j, 100), HRMS (FAS - g/ycerol), mie calcd for 

C3sH4407N3SS, LMH+j 714 2669 found 7142672, Anal calcd for C3sH4lO ,N,SSI C, 63 93, 

H, 6 07, N, 5 89, S, 449 found C, 63 70, H, 575, N, 575, S, 4 69 

N4-benzoyl-2" -0- tert-butyldlpheny Isllyl-3',5' -d Ideoxy-3' -C-(2" -hyd roxyet hy 1 )-5'-

thlocytldlne (88). 

Aqueous potassium hydroxlde solution (1 a N, 600 ilL), prevlousiy saluraled wlth 

nitrogen gas, was added dropwlse to CA stlrred solution of nucleoslde 89 (148 mg, 0207 mmol) ln 

isopropyl alcohol (saturated w.th N2, 3 0 mL), and the reactlon was stlrred al amblenllempfHalure 

under a mtrogen atmosphere Addltlonal portions 01 base solution (150 and 75 Ill) were added 

45 min and 2 5 h after the start of the reactlon After 3 h Ihe reacllon was add(~d 10 dliule SUlp~1UrIC 

aCld solution (1 % w/v, 60 mL), extracted wlth chlorolorm (3 x 30 ml) and Ihe comblned orqanlc 

phases washed wlth bnne (' 00 mL) The chloroform layer was Ihen dned (Na,JSO:) flltered and 

evaporated ln vacuo yleldmg a c%r/ess 011 Chromatography over sllIca gel (25 1 rnethylene 
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chlonde 1 methanol, v/v) afforded deacylated nucleoslde 88 as a clear, colorless syrup (124 mg, 

95 % yœld) 1H-NMA (CDCI3 200 MHz) 8102 ppm (s, 9H, t-butyl),1 41-1 62 (m, 1H, H1"A), 1 57 

(dd, exchangeable, 1H, 5'-SH), 184-2 01 (m, 1H, H1"s), 207-2 22 (m, 1H, H3'), 280 (A of ABX 

showlng an addltlonal spllttlng, 1 H, H5'A), 301 (8 01 ABX showlng an addltlonal spllttmg, 1 H, 

H5'B), 3 64-3 85 (m, 3H, H2"A,B and 2'-OH), 424 (br d, 1 H, H2'), 427 (ddd, 1 H, H4), 5 76 (s, 1 H, 

H1 '),729-795 (two m, 16H, phenyls and H5), 8.35 (d, lH, H6), 890 (br and exchangeable, 1 H, 

NHBz). coupllng constants (Hertz) JH1 H2' ~ 0, JH2'.H3' = 5, JH3'.H4' = 104, JH4 '-HS'A = 54, JH4'-HS B = 

33, 2JH5A H5B = -146, JH5 A-5H = 77, JHS'B 5H = 97, JH5 H6 = 7 S, 13C-NMR (CDC/3, 754 MHz) cS 

16654 ppm (C4), 16240 (NCOPh), 15534 (C2), 14420 (C6), 13542, 13540, 13325, 13322, 

13304, 13298, 12973, 12889, 12766 (phenyls), 9623 (CS), 9417 (Cl 'l, 8424 (C4'), 7692 

(C2'), 6192 (C2"), 4104 (C3'), 2685 and 26 70 (CS' and Cl"), 2680 (CMe3), 1903 (CMe3), UV 

(methanol), Àmax 262 nm (E 16000) and 306 nm (E 7090): MS (FAB - nltrobenzyl alcohol), mIe 630 

([MW], 26 %),572 ((MH+ - C4H,o], 2), 216 «(Cyt-Bz + W], 100), HAMS (FAS - g/ycerol), rn/e ca/cd 

for C34H4oN30SSSI [MH+] 6302458 found 630,2461 

Coupllng reactlon to (93). 

To a stlrred suspension of cesium carbonate (98 mg, 030 mmol) ln dry N,N

dlmethylformamlde (2 ml) was added a solution of thlol 88 (104 mg, 0 162 mmol) and mesylate 

83 (80 mg, 015 mmol) ln dry N,N-dlmethyllormamlde (1 ml), and the resultlng cloudy yellow 

solution was stlrred under a mtrogen atmosphere al amblent temperature Alter 3 Il acetlc aCld (10 

Ill) was added and the solvant removed ln vacuo The resldue was extracted wlth methylene 

chlonde (2 x 40 ml) and washed wlth aqueous sodium bicarbonate (-2 % wlv, 60 ml) and bnne 

(60 ml) The combmed orgamc ex tracts were then dned (Na2S04J, fl/tered and the solvent 

evaporated m vacua aHordlng a yellow sohd Chromatography over sllica gel (25 1 melhylene 

chlonde, VIV) gave the dlmer as a white sohd (143 mg, 89 % yleld) 1H-NMA (CDCI3, 300 MHz, 

precedlng superscnpts and numbers ln parentheses mdlcate 10 whlch brancheli-cl1am 

nucleoslde Unit (3'- or S'-end) the proton belongs) S 099 ppm (s, 9H, t-bulyl), 152-1 74 (m, 3H, 

3H1'A and 5H1'AB),' 86-1 99 (m, 1H, 3Hl's). 201-212 (m, lH, 3H3'), 215 and 216 (Iwo s, 6H, 

OAc's), 234-244 (m, lH, 5H3'), 252-262 (dt, 1H, J' = 7 7, J2 = 128Hz, 5H2"A). 2 66-2 78 (m, 

1H, 5H2"B), 2 75 (A of AFX, 1H, 3H5'A), 292 (B of ABX, 1H, 3H5'B). 365-379 (m, 2H, 3H2"AB), 

3 87 (br and exchangeable, 1H, -OH), 4 18-429 (m, 3H, 3H2', 3H4' and 5H4'), 442 (A of ABX, 1H, 

5H5'A), 4 49 (B of ABX, 1 H, 5H5'B), 5 71 (d, 1 H, sH2'), 575 (s, 1 H, 3H1'), 5 83 (5, 1 H, 5Hl '), 730-

793 (two m, 22H, phenyls and 2xH5), 817 (d, 1 H, J = 76Hz, H6), 8 19 (d, 1H, J = 74Hz, H6), 

896 (br, 2H, NHBz), couplmg constants (Hertz) J(3IH1'(3IH2 - 0, J(5IHl (S)H2 - 0, J(51H2 ISIH3 '" 5 1, 

J(SIH4 (51H5 A = 1 9, J(51H4 (5IH5'B = 3 9, 2J(5IH5'A (51H5 B = -'29, J(3IH4 (3)H5 A = 6 4, J(3)H4' (3)H5 B = 3 3, 

2J(3IH5A(3IH5B = -141, 13C-NMA (CDCI3 , 754 MHz) 817026 and 16919 ppm (OCOMe), 16679 
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1 and 16655 (2 x C4), 16258 and 16232 (2 x NCOPh), 15510 and 15448 (2 x C21. 14433 and 

14415 (2 x C6), 13540,13536,13318,13299,12970,12884,12765 (ptlenyls), 9634 and 

96.26 (2 x C5), 9448 eC1'), 9214 (SCn, 8401 and 82 72 (2 x C4'), 7682 and 7669 (2 x C21 

62.39 (SCS'), 6209 eC2"), 42 65 e83'), 3970 (5C3'), 3495 eC5'), 31 17 ('iC2"), 2686 ( lcn, 
26,76 (CMe3), 24 28 (5C1"), 2080 and 20 72 (OCOMe), 1900 (CMe3), UV (methanol) ÀIll,n 262 

nm (e 36000) and 306 nm (E 16200), MS (FAB - glycerol), l'TVe 1071 ([MW], 13 %), 641 (25), 277 

(100). 

Dlnucleotlde Analogue (95). 

To a solution of dlmer 93 (242 mg, 0226 mmol) m dry tetrahydrofuran (2 ml) contalfllng 

glacial acetlc aCld (39 ).il, 0 68 mmol), was added tetra-n-butylammonlum fluonde tnhydrate (107 

mg, 0.34 mmol) and the resultmg yellow solution was stlrred al amblent temperature under a 

nitrogen atmosphere After 2 5 h the reactlon was evaporated ln vacua and the resultmg syrup 

extracted wlth chloroform (2 x 40 ml) and washed wlth aqueous sodium bicarbonate (5 % WIV, 40 

ml) and bnne (40 ml) The combmed organlc extracts were then dned (Na2S04), flilered and the 

solve nt removed ln vacuo yleldmg a colorless syrup Repeated tnturatlon 01 the product, lollowed 

by careful removal of the supernatant usmg a pipette plugged wlth tissue, resulted III a white, 

chalky powder homogeneous by tic No charactenzatlon was pertormed on thls malanal 

presumed to be the dlOI 94 

The sohd was suspended m methanol (6 ml) and a stream of amrroonla gas passed 

through the reactlon for -5 mm Alter 4h of stlrnng at amblent temperature the solld had 

completely dlssolved Alter an addltlonal 10 h the solution was bnelly healed 10 bOlllnq, cooled 

and then evaporated ln vacuo Trituration of the resu/tlng solid wlth acetone, as descnbed dbove 

afforded the deprotected product, accompanled by one eqUivalent of methyl f)ervoale rhe 

contaminant was removed by dlssolvmg the mixture ln mmlmal methanol and addmq - 6 ml of 

ethyl ether. The resultmg white preClpltate was washed repeatedly wlth ether affordmg the 

dlnucleotide analogue 95 as a chalky white solid (92 mg, 75 % yleld from 93) . H-NMR (C D·lOD, 

300 MHz, precedmg superscnpts and numbers III parentl,Jses Indlcate to whtch branched-chatn 

nucleoslde unit (3'- or S'-end) the proton belongs) 0 1 52-169 ppm (m, 2H, lH1"A and r'H1"A), 

1 74-2.07 (m, 3H, 3H3', 3H1"s, and 5H1"s), 2 18 (h 7, 1H, sH3'), 2 58-281 (m, 2H "H2"AIl), 2 89 (A 

of ABX, 1H, J(3JHSA (3)H4'= 62Hz, 2JI31H5A 131H5B= -143Hz, 3H5'"j, 3 01 (Bof ABX 1H, J l HSIl '1iI1~ 

= 62Hz, 3H5'B), 353-374 (m, 3H, sH5'A and 3H2"A B) 396404 (m, 2H, c;H4' and 'iH5'll) 4 13-

421 (m, 3H, 5H2', 3H2', and 3H4'), 5 70 and 572 (Iwo s, 2H lH1 and "H1) 583 and 5 88 (Iwo d 

2H, 2 x H5), 790 (d, 1H, coupled to d al 588 ppm, J H5 H6 = 74Hz, H6), 8 28 Id 1 H cou pied 10 d 

at 5 83 ppm, JHS-H6 = 75Hz, H6), '3C-NMR (CD:;OD, 754 MHz) <i 16774 and 16770 (2 x C4), 

15832 and 15823 (2 x C2), 14265 and 14219 (2 x C6), 95 50 and 95 04 12 x C5) 94 75 and 
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i 9438 (2 x C1'), 8674 and 8537 (2 x C4'), 77 91 and 77 55 (2 x C2'), 61 28 and 60 94 (sC5' and 

3C2"), 4346 eC3'), 4052 (5C3'), 3544 eCS'), 3213 (5C2"), 2811 (3C1"), 2536 (SC1"); UV 

(H20), À,max 274 nm (E = 15300), HRMS (FAS - glycerol), mie calcd for C22H330aNsS [MH+1 

541 2080 found 541 2078 
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5. APPENDICES. 

APPENDIX 1. Discussion of Mass Spectral Data. 

The mass speet'a of the branched-ehaln sugars and nucleosldes contalnlng O-ferf

butyldlphenylsllyl and Ihlolacetyl groups (as shown below or ln the reversed 5-SAc and 2' -O-sllyl 

arrangement) exhlbit man y eommon peaks Among the major Ions not asslgned ln the 

expenmental are those of mie 241,339, 341, and 399 The praposed fragmentalions leadmg to 

these specles are shown below 

A + A 

~SI""'O ~ __________ f! + B 
Ph ........... hO 

SI:?" \. R 
1\ - C4H10 1 0=7 Ph Ph > Ph 

+H .. ~ .. 
\---

OR 

AcS AcS 

[MHJ [MH' - 581 

Il 
" ~.A ~.B ~A 1 

-B il 

v 

mie 399 mie 299 mIe 341 mie 241 

The very strong fragmentatlOn-dlreellng propertles of sllyl groups has been descnbed 1 ),) 

for the El mass speetra of nucleoslde denvatlves This also appears to be the case for the CI 

fragmentation of vlrtually ail of our TBDPhS,-contalnlng compounds, where the slhconlum Ion 

([MH+ - C4H10]) was always abundant These specles were olten the heavlest Ions 01 appreclable 

intensrty whlch reqUired thelr use for exact mass determlriatlon, r ather than the [MWjlon 

The Ion of mIe 241, whlch IS especlally abundant lor the sllyl thlosugar<, and nucleosldes, 

and that 01 mie 341, appear to anse lram the slhconlum [MH+ - C4 H' ojlon as s~lown above fhese 

fragmentations are supported by exact mass data lor both specles (mie calcd lor C ,~H 'lO,JSI 

24106848 lound 24106840, and mie calcd lor C'9H).O?SSI 34110314 lound 

154QUllham, MA, Ogllvle, K K , Westmore, J 8, Org Mass Spec, 16, 129 (~9811 
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341 10282) The anafogou5 fragmentatIons of the molecular ((MH+J) Ions would yleld fragments 

of mie 299 and 399 Only the latter 15 ob5erved The abundant Ion of mie 339 could concelvably 

anse by the loss of H2 from 341 , or from the 1055 of AcOH from 399 

The successive losses of AcOH from the [MH+] Ion was the malor fragmentation pathway 

observed ln the CI mass spectra of most of the acetylated sugars and nucleosldes lacklng the sllyl 

group This ha5 been shown l55 to be charactenstic for acetylated carbohydrates. The observed 

Ions correspondlng to the protonated nrtrogenous bases in the mass spectra of the nucleosldes 

prepared ln thls work has also been weil documented156 

155Hogg, AM. Nagabhushan. TL, Tetrahedron Lett, 4827 (1972) 
1560olhun. J J . Wlebers, J L Org Mass Spec . 3, 669 (1970) 
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1 APPENDIX Il. Analysis of ABX systems in 'H·NMR spectra. 

The true chemlcal shltts and couphng constants of second arder AB portions of ABX 

systems were calculated by a metllod shown ta me by Prof Glaser and IS as tollows 

The multiplet IS dlvlded Into Iwo AB-type subsystems 

ab#1 

ab#1 

1 3 5 7 
r-I -.,---.,----,1 

1 1 

2 4 6 

ab.2 

J A B = (3 -1) = (4 - 2) = (7 - 5) = (8 - 6) 

\), = (1 + 3 + 5 + 7) / 4 

(~\),) / 2 = [(1 - 7) x (3 - 5)]1/2 /2 

~1+ = U, + (SU,) / 2 

~1- = U1 - (~Ul)/2 

\)A = (Â1+ + ~2+) / 2 

JA.X = Â1+ - Ll2+ 

or 

UA = (~1+ + ~2-) / 2 

JAx=~1+- ~2-

ab#2 

L 
8 

\), = (2 + 4 + 6 + 8) / 4 

(~U2) / 2 = [(2 - 8) x (4 - 6))' ? 12 

~2+ = U2 + (<lU2) / 2 

62- = U2 - (~U;» / 2 

UB = (Â 1- + /12- ) / 2 

Je.x = ~1- - /12-

or 

\)8=('-'.1- +.\2+)/2 

Jsx =.\1- - \2+ 

Two possible sets of values Will result, bul the Incorr<.lcl one IS obvia us slnce Il glves unreallsllc 

coupllng constants 
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1 APPEND/X III. 2·0 NMR Spectra. 

1. 300 MHz HETCOR spectrum of alcohol (8) 

M~ 
HO 0-T' 
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120110 100 90 BO 70 60 50 40 
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133 



1 2. 300 MHz COSY spectrum of alcohol (8) 

(8) 
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1 3. 300 MHz COSY spectrum of cychc sulflde (38) 
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t 4. 300 MHz COSY spectrum of thlanylfuranose (45) 

F2 (PPM 
~~ ____ ~~ ________ J 

1.5 . • -
2.0 

2.5 

• 
3.0 • 

3.5 

4.0 

4.5 

'.' 
5.0 ... 

• 
5.5 

6.0 !i! 

., 

• . 
tJ • -
• DCJI 

Il • 

OAc 
0_ 

~ 
5- OAc 

(45) 

- -- - -- -1 
CI! O·: 

- ~ 1 - .. 
_"On. 
~ " 

1 

• • 

1 
'---r----,---~---,.------r----r----_r--l -- ----- y-- - - Tl 

6.0 5.5 5.0 4.5 40 35 30 25 2.0 1 ~ 

F 1 (P P ~4 ) 

136 



5. 300 MHz HETCOR spectrum of enol acetate (87) 
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l 6. 300 MHz HETCOR spectrum of a,l3-unsaturated ketone (90) 
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7. 300 MHz HETC0R spectrum of dlmer (93) 
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8. 300 MHz COSY spectrum of dimer (93) 
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