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THE SYNTHESIS OF'NUCLEOSIDE AND NUCLEO:nDE ANALOGS 

by J aines Colmier 

ABSTRACf .' 
\ 

A route to the synthes~, of arabino and xylonucleosides is described. This route takes 

advantag~ of highly select!\re ribonucleoside hydroxyl protectlOn ptoc~ëlures whtch have r"ecently 
, -. 

been developed. The route ~ straightforward and br~adly applicable. It may be applied to both 

purine and pyMnudine nucleosides. Synthésis, deprotection, and characterisation of the target 

compounds are described. The work is compared to that of others in the field. 

ü 

.. 

A novel class of oligon\1cleotide analogues 15 described. In this group, the phosphorus atom 

of the internllcleotide link is replaced by silicon. The synthesIS of both oligothymidine and oligo-2'-
! ".. • ~ 

deoxyadenosine nucleotide analogues of this class is described. various subsâtuents at siliQQn are 

employed, and oligonucleotide ~alogs of up to six units long are synthesiséd, characteruèd and 
, 

"deprotected. The circular dichrol5m spectra of the deprotected hexamers is presented . 
.) 

• LA SYNTHESE D'ANALOGUES DE NUCLEOSIDES ET DE NUCLEQnDES SILYLES 

~a:r J ameif0rmier 

• RESUME 
} 

[" 

ès~ d' ino et de xylonucléosides est décrite. Cette méthode exploite . . r, 
c~~aines procéd es hautement sélectivos récemment développées pour la protectibp des 

groupements h droxyles de ribonucléosides. La méthode est 5imple et directe tout en étant propre 
1 ~ 

à de multiples applications. Elle est utile ·à la fois pour la préparation de nucléosides puriques et 

pyi-imidiques. La synthèse, la déprotection et la caractérisation des composés sont décrites et 

compàrées à celt,es rapportées dans la littérature. 

Une nou,:elle class,e d'analogues de nu'cléetides est décrite. Dans ces composés, l'a~ome eJe 

phosphore impliqué dans le lien intemucléotidique est rem~lacé par un atome de silicium. La 
. 1 

synthèse de tels analogues d'oligothyptidine et d'oligodésoxy~2' adénosine est décrite. Divers 

substituants de l'atome de silici~nt employés lors de la préparatiofl de ces composés. La 

synthèse, la caractérisation et la déprotection d'analogu~ possédant jusqu'à s6c nucléotides sont . . 
décrites .. Les spectres de dichro~me circulaire des hexamèrS' déprotégés sont aussi présentés . 
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General introduction. 

, , 
Man has always sought to understand and control the world around him, in order to bend it 

to bis purpose. One of bis earliest achievements was to leani to breed plants and animais to bring 
1 

out desirable traits and suppress unwanted characteristics. In tbis way, he was able to produce . . 
plants and animais for food whic:.h were fast-growing and high-yielding. Animais were also bred as , 

work mates. This freed man !rom a hunter-gatherer existence, a life in the natural state which . ~ . 
Thomas Hobbes w~ to descnbe as "nasty, brutish and short". Once freed from the necessity of 

spending every wa.\ciQg. moment in the pursuit of food and shelter, man was able to seUle down and 

develop societies and cultures that we tod~ civilised. 

Although early man was able to maniplllate the cqaracteristics bf bis plants and animais ID 
, ' 

desired ways, he did not understand at ail the mechanism of the process. , This state of affairs 

petsist"ed until nearly the present day. 1 ... 
l' 

The revolutionary changes ID Western sOClety wrought by the Renaissance brought forth an 

interest in scientific research into the nature of the world around us. This drive has sustained us to 

the present day. One of the areas ,h'eavily studied in the past two centuries has been the mechanism 

ot-heredity. The MOnk Gregor Mendel, wormg with plants, was able to demonstrate that some 

traits are passed on from one generation to the next in apparentIy discrete units and in a fashion 

predictable by simple statisticallaws. Although he did not know the nature of these units 9f 

heredity, the principle 4.ad been enunciated. • 

Meanwhlle, by the early 1870s, the. German researcher Miescher1,2, had discovered a new 
... .. a ~ 

nitrogen-and phosphorus-contairIiDg polybasic acid in the extràct of nuclei from human white blood 
, . ( 

cells. He cal1ed this material nuclein. At this time, there was a great interest in the chemical 

identity of constituents of living, things, and, a variety of chemlSts worked to charactetise nuclein. 

Although Hartwig proposed in the 1870s3 that nuclein'was probably responsibl~for the transfer of 

, genetic information,lhis'was not proven until1944, with the experime~ of Avery and coworkers4. 

The final praof came with the elegant labelling experiments of Hershey and Chase in 19535 They 
,~ . 

,) f 

1 

, showéd that 32P-labefled DNA was the geneuc material in a bacteriophage, rather than 35S-'abelled 1) 

protein. -
1. .F. Miescher, Hoppe-Seyler's Med. Chem. Unters, 441, (1871). 
2. J. E. Davies and H. G. Gassen,Angew. Chem. Int. Ed. Eng., 22,13, (1983). 
3. O. Hartwig, Morpho/. Jahrb., 1, (1875). -
4. O. T. Avery, C. M. MacLeod,nM. McCa;ty,J. Exp. Med., 79, 137, (1944). 
5. A. D. Hershey, M. Chase, J. Gen Physio/., 36, 39, (1953). 
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FIGURE 1. PRIMARY - STRUCTURES OF DNA, RNA AND THE MOST 
-

COMMON HETEROCYCllC BASES 
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In the meant,ime, work was gomg on to laentify the constltuents\ of nuclelc aClds, a task 

... not made easy by the size of the moleculè and the opp~rtunitles for geometncal and' 

'. 

. 
stereoisomerism. By the beginmng of the Great War, vanous groups had shown the preSence of • 

~. -~ 

phosphonc aCld, sugars and rutrogenous base.<> 10 the hydrolysed nuclelc aCld. In 1918. D-nbose . \ 

was Idennfied as 'a constituent, and the same group later identlfied 2' -deoxy,nbose as the sugar . ' ''-
from other nuclelc aClds6, During the 1950s, the lInkage scheme wa§ Idel1tIfied as bemg 3'·5', and 

"-' 

DNA, found mainly iQ the nucleus, and.RNA, found mamly m the cytoplasm, were shown to be 

long linear polymers (see FIg. 1). 

Q 
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Fig. 2. (a) Double helIX. (b) Hydrogen bonds between bases. . 1 

\l 

" 

'" 

Watson and Crick, usinj X-ray crystal data provided by WIllems and Franklin, PMposed 
, r • 

. . the now famihar double helix structure for DNA 7 (Fig. 2). In this structure, the helix is formed by 

two antip'arallel chains of DNA wluch are mtertwined in a double helix. The helix is nght-handed 

and compnses ten base paIrs per tum. The bases are tumed inward and the duplex IS stabtlised by 

nydrogen 'bonds between the bases on opposite chams. Guanine (G) bonds'Wlth three H-bonds to 

6. P. A. Levme, L. A. Mlkeska. T. Mon, J. Biol. Chem., 85. 785, (1930). 
7.1. D. Watson and F. H. C. Cnck, Nature, 171, 731, (1953). 
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~ 
cytosme (C), and ademne (A) with two to--thymme (n. The phosphate dlester backbone IS turned . . 
to the outside. The particular hehcal fmm descnbed by Watspn and Crick IS now known as B· 

DNA. Since this dlscovery, a number ofvar~ on the theme have been observed, mamly 

modified in the number of bases pe; turn, the deÏçee of hydratlon, or 11'1 the case of Z-DNA'8, the 

handedness of the hellX. 

As mentioned above, nuclelc aClds are the means by wruch genetlc mformation IS stored, " , ' " , 
transmlt~d and used. In other words, they are cntIcal to the operatIOn and constructIOn of the 

cell, and, by extenSIOn, o~ the ,:,hole\ organism. ~IS has made nuclelc aClds very mteresting to 

sclentlsts, as synthetJc targets, and as obJects of study to Jtucldate their role, and the exact . , 
mechanisms 1\Y which that role IS carned out. 

~eoxynbonuc\elc acîds' are largely found 10 the nucleus of theeukaryotlc tell. In both 

prokaryotes (orgamsms whose cells do not contrun a discrète nucleus) and eukaryotes (whose cens . { 

contam a nucleus wherem resldes the DNA), the DNA sequence cartles the actûal genetlc 

mformation, encoded m the order of the bases along the chain. DNA normally exists as a double 

helix, ~ descnbed et0ve. The transfer of the mformation to the remamder of the cell, and Its 
... a 1 

translatIOn mto protem, are the proVIIlce of nbonuclelc aClds. These eXlst m several forms. 

Messenger RNk(mRNA) 15 formed by enzymat}c polymensatlOn of ribonucieotIdes USII1g the 

DNA as a template. The mRNA, wluch IS complementary to ':ie DNA sequence of interest, 

mlgrates from the nucleus to the cytoplasm (for eukaryotes), and bmds to the nbosome. Tlus . ' 

organelle, wruch also.contams RNA (rRNA);ls the site at whlch the mformatIOn carned by the 

mRNA is translated lOto protein. Transfer RNAs (tRNA) eXlst lo the cytoplasm, and thelr 
• 

functlOn is to transport the ammo aClds requlred for protem synthesis t~ tlle nbosome. These 

tRNAs have lengths lo the 75-80 nudeotlde range, makIng them challengmg synthetlc targets, long 

enough Jo demand excellent synthe tic chemistry, yet discrete, independent umts, which have a . 

distinct functIOn. CIearly, the central role of nudelc aClds makes them of mterest to. the chemlst, 

as weil as to the blOlogIst. 

'; 

Synthesls of Nucleic Acids. 

" 

On~ of the more interestmg developments in the fielct.:lm the chemists' point oh'iew, 

ha~ beefl the discovery of routes to the complete chemical synthesHi of long strands of DNA and 

RNA. ThIs a1lows the productipn of any desired "sequence, mlmlckmg natural sequences, makIng 

8. A. H.-J~ Wang, G. J. Quigley, F. J. Kolpak, 1. 1... Crawford, J. H. '{an Booin, G. van der Marel, A. 
RICh, Nature, 282,680', (1979). '. 

.. 
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any change, or making large quAntities of a given ~quence, tree trom contamination by other ' 

materiaJ. 

Four routes to the synthesls of nuclelc aClds have been developed. In eàch case, the 

method was list apphed to DNA, followed by RNA. ThIs is dU~ td the fact thAt, l? the DNA case, 
• ". l there IS no 2' -hydroxyl to proteet (FIg. 1). The necesslty of protecting thIs positIOn m the case of 

RNA synthesls, ~pled W1th the inevitable stene hi'ndrance associated WIth sueh a protectmg 

group, has led to a lag m RNA synthesls. ThIs gap has reeently been narrowed with the advent of 

lughly'selectlve ~rotectmg procedures, ahd the mtrodliètlOn of the very ~ffici~nt ph~sphI\e tnester ' 

procedure (vule mfra). 

~ 
, '" 

DCC 
o . 

O=p-09 
t 

OH 

1 
" 

o=~, 

R':r-' ~' 
2 3 

FIg. 3. Phosphate lIitster method. 

.. , The phdsphate dl~ster (FIg. 3) methmÎ was tirst introduced by Kho;ana9 for DNA, and. 

later by-thes.ame group, as weil as that of Smrt and Sorm"for RNA 10. In thIs procedure, a 3'-/ 

,-m0noester 1 IS activated WIth sorne appropnat@ eondensing agent, sueh as • 

1 diCYclohexylcarbOdjj~lde, then reacted with the 5'-hydroxyl of a.second nucleoslde 2 to ~ve a 
-, 

dinucleoside phosphodiester, 3. ThIs was the first commonly used syitthetic route to nucleondes. 

However, coU1>ling YIelds are telatIVe~ lo~, and punfication ~f t~e product is difficult, due to the 

charged nature of die dmudéoside. The diester May also react WIth couphng reagents iIL , 

• subsequent steps. 

9. P. T. Gilham, H. G. Khorana,J. Am. Chem. Soc., 80, 6212, (1958). 
10. (a) M. Smith, D. H. Rammler, I. H. Goldberg, H. G. Khorana, Ibid., 84, 430, (1962). (b) J. Smrt, 

F. Sorm, Coll. Czech: Chem. Comm., 27, 73, (1962). 
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Fig:-4. (a)'Phosphate triester method. (b) modified phosphate triester method. 
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The phosphat~ tnester method (Fig. 4, a) ~as originally introdu~d by Todd 11 (the first 

repotted chem!cal synthesis of a dinucleotIde) and reintroduced by LetsInger~2 and Eckstein13. 

TIns method relies upon the activatIon of an zn situ generated 3'-phosphodiester 4, and subsequent 

reaction of this intermediate WIth the,5'-hydroxyl of the second nucleoslde 2 to YIeld phos-
1 

photnester 5. TIns uncharged matenalls eaSler to punfy than the diester, and the yields are 

fugher. In additIon, the tnester ,IS stable, and not susceptible to further reactlon. TIus method was 

subsequentlY Improved by the use of dlffe~en!iajfy proteèted triestèrs (6), which could be made In ... 
a:dvance and stdred for long penods. One group could be removed ln situ to )Ileld 4, followed by 

the usual couphng reactIon. 1111s procedure is referre~ to as the "modlfied" triester route (FIg. 4, 

b), and was introduced by Cramer14 (DNA) and van BoomlS (RNA). Good couphng Ylelds are 

obtained, ~d smce the tnester starting ma~erialls prepared m advance and is qUI te stable, the 

method is amen able to routme use. 

Even Wlth these Improvements, phosphate tnester chemlstry still suffers from relatively 

long couplmg urnes, troublesomé slde products whtch make punficahon tedlOus, an~ i1elds, wluch, 

~\though acceptable for very short sequences, are too low fgr the effiCIent synthesls of very long 

molecules. 

~ 
, t .. ..,..-

" 
• 

~ . 

• . - " 

J 

11. A. M. Michelson, A. R. Todd, J. Chem. Soc., 2632, (1955). ... 
12. R L Leisinger, K K. Qgilvie,1. Am. Chem. Soc., 89, 4801, (1967). 
13. F. Eckstein, I. Rizk, Angew. Qem., Int. Ed. Eng., 6, 949, (1967). 
14. J. C. Catlin! F. Cramer,J. 01'8. Chem., 38, 245, (1973). 
15. J. H. van Boom, P. M. J. Bergers, Tetrahedron· Lett., 4875, (1976). 
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, The introduQÔon of the phosphite tricstcr method16 (Fig. 5) for DNA synthesiS, followed 

by its application to RNA 17, cstablished tlte use of the more reactive trivalent phosphorus reagents. 

An _appro~ately 5' -protected nucleoside 7 is added ta a solution of an alkoxyphosphodichlorodite in 

. a solvent sucb as THF. The 3'-hydroxyl is phosphorylated to give intermediate 8 whiF is not 

isolated. Addition of a 3'-protected nucleoside allows the generation ôf the dinùcleoslde phosphite 
, . 

, triester 9. This!s oxidised in situ wim iodine and water or m-chloroperbenzoic acid to yield the 

desirdd pqosphate tricster. The route is an advance ove!' previous methods in that coupling ytJlds 

are very high, and reaction titrles short. The replacement of one offue chlorine atoms of the 

dicbloridite wim a substituted amUie allows the isolation of the reactive intermediate. This is the 

pùosphoramidite routelS (Fig. 6). 

16. (a) R. L. Letsinger, J. L. Finnan, G. A. Heavncr, W. S. Lunsford, 1. Am. Chem. Sçx;., 97, 3278, 
Co (1975). (b) R. L. Lctsinger, W. S. Lunsford, ibid., 98, 3655" (1976). 

17. (a) K. K. Ogilvie, N. Tbcriault, K. L. Sadana, ibid.~ 99{ n41, (1977). (b) G. W. Daub, E. E. van 
Tam.clcn., ibid., 99, 3526, (1977). . 0 

18. S. L. Beaucage, M. H. Caruthers, Tetrt:zhedron utt., n, 1859, (1981). 
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Fig. 6. Phosphoramidlte method. , , 

The 3'-hydroxyl of the protected nucieOSlde 715 reacted with N, N-
, 

1 Il 

o,~' 

~RO 
5 

dlalkylalkylphosphonamldl~chlonde, under basic conditIons. The resultmg nudeoside 

phosphoramldite 10 15 usu~lly Isolated by precipitation from !:texane. TheSe compounds ar~ stable 

to long term storage. The couphng reactIon conslst5 of activation of the amtflo function Wlth an 

aCld, frequently a tetrazole or a denvatJVe,tfollowed by coupl~with the 5'-hydroxyl of the second 

- nuèleoslde. Oxidation of the phosplute tnester 9 YIelds the phosphate tnéster 5. Couphng 

effiClenCles are sinlllar.w those found usmg cbchlondltes. A variety of ammo groups have been 
, 

used. The origlnal work by Beaucage and Caruthers employed dimethylammophosphoramldltes 

0lhers have used (for example) morpholIno, diisàpropYlamm019, and methYhSOpr?PYlamm020 
> 

groups. 

The synthesis of long nuçleotIde sequences has been greatly enhanced by the use of sohd

phase synthe tic techniques. FIrst mtroduced in the area of peptide chemistry b~Mernfield21, the . 

procé~ offèrs the advantages of high couphng yields, smce large excesses of reagents May be used 

19. L 1. McBnde, M. H. Caruthers, Ibid., 24, 245, (l98~). 
20. S. P. Adams, K. S. Kavka, E.1. Wykes, S. B. Holder, O. R..GalIUPl,J. Am. Chem. Soc., 105,661, 

(1983). ~. ' 
21. R. B. ~errifield. ScIence, 150. 178, (1965). 
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and slmply washed off the support; ease of automation; slmphcity of purification. sitl'ce the product 

<.. is only purified after the last stèp; and small scale. preseIVÎng valuabte and expensive materials. ' 4 

The ~eC~iqUe has been' u~d to good advantage ln thé nucleotide synthes.is area fôr both DNA22 

and RNA23 .. 

. An8tO~ of Nucleosid.es and Nucleotides. 

- .. 
Oeârly, the chemlcal synthesls;>f naturaUy-occurnng nuclelc aClds has been a stlmulatmg 

, ' , , 
and productive field. However, duphcating the work of nature has not been the chemlsts' only . . , 

, \ • , r 

interest m tlus area From Fig. 1, l"t IS easy to see that there are a number of sites m the DNA or 

RNA molecule susceptible to"éhemlcal modIfication. For tlus reason, and because of the mtlmate 
, • 1 

Imk ~e.tween these mOI~les and biologIcal processes, modtfied bases, nucleoslde~ (sugat plus 

base), and nucleotIdes (sugar, base and phosphate) have been extensrvely studled as 

chemotherapèutlc agents, and as probes to study liVIng sYstem~. • . 

~ 

'" .. 
0 o H, ..,X v 1 "J'Cf, HNyC=C~H 

'" O~N 

~O~. 
- ~~ 1 , . 

ott", OH 
11,X= 1 13 
12,X=Br. 

Fig. 7. Base-modlfied nucleoside~. 

r22. Ollgonuc/eotide Synthesis -A Practlcal Approach, M . J. Gai t, ed., IRL PreSS: Oxford, (1984)'. 
23:·(a) K. K Ogil~. 1. Nemer, Tetrahe,dron urt., 21, 4159, (1980). (h) R. T. Pon, K. K. Ogilvie, 

ibid., 25,713. (1984). (c) R. T. Pon, K 1(. Qgilvie. Nucleosid!s, Nucleotides. 3, 485. (1984). 
(d) N.1!sman, Ph. D. ~esis, McOill University, (1986)," 
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1;be .ases have been altereE! (Fig. 7 and below) OY-derivitisadon at vari0!ls positions, 

especially the S·posloons of uracil aud thymme (11, 12, 13), deletion or msertioR of various 
,,"! . >{. 

heteroatoms, or the c~nstruction of entl~ely novel ring systems. In addition, the point of 

attachment to the ring May be changed. Sorne 'of tlÏ.ese rnolecules Will be discussed latér. 

o 

S' , B 

,: 1 ,.~ 

14 

B \, 

. _ . 
~j 

18 

~ 
OH OH 

,; 

d' 

\ ., 

Fig. 8. Sugar-modlfied nucleosides. 

1 • • 

11 

Sugar nngs are àltered (Fig. 8) by addltion or deletion o~ kydroxyls, the; inversion (in the 

case of secondary hydroxyls) or their replacement by other atoms. The sugar ring itself May be 

opened up by deletion ,of oné o~ Jore cartion atoms. The eth~r o~gen May be replaced by other 

heteroatoms or by carbon. The entueruranose sugar May be replated by a different sugar, or the 

configuratipn at the anomeric position (Pin the natural nudeosides) rnay be changed. Analo~es 
• of , ' 

may also provide for linkage between base and sugar at positIons other than the anomeric, or the 

formation of additionatlinks, as in the anhydronucleosldfs (vide infra) . 
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Fig. 9. Linkage-modtfiea nuc1eotides. 

x= 

,\ , 

, , 

1 

O~~-cP , 

1 
o 

O=P-Me , 

1 
0, 

S=p-oS 
" HM- 0- 0-

*H2 . 
b=o 9 

c=o , 1 • 

0- HN-

In operating on the phosphate dlester Iink, chemists have made changes (Fig. 9) in the 

position of the hnk, Qlovmg It to the 2'-poSltIon of the sugar, or forming.2'-~'- or 3'-S'-cyclic 

nucleotldes. Phosphate diesters have been replaced WIth a vaflety of groups, carbonate, 

carbamate, phosphonate, phospnorotluoate and other lInks h~ving been mtroduced. 

U~es of analogues. ~ • 

~ . 

12 

The past fifty years have seen a wealth of agents brought forth to combat dlsease. Most of 

these have been m the field of antibiotlcs. From the early suIfa drugs, through the develop",~nt of . 

pemcillin\ to today's broad spectrum antibiotics, we have had great success in controlling bacterIal . 
IJ1fectJon. More modestly, we have also been able to brIng under control m.any parasltic infections. 

\However. effective treatment of many Vlralll1nesses, rallgmg from the common collto acqUired 

Immune deficiency syndrome (AlDS), has escaped us. Simllarly, many types of cancers are still 

resistant to treatment. The reason for this contrast is to he found in the nature of the IlIiJess. 

Bacterial infectIons are caused by agénts who~ biochemistry is radica1ly different from that of the 
1 • 

hast. Most antJbiotics take advantage of these dtfferences. For example, the p-Iactam antibiotics . 
mterfere with the construction of the bacterial œil wall~ a process which does not exist in animal 

,. 
/ 



. C 

1 

" ) 

13 

.J • 

cells. Thus we can attackSuch bacterIal mfections with relative impùnity from the point ofyjew of . . 
the panent. 

U~fortunately, the same ~onditlon does not obtain)n the case of vira) mfections24. 
,f 

Outslde theJh.ost œil, viruses are essentlally metabohcaJ~y inert. Thus they are not susceptIble to 

attack by most types of drugs. Once the Virus enters th~arget cell, It largely takes over the 
1 

machinery of the host. Targets for drug action :re limited du.e to the need to âVOId t~Clty to the. 

host. ThIs problem has led to gre<Jt difficutties JO the desIgn of effective antiViral agents. 

The same problem anses 10 the attempt tO.treat cancers. Attackmg the cancerous celliS 

often hazardous m that It,~ blOchemlstry IS very slmllar t,o that of the normal œil, and often It IS 

necessary to rely,on methods such as surgery or r'âdlatIon therapy. These procedures are often " 

dangerous or even hfe-threatening in themselves. Chemotherapy is t;me-(onsum~/g, and usually 
t... \ 

has side effects whIch are at least unpleâSant, and often dangerous. The drugs u ed are generally 
.,'" . 

very tOXIe, and reslstance IS frequently'encountered. Since nudeic aClds are so fundamental to the 
t 

groW1l). and reproducttof! of cells, many nucleoslde and n!ldeotIde analogues have been explored, 

with sorne ~uccess, as antitumor agents, m the hope that they will be more toXIC to th' tumor ceU' 

tnan to the hosto The search foreffectlVe antItumor and antIViral àgents based on analogues of 

nudeic aCId components has been reviewed ~xteosively 10 recent years25. Sorne analogues have 

èeen found to be effective as chernotherapeutIc agents. Examples (Fig. 10) are FIAC (19), , 

, 

acycloVIr (20), arabmocytldme (22), and arabinoadenosine (23). BIOLF-62 (21, DHPG, NDG) IS 
~ ,~ 

effective against herpeSVlfUses. 

r 
24. M. S. Hirsch. J. (!Kaplan, SC/entifie Amencan, 76, (M~, 1987). 
25. (a) E. de 'aercq, Chem. Scripta, 26,41, (1985). (b) E. de Oercq, NûcIeosldes, Nucle9tzdes, 4,3 •. 

(1985). (c) R. Dohn, Sczence, .227~ 1296, (1985). (d) B. Oberg, 'N.-G. Johansson, J. 
Antirpicrob. Chemother., 14 (SUppl. A), 5, (1984). (e) R. T. Walker, ibuI., 14 (Suppl. A), . 
119, (1984).(f) R. D,at~ma, N.-G. Johansson, B. Oberg, Chem. Scnpta, 26, 49, (1985). (g) 
A. Holy, ibid., 26,83, (1985). (h) 1. A. Montgomery,Ace. Chem. Res., 19,293, (1986). {i). 
R. K. Robms, Chem. Eng. News, Jan. 27, (1986); p. 28. 
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Fig. 10. Sorne nucleOSlde analogues Wlth chemotherapeutit actJVlty. 

Other analogues are syntheslsed as probes of enzyme actIve sItes. This IS especJally true of 

the pho5phorothioate analogues, wruch have been used to determme the stereochemlstry.of the 

active sites ofvanous phosphodJesterases. In other cases, fluorescent base-modlfied nucleosldes 

~ave been mcorporated mto nucleotlde sequenc~ as reporter SItes, to determme the biochemlcal 

.« 1.atc of the sequence. This 15 partl~ularly usefuL 10 hybndlsatlOn studles, where fluorescence tags 

may be used m,stead of r~diolabels. It IS not the purpose.of thls introductIOn to glve an exhaustIve . , . 
description of the different types of analogues whlch have been reported. Rather, a short reVlew 

of the sugar-modlfied nucleosldes, and phosphate-modified nucleotldes Will be presented. A 

review of the general area has re~ently been pubhshed26. 

'The work to be desènbed in trus thesls is diVlded into two parts. In the first, a method for 

selectively syntheslsmg arabino- and xylonucleosldes IOvolvmg ail four common bases will be 

described. In the second the syntheslS and charactensation of a novel nonionic nuc\eohde 

}lA ~ analogue Will be reported, along with sorne physlcatstudies. Thus, at trus point, the field of sugar-

modlfied nucleosldes Will be descnbed • 

. ------------
26.1Nucleositks, Nucleotides, and their Biologrcal Applications. J. 1.. Rideaut, D. W. Henry, 1- M. 

Beacham m, eds., Proc. 5th lnt. Round Table, Academlt Press, N. Y., N. Y., (1983) . 
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Sugar-modlfted nucleosliles. 0 

A wide variety of sugar-modlfied nucleosi4es have been reported in the Iiterature. These 

rnay be broadly categonsed as halosugar nucJeosldes, C·nucleosldes, nucIeosldes mvolvmg sugars 

other than nbose or 2-deoxyribose, anhydro- or cycIonucleosldes, and sorne miscellaneous 

analogues. 

Halosugar nucleosldes are generally syntheslselj by replacem~nt of one of the hydroxyls of 

> the natIve nucleoslde Wlth the deslred halogen-Usually tIus IS accomphshed by convertmg the 
,"\/ 

hydroxyl to a good leaVIng group, followed by nucJeophIhc dlsplacement by halogen, In thIs type of 

'approach, care must be taken to avold mvolvement of the base to forrn an anhydronucleoslOe. 

althoug1lthis-.eaction rnay be lised as patt of sorne syntheses. 2,5'-,2,3'-, and 2,2'

anhydronucleosldes rnay form (24, 25, and 26, rèspectJvely). 

'0 

Y:.J 
t} 

OH OH 

24 

o 

· Jl~ Hi::) 
OH 

25 
OH 

26 

In the 1960s:Pox'and coworkers27 reported a sene~ of studies 10 WWch 2'-deoxy-2'-fl~oro 
~erivatIves ofundine, 5-fluoroundlfle and cytldme (28, X=O or NH. R:::H or F) w~re synth.esIsed 

by treatrnent of the 2,2'-anhydronucleosldes (27) Wlth hydrogeh fluoride (Scherne 1). The 

ste,reochernical course of tlus reaction gJVes the halogen substItution m the same configuratIOn as 

the original hydroxyl. The same group produced 9-(2-deoxy-2-tluoro-crand"Jj-D-arabmofuranosyl) 

aderunes by fusion of the f1uorosugar Wlth 2,6-dlchIoropurine. The anomenc rnixturé was 

separated, ,and the base converted to ademne by ammonolysls of the 6-chloro substItuent, followed 

.' 
27. (a) J. P.. Codmgton, 1. L. Doerr, J. J, Fox, J. Drg. Chem., 29, 558, (1964). (b) 1. L. Doerr, J. J. 

Fox, Ibid., 32. 1462, (t967). (c) J. F. Codmgton, I. L Doerr, J. J. Fox, Carbohyd. Res., 1, 
455, (1966). 
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hydrogenolysis bf the 2-chloro group28. This ~e laboratory haa a1so reportcd the synthesis of 

severa1 other tluorosugar-oucleosidcs29. \ 

Schemc 1. 

OH 

27 

.. 
x 

. ~R 

,HN 'uJJ ~N 
) 

,,28 

Veëheydeo~ Moff~ used methyltriphenoxyphQsphonium i~de to replace the S

hydroxyl o&various nucleosides to gi~ the S-iod~S-deoxynucleosides (19, X-I). In some cases, 

the unprotected nucleoside could he used with good selectivity, white ID others, the 2',3'·0· 

16 

" isopropylidene derivative gave good resultS. Thcse workers also found that considerable amounts of 

, anhydronudeoside (30), the product of rea~on between the heterocyclic base and the 5"~riroxyl of 

the phosphonylated lntennediate, were fonned under the b8.$Ïc conditioll$' of the reactton. These 

/ 

. " 
workers also found31 thit the Mitsonobu reaction of carbon tetrabromide or tettachlo'nde, 

triphenylphosphinc and the S'·hydroxyl groups of some 2', 3'·protected nucleosldes gave the S'·halo· 

S' .deoxynucleosides 29 in good yield. The same reaction with no secondary hydroxyl protection led 

to slightly reduced, but still qui te respectable, yields of the same product. Protection of the prunary 

hydroxylled to quitc selective reaction at the 2'·position of nbOnucleosides, Wlth brominatmo , . 
p~oceeding with retention (32) and chIorination with inverslon(31). 

"-c, 

\ 

28. J. A. Wright. N, F. Taylor, J. J. Fox, J. Orr. Chtm., 3<4. 2633. (1969). 
29. J. A. Wright. D. P. WaJson. J. J. Fox,J. Med. ar.". .. 13,269,. (1970). 
30. J. P. H. Verheyden, J. G. Moffatt,J 0,.,. OIma., 35,2319. (1910). 
31. J. P. H.lkrbeyden. J. G. Moffatt, Ibid., 37. 2289. (1912). 
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OH OH 
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A German group synthesised 3'-deoxy·3'-f1uoroundme (33) by buildmg the heterocychc 

nng directly ooto 5-0-beozyl-3-deoxy-3-fluoroarabinose32. This reactton sequence proceeds m . 

17 

low yteld' but proVldes an unequIVocal route to the deslred compound. TIns same group also 

reported, 1." the same publicatIOn, a lugher YIeld route based on the anhydrous hydrogen f1uonde 

c1eavage of 2,3' -anhydro-1-(8-D-xylofuranosyl)uracil 25. This yields a mixture of tlle 3' -substItuted . 
and 2'·substItuted products 33 and 34 In a 2:3 ratIo. The authors speculated that the latter 
• 

product is thè result of the rearrangement of the anhydro hnk from the 3'- to the 2' -posItIon, 

, followed by HF cleavage. TIus group has also reported the synthesls of several other 

fluorodeoxynucleosldes 10 the pynmldme senes33. 
,.-'\ 

-' 

, \ 

32. G. Kowollik. K Gaertner, P. Langen, J.,Carbohyd .• Nucleosides &: Nucleotides. Z. 191. (1975). 
33. (a) G. Etzold, R. Hlntsche. G. Kowollik, P. Langen. Tetrahedron, 27,2463, (1971). (b) P. 

Langen, G. Etzold, G. Kowollik,Acta Biol. Med. Ger., 28, K S, (1972). (c) P. Langen, G. 
Kowollik, G. Etzold, H. Venner, H. Reinert, ibid., 29, 483, (1972). 
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HO F 

o 

~ ;t) 
~ 

F OH 
. 33 34 

. r . " 
An and Bobe~4 dev.eloped a route, based on the!r own gem-ditlu~rosugar syntnesls (ref . 

1 oftherr paper), to 2'-tlu.oro-2,'-deoXYUridine analogues (35) Wlth the heterocyclic base ~ttache? at 

. the 2'-posltIon of the sugar (ln this case a pyranose). MetID'13,4-dl-û-acetyl-2,deoXy-2,2-,<htluoro-
• 

D-erythro-pentopyranoslde was treated with HBr In methylene chi onde to gJve the 2-bromo-2-. . . 
tluorosugar. 11us was coupled W1th tnmethylsIlylated uracIl ln the presence of mercunc oXlde-mer-

cune bromlde to gIVe exciuslVely the base ln the arabIno configuratIon. The a and {j anomers were . . . 
separated and the stereochenustry asslgned on the basl! of the p~oton couphng constants .. These 

, , J 

molecules showed antItumor actMty ln leukemJc mlce~ 

B ,-

?( 

AcO F 

35 

1/ 
Another pomt at whlch chcousts have modlfieeS nucleosidc strUcture 11 at the attathmcnt 

of the base ta the sugar. Ndtmally, thë base IS atuched,vtl a ntrroaen .tom. rypia.lly N-9 in 

34. S.-H. An. M Bobek. TnraMdron Len., 27. 3219 (1986). \ 
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purines and N-1 in the pyrimidjnes. However, a few rare natural nucleosldes, such as 

pseudouridine, have a carbon-carbon glycosldic bond. ~ecently, a rrumber of synthetic C

nudeosides have been mvesngated as potential therapeutIo agents. . . 
o. ( 

HO OH HO ·OH 

36 37 

19 • 

For example. Furukawa et al.35 syntheslse~ a senes of 3-(B-D-nbofuranoSYl)pynd~mes 
(e.g. 36) by reactIon of 2,3,5,-protected nbosyl bromide Wlth 2-(chloromercuri)furan to give an 

anomeric mIXture ~f the nbosyl furanoside. ACld treatment epimensed the a to the /3 anorner In 

good }'Ield. The ~fur'an nng was thèn converted to the pyndazme Vla bromme-methanol oXIdatlOn. 

followed by treatm~nt wlth hydrazme under aCldlc conditions. Acton and Ryan 3 6 noted that the 

therapeutIc potentlaI of tluoguanosme was d~feated by its bi910gisal cleavage to thloguanme, 
o " 

• wluch IS more tOXIe. They thus syntheslsed the related C-nucleoslde, 3-glycofuranosyl-5-arnmo

pyrazole[4,3-d]pynmldlne-7-thione (37), whIch IS slrnIlar to the preVJously known formycms. No 

bIOloglcai results were reported. • 

In 1978. Schaeffer 'and coworkers37 reported the synthesis and antMral actlVlty of a 

number of nucleoslde analogues (14) in whIch the sugar was replaced WIth a 2· 
, 1 

hydroxyéthoxymethyl group. The most actIve compound contamed guanme as the base. Tlus 

compound. known as acyciovlf, IS one of the few effectIve antiVIral agents currently In chmcal use, 

and is especially effectIve agamst the herpes group of viruses. The chloromethylether (v/de mfra)of 

the side chain was coupled Wlth 2,6-dlchioropunne. The 6-chioro function was ~hen dlsplaced WIth 

ammoma 10 methanol, followed by mtrous àCld deammation. Ammonolysis of the 2-chioro group --.1 

gave the deslfed guamne derivatlve. TIus was the first reported acyc\onucleQside havmg significant 
, 

35.1. Maeba, K. Iwata. F. Usami, H. FUrukawa,J. Org. Chem., 48, 2998 (1983). 
36. E. M. Acton, K. J. Ryan.!. Org. Chem., 49, 528 (1984). 
37. H. J. Schaeffer. L. Beauchamp, 'P. de Miranda, G. B. Ellon, D. 1. Bauer, P. Collins, Nature, 272, 

583 (1978). 
\ 

ct .~-



20 

0 . aosnOj-OH Hel 

BnO > 
0./".....0 

.,; 

38 lo) 

BnO 
_____ ... I!-',~O~CI \ 

BnOJ 
4~ 

l , 
39 

" 

-<1 8 

OTMS 

't B- .Nj 
- TMSO~N 

\ 

-
BnO -

~o~ur 
BnOJ. --

• 

\ 

~HOCH,ur ........... __ 8 ___ R.c~CH. 
'" • 0 

o 41 , 



c 
1 

antiviral activity. Subsequently. a variety of groups began publishmg reports of a ver;y Wlde vanety 

of açyclic analogues. OgilVIe el al. 38 reported even greater actlVÎty for ~nother analogue, 9-[[2-hy

droxy-1-(~ydroxymethyl)ethoxy]-methyl]guanine (BIOLF-62. ~1). wluch bears two primary 

hydroxyls. It rnay be pictured as guanosme Wlth the 2' -carbon removed. The actlVIty of this 

com~ound was"subsequently reported by other groupg39.' ThIs pau of find10gs has stJrred a great 
1 

Interest in the synthesis of simllar anaiogues40 wluch va~ elther 10 th~ nature of the heterocychc 

base. or the acyclic side chain. These later cornpounds have not exJubited the patent antiVIral 

actMty of BIOLF-62 and acy~loVIr. 

Most of these synthe~s are baSl1d on the chloromethyl or the related rnethYl 

tluomethylether route for creatlng th,e sIde cham and attachmg It ta the base (Scherne 2a). For 

example. In the ca;e of BIOLF-52, 1,3-dl-O-benzylglycerol (38) IS treated Wlth anhyd'rous 

hydrog~n chlon1le and paraformaldehyde (39) to yleld chlorornethyl ether 40, wluch IS then 

coupled Wlth the p~rsIIylated base. AlternatlVely (Scherne 2b), the protected glycetolls treated 
") 

Wlth dlmethylsulphOlade In acetlc acÎd/acetJc anhydnde to YIeld the methyl thIOmethylether (41), 

wluch IS then coupled ta the,base. DepmtectIOn Y1<:lds the final product Other routes have also 

been used. (S)-9-(2,3-dlhydroxy-1-propoxyrnethyl)guamne was syntheslsed41 In enantlOmencally 

pure form by coupling the base ta the chloromethy\.ether of methyl 2,3,4,-tn-0-benzyl- -D-
\ 

glucopyranoslde, followed by debenzylatJOn, sodIUm penodate oXldatJOn and sodIUm D0rohydnde . ' 

. reductlOn. ACId. hydrolYSlS of the resultmg hernlacetal gave the deslred product. renodate 

c1eavage followed by borohydnde reductlon was also applled to the synthesls of a senes of 

trihydroxynuc\eosldes, dus tIme wlth the reagents supported on resIns42. ThIs route IS used to 

cleave the 2'-3' carbon-carbon bond m ail four common nbonucIeosldes, followed by in SItu 

reductlon of the dlaldehyde product (42), ta glve the deslred tnhydroxy compound (43, Scherne 3) 

" 

38. K.'O. Smith, K. S. Galloway. W. L. Kennell, K. K. Ogtlvie, B. K. Radatus. Antlmlcrob. Agents 
, Chemother., 22, ~5 (1982). . , 

39. (a) W. T. Ashton, J. 6. Karkas, A. K. FIeld, R-L Tolman, Biochem. BlOphys. Re~. Comm., 108, 
1716 (1982). (b) J. C. Martm, C. A. Dvorak, D. F. Smee, T. R Matthews, J. P. H. • 
Verheyden:J. Med. Chem.~ 26, 759 (1983) 

40. (a) H. J. Schaeffer, NucleosIdes, NucleotIdes and thezr BlOlogzcal App/zcaflohS, J. L Rldeout, D. 
W. Henry, L M. Beacham 1 II, eds, Academlc Press, N:Y.: N y. (1983). 1, and refs. 
therem. (b) M. A. Tlpple, J. C. Martm, D. F. Smee, T. R Matthews, J. P. H. Verheyden, " 
Nucleosides &. NucleotIdes, 3, 525 (1984). (c) M. 1. Robms, P. W. Hatfield, 1. Balzanm, E. 
De qercq,J Med. Chem., 27, 1486 (1984). (d) K. K. OgIlVIe. H. R. Hanna, N. Nguyen-ba. 
K. O. Smith, NucleotIdes & Nucleotides, 4,507 (19.85), and refs. therem. (e) S. BOisvert, Ph . 

..., D. Thesls, McGllI UmveTSIty (1986). ' 
4l:M. MacCoss, A. Chen. R L Tolman, Tetrahedron Len., 26,1815 (1985). 
42. M. Bessodes, K. Antonakls, Tetrahed,ron Lett., 26, 1305 (1985). 

_____________________________ ~ ____ ~ ______ ~w. .. ~.f'~----~----
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This oxidati~n wa.s fml . '~d to nudeosides by Todé3 in 4 study to detemune the 

s.tructure of some synthetic nucleo . The reduction of the dialdehyde with borohydnde was 

. introduced by Lerner44 for the $~thesis of lrihydroxy nudeosl<ies. [viore recently, tlus route has 

been examined by de Clercq 45 as a means of preparing' a range of acydouridine denvatives. Some 

EP:,0vps bave lDcorporated these acyclic nucleosides 'into nudeotide seqüences46 

One area heavily examined in the past three decades has been the SyntheslS of nudeoludes , , 

containing sugars whose hydroxyls bave.unnaturaJ configuratioas. In parucular. modificalions 

involving the selective mversi9n of one or 'Vore hydroxyls to c,reat~ arabmG-, xylo-,or lyxonucJeo51des 
/ 

(44, 45, 46) have been extensively IDvcstIgated. ArabinonucleoSldes bave been used ~ anutumor 

and antiviral agents. The s~theslS of these mole cules is not tnVIal, slDce lbere 15 (he problem or 
selective protection o~ydro:xyls, ln order to perform reactions al only the deslTed p<>slllon (2' or }' 

o • 

for ribonucleosides, 3' for deoxyribonueleosides). Furthermore, involvemenl Wlth the base 

(anhyw;onucleoside formation) IS a common dilliculty Part of the résearch desc:ibed ID Ihls the:'\J!Il 

was directed toward development of if simple and broadly appliCfble route to xylo- and 

arabinonuc1eosides. 

..... ' ,.. 

43.A. Todd,/. Olem.Soc., 592(1944). 
44: L. M. Lerner, Carbohydr. Ru., 13, 465 (1970). 
45. A: ,'i. Jones. M. J. Mcàean, H. Tanaka, .R. T. Walker, J. 8aJzanni. E. de Clercq, Ttt1Gh~drott, 41. 

5965 (1985). '. / . 
46. (a) S. N. Mikhailov, W. Pflelderer, Tttrahtdron La.,U. 2059 (1985). Cb) C. Ju~, M. Sc. Thela.&. 

~' , . 

McGill,Universlty (1986) 
,. 
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Metflods of synthesÎsing these compounds may he divided into two grQUps. Fust. a suitably 

~rotected sugar with the desired stereochemistry may be fused with the nucleoside t.mse to give the 

desired pr.oquct. The use of participâ,ting protecting groups al the 2-po~tion o! the sugar may 

ènsure a trollS relationship between the 1- and 2-substituents if the reaction foIIows BaIcer's trollS 

ruIé7, 

' . 

_~ .. R~~ 
\-f;;p 

. ~ 
__ B ... t ....... \-( 

RO O-C-R' RO O-C-R' RO O:..:C " \ , o R 

47 

Scherne 4. Baker'Sttrans rule . 

• ." 

• 48 

• 
49 

Baker's rule states that, if an acyl protecting group (usually cetyl) is present at the 2-

Il 
o 

position of th~ sugar (47), the pr.oduct of glycosidic bond formation . be trans to the 2-hydroxyl. 

In other words, the fusion reaction between. a nucleoside base and a su with a participating ~oup 

47. (a) B. R. Baker, J. P. Joseph, R. E. Schauo, J, H. Williams,!. Org. Ze11J., 18,1786 (1954). (b) B. 1 
R. Baker, Ciba Found. Symp. Ozem.J)iol. Punnes, G. E. W. WoIstenholme, C. M. 
O'Connor, eds., Little, Brown & Co. Boston (1957), p. 120 . 
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participating group at the 2-positIon WIll yield a nueleoside W1th a trans relationsJup between the 

, base and the 2'-hydroxyl. This May be \lSeful for the synthe SIS of ribo: or xylonucleosldes, but . 

mterferes Wlth the synthesls of aranucleasldcs, which display a cis relatlonship between the base 

• and 2'-hydroxyl. The stereospeclfity of glycosytatlons which follow the rule Îs thought b be due to 

the mtermediacy of an orthoester (48. Scheme 4). The use of nonpartlcipatmg pr.otectlon, such as 

benzyl ethers. almast mevitably ytelds the anomenc mIXtUre Wlth respect ta the' glycasldlc bond. ' 

with the punficatlOn probl&1s assoclated Wlth trus type of mIXture. Indeed, the Cl anomer May be .' favaured due to tl!e anomenc éffect. Usually the natural Qanomer IS deslred 

Alternatlvely, one may take the naturally occurring nbonucleoslde or deoxynbonucleowlc 

. and operate on It to Invert the stereochernlstry at.the deslred posItion. 11l1s usually Involves some 

forrn of selectIVe protection, whlch has often been dlfficult ta achleve. The usual approaches to 

mverslon at a secondary carban beanng a hydroxyl group May not be effective, smcç conversion ln 
. , 

a good leaVlng g~up, followed by Sn2 dlsplacemert by water, for example, May inVite the 

formatIon of anhydronucleoslqes (see S~~eme 5) Untt! the start of our work, there was no 

general method ln the hterature for the sy~.thesls ~f xylo-. and arabmonucleosldes. 

0 0 

H~:J NI:) 
O~N '" 

# \ N 
, ' -HOX H ... 

\ . ' 

50 • 
2. 

\ 

Scheme 5. 

? 
The synthes1s of ara- and xylonucleos1des gocs back more than three decades. In the late 

. 1940s and early 1950s, Lythgoc pubhshed 'a senes of papers48 ln whlch xylonucleosldes of ademne 
" "'. 

(45, oaadenine) and theophylhne were descnbed. The fully acetylatetJ xylosylchJonde was coupled 
( 

• 1) \ 

48. (a) t... W. Bnstow. B. Lythgoe,J. CMIJ'!. Soc., 2306 (1949). (b) P. Chang. B. Lythgoe, Ibid., J992 
(1950). 

1 

\ 



c 

1 

. ' 

, 

} 

H 

-
/ , 

25, -

cr 1 

with the base (as ItS silver salt) to yield only the IHorrn of the nucleoslde. The route requiçed the 
" , 
tedious, multistep synthesis of the prDtected sugar, and the final product was obtained in only 

moderate (40-50%) yteld" 

Baker and Schaub49 started trom-2,3,5-tn-O-benzoylxylofuranosyl·~hlonde, followed by 

fusion with a modlfied adenine, and a long senes 'Of synthetic manipulatIOris, ta arnve at the 

J 

arabmo analogue ofpuromycIn. B.aker also sry_~~Slsed50XYIQ-A (45, B;::ademne) from 2,3,5-tn- j 
O-benzoylxyfuranosyl bromide by couphng Wlth the N-protected base In the presence of mercury 

salts. The deslred product was tecovered m moderate yteld. 

In a study on Hie synthesis of nbonucleosides by the fuSIOn method, Fox et ·a/.51 fu~d the 

mercury denvative of N-ace.tyl cytosme WltH tn-O-benzoYI-D-~ofura~osyl chlonde ta make, after 

deprotection. t-I3-D- xylofpranosylcytIdme (xylo-C, 45, B=cytosine.) ln good yteld. A synthesis of 

ara-A (23) was reported52 whIch was,based on the formatIOn of the 2',3'-aooydronucleoslde (51) 
- .. 

denvéd from xylo-A (45, B=ademne) by dlsplacement of the 2' -mesylate. ThIs epoXlde was then 

opened by heatmg Wlth sodIUm benzoate m mOlst DMF to }'leld predommantly the araIllOo 

nucleoslde. This prodl;lct was contammated Wlth a small amount of the xylonucleoslde. -

Interestmgly, nO opemng of the epoXlde occurred when the solvent was changed to dlglyme. The 

authors postUlatect that a complex IS formed between the DMF and the benzoate ion wluch 

"mcrea.sed the IOn's nucleophIllcJty, 

51 52 
l' 

- Yung and Fo;rS3 i'eported the synthesls ofxylo-U (45, B=uracil) by the mesylation of 2',5'-
, 

di-O-tritylurfthne, followed by sodIUm benzoate-DMF-water treatment to give the 2,3'-

49. B. R. Baker, R. E. Schaub,J. Am. Chem. Soc., 77, 5900 (1955). 
50. B. R. Baker, K. Hewson,J. Chem. Soc., 966 (1957). , 

. 51. J. J. Fox, N. Yung, 1 Wempen, I. L. boerr,J. Am. Chem. Soc., 79,5060 (1951). 

1 

52. (a) W. W. Lee. A. Bemtez, L. Goodman. B. R. Baker,J. Am. Chem. Soc., 82. 2648 (1960). (b) , , 
E.1. Relst, A. Benitez, L Goodman, B. R. Baker, W. L Lee,}. Org. Chem., 27. 3274 
(1962).' . 

53. N. C. Yung, J. J. Fox, J. Am. Chem. Soc., 83, 3060 (1961). 
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anhydronuc1eoside (25). Treatment with aq1.Jeous base, followed by detritylation, Icd to xylo-U. The 

3',s-isopropylidene derivati~ of this Molecule could he mesylatcd, and treatt'.d with base to form 

the 2,2'-anhydronucleoside (26), which could 15e opened to yield lyxo-U (16. B-uracil). 

Many of the syntheses involving fusion of a base with the tetraacetylated sugar tend to give 

only the p-anomer if the 2' -hydroxyl is in the "down" configuration, and this has,been postulated 

(vide sup~ to be due to the inte~ediacY of an ox~carbonium ion. A cav~at was provided in 196354• 
by bee et al. This group found that fusion of various pyrimidines W)th tetra-O-ncetyl xylose gave . 

" anomeric mixtures of the nucleos~_.!hcy proposed that the xylose configuration reduced the 

sterie hindrance of the "botto~" si de of the stlgar ring, eompared to the ribose configuration, 

allowing âpproach by the incoming héter'ocyclic base from either side. .. . 
The use of nonpartlcipatmg p'ro~ecting group~ was cxplored by Glaudemans and F1etcher55 

wh~ used 2,3,5.-tri-O-benzylarabinofuranosyl chJOridto couple to N-benzoyl aderune in the 

presence of molecular sieves. The p-anomer of arfA, (23) was the major product, isolated lJl 4t?% 
yield. Some a-anorner was also isolated. •. . ~ 

In a successful attempt to prove thct<5truct~e of, some 2' -~alogenated uridines, Fox tt al. 56 

made the 3',5'-di-O-trityl derivative of the supposed 2'-hàlogeno-2'-deoxynbonucleosides and 
~, . 

troated them with base. The product was ditrityl ara-U (53), produced by 2,2'-~ydronucleoside 0 

. formation, followed by hydrolysis of the anhydro bridge (Scheme 6): 

TrO 

~ Scheme6. 

Tr ... 

o 

~:J 
~N 
a 

54. W. W. Lee, A P. Martinel, G. L. Long, L. Goodman. O'tIn. [nd. (London), uxn (J963). 
v15. C. P. 1. Glaudemans, H. G. Fletcher,}. 0'1. Chem .• 18. 3004 (196}). 

56. J. F. Codington;" 1. L. Doerr, J. J. fox./. 0'1. O,em., 29, S64 (1964). 
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Reist and Gaodman57 made ara-G (44, ,=:= guanine) by th~ fusion of 2,6-dichloropurine 
• J , 

and xylofuranose tetraacetate followed by a lengthy series of synthetic steps to arrive at the 
, 1 

aranucleoside. They essentially followed the procedure of Lee 52a and proceeded via the 2',3'-

epoxido (52). The same group58 aIso prepared 5-deoxy-ara-A from its xylo counterpart by 

tosylation at the 3'-position followed by fonnatiDn of the lyxàepoxide undervasic conditions. 

Tosylation at the 2'-position led similarly to the riboepoxide. The lyxoepoxide could then-he opened " 

• by base to yield a mixture of the st~ material (S' -deoxyxylo-A) an'd the desired aranucleoside in 

a ratio of about 1:2. 

~ ___ -! .. ~R~ 
HO OR '.' . 0 OR 

~ 55 

~-)...,.---..... 

RO OH 

56 \ 

Scheme7. 

'" , 

__ ......... R~ 
.1 OR 

45 

l'. 

Moffatt et al. 59 took a new approach to the problem (SoIaeJne 7). They.' protected the 2'- • 

and 5'-hydroxyls of a nuc1eoside (uridine or cytidine) with tntyl groups (54, R=trity~ B= uraci! or 

+ 54 

, cytosine). Oxidation using dicyc1ohexyl-carbodiimide and DMSO led to the 3'-ketouridine (55), . " 

which was then redùc~d with sodium borohydnde to gtve a mixture of the ribo- and xylonucleosides 

(54 'and 45) in a 1:2 ratio. The arabinonuc1eoside was made in the s~e way starting from the 3',5'

di-O-trityl n*,nuc1eoside (56). ,This approach obVlates the need to separatea,p-anomeric pairs, ~ 

57. E. J. Reist, L. Goodman, Biochemistry, 3, 15 (1964). , 
58:-,E. J. Reist, V. J. Bartuska, D. F. Calkins, L: Goodman, J. Org. OJem., 30, 3401 (1965). 
59. (a) A. F, Cook, J. G, Moffatt, J. ...:1m, OJem. Soc., 89, 2697 (1967). (b) U Brodbeck,- J. G. Moffatt, 

J.Org. OJem., 35, 3552 (1970). 
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avoids the tedious synthcsis of sugars required for most fusion synthescs. However .. the diprotectedo 

starting maleria! is difficult ta prepare in good yield, sincc the secondary bydroxyls are almost ' 

equally reactive. , 

Lunzmann and Schramm60 succeeded in making ara-A (44, S-adenine) as the anomenc 

mixture by simply heating the free base and arabinose with phenylpolyphosphate in mOlSt acidit 
t 

DMF. This led to a 3:2 ratio of the anomers, in favour of the o. 

In 1970, Shimizu' ~d Shimizu61 reported the fusion sylilheslS of ara-C (44, B· cytoslDe) by 
~ 

the fusion of 5-0-carboethoxy-3-0-tosyl-2-0-acetylxylofuranosyl cWonde wilh tnmethvlsllyJ.N 4 . . , 
acetylcytosine in the presence bf mercuric bromlde.This Jed to the f3 anomer of the protectcd 

xylonucleoside. Deacetylation led to 2' ,3' -riboepoxide fonpatlOn (52, B· cytosine) which wns ln lurn 
'" 

followed by formation of the 2,2'-anhydronucieoSlde. Alkaline operung of Ihe anhydro llOk led 10 ) 

the desired aranucleoside. The dea\.Ctylation conditions (methanol-wateHodium hydrOlode) Icd dl

reetly to the product without isolatton of any of the intermediales 

Nagyvary and Tapicr062 made aracytidine-3'-phosphale by mesyJ- or IO!'oylchlor;dc.a:,sl!\led 

'" c1eavage~2',3'-CYclk phosphate (protc;cted at 5' and ~ by acetyl)IO form the 2,2'· 

anhydronucleoside, which was th::n opened with aqueous blcarbonatc. Altematlvely, the S"pOM[IOn 

could be left unprotected, and the base protected W1th dimethyJammomethylene. and [realed ID J 

similar way to give a somewhat hlgher yteld of the arabinonucleotide. " 

ogùvié3 syntheslSed ara-C (44, B .. cytoslDe) by heatmg cytldlne ID m('m.l 

- dimethylforntamlde W1th diphenyl carbonate and sodiwn bicarbonate. l,Z'·Anhvdro<:ylldlne 15 

form~d, and cleaved ln Situ by hydroxyl ion 10 yteld the desltcd product. 1 

Xylo-G (45, B", guarune) was syntheslSCd64 by the fUSIOn of sllylaled 2·acelamuJo-6· , 
chloropurine W1th 2,3,5-tn-O-acetyl-D-xylofuranosyl bromlde in the pre5ence of mercunc cy.IDIIJe 
Q, , (. 

followed by treatment with base to remove protcctmg groups .wd coovert 10 [he 6~1)"() fmm 

Similarly, fusion with the arab"lDoside gave the anomeflc m1Xlure (1 1) nf the arabinonuc!coMdc (.u, 

B ca guanme). This m~ure ;"'u-not separated. The same group had prcVloll.\ly ,ynthelL'\CdlJ.'l xylo (; 

by fusing the protected base Wltb l,2.3.5-tetra-O:acctylxylofuranoude ln Ihe prescpcc of .1 Ffledcl

Çrafts catalyst (aJuminwn chlonde) and chlorobeoz.ene. ThlS aào gave Ihe anom-enc mIXture I~ 

addition, glycosylauon of the base occurred al both N 7 and N9, resu1tln~ ln il comphqslcd mlxturt' 

60. ù. Lunzmann, G. Schramm,B/Ocium. Biophvs. Acta,169, 265 (1~) 
61. B Sh.un~ F. Shimizu. D,em. Pluum. BuJ/ • 18, 1060 (1970) 
62. J. Nagyvary, C. M. Taplero, TttraJu!dmn Lm • 3481 (1969) 
63. Je. K. OgilVlC, Camo. Ru .• 24, 210 (1972). 
64. W. W. Lee, A. P. Martmez. J- Goodman, D. W Hcmry. / Off Olem • J'J', ZCJ2J (1112). 
65. W. W. Lee. A. P Martinez. L Goodman, J. O~ a.em . J6, 1W2 (1971). 
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Ikehara and Ogiso66 were able to produce ara-A by the cleavage of 8,2' -anhydro-8-oxy-9- -

?
D-arabinOfuranOSYladeninC (58) with hydrogen sulfide (Scheme 8). This gave the 8-mercapto' 

denvatlve of ara-A (59, R =SH). Removal of the mercapto group Wlth Raney ruckel, or preferably 

oxidation, glVes ara-A (44, B=adenine). Chattopadhyaya and Reesé7 used the same 8,2'

anhydroadenosine to malee .ara-A, this time by hydrazmolysis, fdllowed by treatment with yellow' 

mercuric oxide. Treatment of the 8-hydrazinoara-A (59, R=H:zNNH-)with sodium methoxide was 

equally effective in removing the hydrazino group. The same authors reported68 that a similar 

procedure could be used to produce ara-G (44, B = guanine) and some of its derivatives. 

Rôbins ef al.69 used the riboepoxide rout,. tç wnthesise xyloadenosine. The 2',~? 
riboepoxide (52, B = adenine, protected at the 'S' -hydroxyl) was ~pened with sodium benzoate in 

moist DMF, followed by treatment with sodium methoxide to remo;'e protecting eroups, to give the 

xylonucleoside in good yield~ Alternatively, treatment of the 5'-protectetl xylonllcleoside with mesyl 

chlonde, followed by methoxide ion, led to the formation of the lyxoepoxide (51, B = adenine), along 

with deprotection. 

A rather long procedure was used by Ranganathan 70 to malee ara-A (44, B II<: adenine). An 

arabinothionoxazolidine was used as the starting material, and the base was built onto the sugar in 

five steps, in an ~verall yield of about 40%.' The author suggests that, with approp~te substitutio~ 
of the starting materials, a variety of p,IlfÎne nucleosides.could be constructed via thlS route. 

, 66. M. Ikehara, Y. Ogiso, Tetrahedron, 28, 3695 (1972). 
67. J. Chattopadhyaya, C. B. Reese,J. a,em. Soc. Chem. Comm., 414 (1977). 
68. J. Chattopadhyaya, C. B. Reese, Synthesis, 908 (1978). 
69. M. J. Robins, Y. Fouron, R. Menge!, J. Org. a,cm., 39, 1564 (1974). 
70. R. Ranganathan, Tetrahedron Lett., 1185 (1975~. 
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A fewauthors have suggested that the weU-known stereospecificity of enzymes could he, 

, brought to bear on this problem. A JapanCSJ: group 71 demonsttated the syntbc;sis of ara-A (44, 

B ... adenine) by bacteria! transglycosylatiOD. In this case, ara-U (44, B - uracil) wu used ~ the 

arabinose source, and the product was coUected by crystallisation after centrifugation to remoye the 

bacteria. The yield, b~ed on added adenine, was beUer tban 90%. Monsawa and coworkers 72 
, ' 

reported a sxmilar method, again using ar.a-U as the sugar source. In trus case, the sugar acceptor 
• t 

was 2-chlorohypoxanlhine. The aranucleoside product was then isolated and Ireated wtth 

methanolic ammonia to yield ara-G (44, B"guanine). Another group73 used 2,2'-anhydrocytidlOC 

(27, X"" NH, R = H) as the starting matenaf This was cleaved to Ylcld ara-C (44, B ... cytosme) hy . . 
alkaline aqueous ~ydrolysis. Without isolation, the cytldine nucleoslde was deammated 10 Jf;}- LI en-

l 

zymatically, then phosphorolysed to yteld the requlred ~bmose phosphate. ThIl> W3.'i then added, 

again enzymallcally and wtlhout lSolatlOn, to any Dl a van~of punne bases, 10 yteld .1 range of . 

purine arabinonucleosldes. 

Xylo-U (4S,'B::uracil) has been converted 10 moderate yteld to xylo_C74 (45. B"cytosmc) 
• by transformation to 4-thtoxylo-U, followed by conversion to the cytldme denyallve usmg methanôl-

ammo~a. Deproteruon gave the flnal product in 36% overall yield. 

, Ogilvie et aL reported 75 the syntheslS of ara-G (44, B = guanine) by coupling sllylalcr z

amin0-6-ch1oropurme Wlth 2.3,5-tri-O-benzyl- -D-arabmofuranosyl chlonde ID the pre .. encc of 

molecuJar sieves. This gave only the desrred -anomer ln 33% yteld . . ~ 
At the lime we enteted lhts area of worl<, there was d.S yet no generally applicaBle route 

from natura! nucleosldes to therr arabino- and xylonucJeoside counterp.trts. The fwuon route -

generaIly gives a mlXlure of ()- and .B-anômers. The use of partiopatlng groups such as "celyl dl the 

2-position enhanced the stereoselectivity of the coupling. but was only u.c;efuJ for the synlheM!> of 

trans-l,2·nucleosides, such '!5 nbo- or xy!onucJeosldes. Transformation 10 aranuclcosldc~ " d,ffiel/II 

in some cases. Furthermore, the fusion SyntheslS requues access to an appropnale glyco .. yl hahde 

These are often unstable and tedioWi to prepare. , 
The enzymatic transformations mentioned above are promL\mg. nut requlre il nuclco~,de 

sugar source, and can ooly handle such bases as are substrates for the enzymes TheM: proccdurc& 

.. 
0-

71. T. Utagawa, H. Monsawa. T Myoshi. F. Yoshlnaga, A. Yamàz.alu. K. MllSUgJ, Frd. Erp 8101. 
Sbc. Lert., 109, 261 (1980). 

n.J-i.Morlsawa, T. Utagawa. T Mlyoshl, F Yoshinaga. A. Y,amazah. K_ ~11l'.UIP, T('tralt~dtr", urt,. 
21, 479 (1980). '\ 

73. T. 4.. Krerutsky, G. W Koszalka, J. V Tuule, J, L Rideout. G. B ElaoD. CarbohwJ, R~s. 97, 139 
(1981). 

74. T. Maruyama, S. Sato. M HODJO. Chem. Pluum. Bull., JO. 2.6H8 (1982) 
75. U O. Cheriyan. K. K. OgùVle. Nucltosuks & Nucl~ollda. l, ~3 (lm) 
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also caU for microbioldgica1 techniques with which most chemists are unfam~, ~d for which they 

are poorlyequipped. 
o 

It would seem that the best route to sugar-modified nucleosides is to start with the natural 

nucleoside. Opera~ on natural ribonucIeosides is somewhat inconvenient, due to the necessily of , ' 

protecung the various ~ydroxyl groups. 

This WlIS the state of the area ID 1981. We felt that a generally applicable ~thesis of ara

and xylonucleosides might be us"mù, parucularly if the naturally occurring nucIeoSldes could be used 
<1" 

as starting matenaIs. These are relatively inexpensive, and offer most of the desired 

stereochemistry. However, it is necessary to proteet selectively the vartous hydroxyls. Fortunately, a 

mild and highly selectIve protectwn procedure had recently been developed in our laboratory76. 
J . 

The t-butyldimethylsùyl proteeting group has been very useful, as it may be introduced selective'ly 

and in excellent yield at either the 2'- or 3'-Qydroxyl. Furthermore, it is stable to a wide variety of 

reagents, and yet easily and quantitatively removed with fluoride ion under near-neutral conditions. 

Thus we felt that the way was clear for a generaI ~thesis of the desired nucIeosides. 

We chose to use the Oladationireduction approach plOneered by Moffatt (vIde supra). We 
" 

felt that, using silyl protecting groups, we had a great deal of leeway in tetm.s of reagents. After 

prepanng the neeessary 2',5'- and 3',5' -silylated nucleosides, we embarked on a program of 

examinÎng.!l variety of oxidising, agents, including the "activated" dimethylsulphoXlde systems, and 

various chromate-based reageots. We then reduced the ketonucleosides to the epimeric mixture of 
• 1 -

nbo- and ara- or xylonualeosides, and separated them chromatograplucalIy. The methods used will 

be described in ttIe next chapter. Our results were quite good in sorne cases, disappointing in 

others. As will be mentioned in the next chapter, we were Qot 'the onIy group exploring this route, , \ 

and our work was eut short by the publication of very similar results. 
- ~> ~ 

.If 

Nucleotide Analogues. 

We also wished to examine another area of analogue synthesis. As mentioned eartier, 

chemists have tried to modiCy every part of the basic nucleotide structure. Sugar modifications have 
"-

already been discussed above: Another very fruitful area has been the synth~is of nucleotIde 

analogues in which the internucleotide link is altered. Various groups have replaced the 

phosphodiester link with phosphorothioates, phosphinic acid derivatives,. carbonates, carbamates; 

amIdes, and a variety of other functions. Sorne of thes~ will now be described. 

76. G. H. Hakimelaht, Z. A. Proba, 1<. K Qgilvie, Cano J. OJem.,60, 1106 (1982). 
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Nucleotide Analogues. 

We a1so W1shed ~ examine 8Qother area of anal ogueJsynthesis. As ment~oned earher. 

chcmlists have tri~d to modlfy every part of the basic nucle9tlde structure. Sugar modifications 

have already been discussed above. Another very fruitful~ has been the synthesis of nucleotlde 

analogues ln whlch the mternucleotlde hnk IS altered. Vanous groups have replaced the 

phosphodiester hnk Wlth phosphorothloates, phosphJnlc aCld denvatlves, carhonates, carham,;\te~. 

amides, and a vanety of other functlOns. Sorne of these wIll now be descnbed 

60 

The research group of Walter arfd Jones, with a variety of coworkers has made extensive 

studles of nucleondes containing carboxYmethyl hnks (59). A dimer wu produced viQ the DCC· 

asslsted couphng of 5'-O-carboxymethyl-2',3':O-lsopropyhdeneundine W1th 5'-O.tritylthymldrne Tl 

5'-tntylthymldine was the starting matenal for the synthesi! ~f 3'.O-c!rbbxymethylthymldlne, 

which could be polymensed by DCC to Y1eld a mIXture of homopolymers of varlow Iengths. JI wa .. 

noted that these polymers showel an mteractlon W1th polyadenyhc acld ln water ând ln salt 
1 

~luti6ns. 

Other ohgomers have been made by thl! group, Including the carboxymethyHmked ••• 

ana1')gue ofvanou5 tnmers 78 çontaJnlng two thymidines followed by adenoslOe. guanosme, 

77. (a; M. H..Halford, A's. Jone~J. CMm. Soc. C. 2667 (1968) (b) _._ ......... H~U. NtlltUt. 211. 631< 
(1968). ~ , 

78. M. O. Edge. A. S. Joncs. J. Chtm. Soc. C. 1933 ('1971). 
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r • 
uridme, inosIne, or cytIdme. Jones has also synthesised analogues79 m whlch 3'-

carboxymethyladenosme is polymensed Wlth DGC. The extent of polymerisation IS controlled by 
, 

addition of 2',3'-O-protected adenosine. Other polymers were reported In the sa,më publication, 

made by copolymensmg acrylarmde with S'-Q-acryloyluridine, and hy the polymerisation of 

polyacryhc aCld hydraZJde Wlth adenosme dlaldehyde. ThIs report a1so descnbed the inlubItiOn of 

bmding of tRNA ta nbosomes by these analogues. The authors speculated that s~ch analogues 

may mterfere WIth protem synthesls. The s~e group has pubhshed a senes of rtPorts on the 

synthesls of various carboxYmethyl-contammg analogues and thelr mteractIons Wlth vanous 

natural nucleotldes80. 
1 • 

There have also been reports of carbonate-Imked nucleotlde analogues (60). Mertes and 

Coates81 syntheStSed the carbonate analogue of a thymidine dl1lUcleotlde, as weil aÙhe 

dinucleotlde analogues 3'-thymldmyl-5'-(S-fluoro-2' -deoxyundmyl)carbonate, and 3'-(5-t1uoro-

2'deoxyundmyl)-5'-thymldmyl carbonate. TIus was done by reactlon of a 5'-tntylated nucleoslde" 

WIth phosgene ta j'Ield the 3'-chloroformate, folIo,,;,ed by reactiOn Wlt~ the second (unprotected) • 

nucleoslde. :f6nes and Tlttef\Sor82 reported a dmucieotIde carbonate synthesls USI~g a 5'-0-

protected-3'-carbonate active ester (the tnchloroethyl ester) whIch was coupled Wlth a 2',3'-
>. 

protected nucleoslde. • 

( 

.. .. 
5 

______________________ t~ • 

t 79. G. J. Cowhng, A. S. Jones, R. T. Walker, Blochim. BIOPhyS. Acta, 254, 452 (1971). 
80. (a) M. D. Edge, A. Hodgson, A. S. Jones. R. T. Walker,J. Chem. Soc. Perkin Trans. l, 1991 

(1972). (b) A. S. Jones, M. M,acCoss, R. T. Walker, Blochlm. BIOPhyS. Acta, 294,365 
(1973). (c) M. J. Gait, A. S. Jones, R. T. Walker,l Chem. ~oc. Perkin Trans. f, 1684 
(1974). (d) R. C. Bleaney, A. S. Jones, R. T. Walker, Nuc1. AC/ds Res., 2, 699 (1975). 

81. M. P. Mertes, E. A. Coates,J. Med. Chem., 12, 154 (1969). 
82 . .q. S. Jones, J. R. Tittensor,J. Chem. Soc. Chem. Comm., 1240 (1969) . 
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The above analogues are ail nomonic., The Datural. Ducleotide, being a dicster of 

phosphoric aci,.d, is io~ed at physi~logica1 pli.! Many oth~r DOniOniC Ducleotide analogues have 

been reported. Among these are the nucleotide phospnotriesters (5), meDtioned above as . . 
intermediateS isolated during most of the more recent forms of nucleotide synthesis. Usually these 

are deprotected to the diester stage. In sorne cases, however, the triester is the desired, product. 

For ~example, Miller and cowork~rs83 isolated the methyl and ethyl phosphotrieste·rs (.5, R"· Me or 

Et) of thymidine and deoxyadenosine dinucleoUdes. They reported tbat protoR NMR, etfcular 

dichroism and ultraviolet spectroscopie studies owed these mole cules ta he conformatlOnaUy 

similar to their diester collllterparts, with the Ri> di ereoisomer showing'1 greater sumlruity tha:D 

'. the S.,p. It IS important to note that lh~ male~es ha a durai center at phosphoru."i. and the 

diastereoisomers formed are oEten separable. These authors reported (hat the duplex formed 

between the triester and diester sequenc~was often more thermally slable than lhal formed 

between two diester sequences. and ~uted this to lad of repulslOo berween negatively charged 
f 

phosphates; 

Th 

H~ 
o 

O=P-O· Th 

HN~ 

61 82 
r 

Another group 'bu reported84 that the removal of methYt Lrie&tetl from alkylated DNA hy 

repaie enzymes from E. coli i.s depeodant upou the stereocbemastry of the lriClter linle. Thev round 

lbat ooly phosphotricsters Wlth the S configuration were removed. 
1> 

. Various groups have reported dIffereDt syntheaes.of phOiphotrtatcr·linked nudw(ukr. 

St~ et al.85 isolated various nucleoude tne5ters ranguag in Jength from rwo 10 tive UOltll. and l'lc.annlt 
1 • 

83. P. S. Miller, K. N. F..ang. N. S. Koodo. POP T,~o. J. Am Olim. S,)C .• 93. (1657 ( 1(171) \ 
84. M. Weinfe1d. A. F. Dtake. J K. Saunden. M. C. Paterson.. Nucl. Actds R«s .• 13. 7{)',7 (19HS) 
85. W. J. St~ G. Zoo. K. A. Gallo. R A. Byrd. Tet1Vh~dron Ua., 26, :191 (1<.m5) 
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isopropyl phosphotfiesters (5, R-i-Pr) by HPLC. This group wu able to establish the absolute 

configurations of many of the chiW phosphates by the convc[Sion of thiono triesters iuto both the 

al1cyl triester of inter~st, and the phosphorothioate, by stereoselective means. Routes haVe been 

developed by others (see the section below on the phosphorothioates) for the assignment of the , 

3S 

absolute configuratIons of the thiqates. This group has also carried out other srudies wherein they 

examine~ the effect of stœeochemically definedrhosphotriester links inserted in various nucleotide 

. sequences upon the stability of duplexes86. They\also have reported on a simple solid-phase synthe

sis of these molecules87. 

Various other modifièations to the intemucleotide lin1c have also been made. Letsinger ud "} 

Mun~88 made phosphoramidate-linked n':lclebtides (61) by the coupling of of S-amino-S

deoxythymidine Wlth S-protected thymidine via the phosphate triester procedure. Dimers and . \ . 
trimers were made by this route and found to be stable to mild alkaJ.i.o; hydrolysis, but .cleaved by 

, . 
acid and by vanous phosphodiesterases. In a study on the covalent li"nking of proteins and nuelelc 

acids, Juodka.and Stec89 made dinbonucleotides which bore ~arious ~ino acids at the ph~sphorus 
(62). They were, however, unable to deprotect them without cleaving this phosphoramidate link . 

<) 

The problem seemed to involve attack by the 2'-hydroxyl. Juodka bas published a review conceming 

the subject of covalent interactionS between pro teins and nucleic acids?O. : , ~ . 

., 

. , 

86. (a) K. A. Gallo, K. Shao, L. R. Phillips, J. B. Regan, M. Koziolkiewicz, B. Umanski, W.-J. Stec, 
G. Zon, Nucl. Acids Res., 14, 74QS (1986). (b) M. F. Summers, C. PoWell, W. Egan, R. A 
Byrd, W. D. WilsoQ., G. Zon, Nuei. Acids Res., 14, 7421 (1986). ' 

87. B. Uznanski, M."Koziolkiewicz, W. J. Stec, G. Zon, K. Shinozuka, L. G. Marzili, Chem. Scnpta, 
26,221 (1986). 

88. R. L. Letsinger, W. S. Mungall, J. Otg. Otem., 35, 3800 (1970). 
89. B. A. Juodka, J. Smrt, Coll. Czeeh. OJem. Comm., 39,963 (1974). { 
90. B. A. Juodka, Nucleosides & Nucleotides, 3, -WS, (1984). 
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83-. 
Letsinger91 returncd to the synthes~ of pbosphoramidatc-liriked nucleotides in 1975 to 

• malec trimers of thymidine by coupling the S'-O-protected-3'-O-diethylphosph.ite of lhymidlfle Wlth 

S'-deoxy-S'-azidot4ymidine. Mungall and K.a.isea92 made carbamate-linkcd dimers 63. and trimers , 

of thymidine by reaction of S'-deoxy-5' -aminothymidme with thym.tdinei>caring an actJvated , 
carbonate ester at the 3'-position. These molecules were shown to be stable tO)lod and bue, as 

weil as snake venom and spleen phoaphodiestc:rases. 

o 0 1 

\1 II· 8 
C-(CH2)n-C-~~ 
1 B, ,r 
~ , ) 

83 ,. 

.. 

- 9L R. 1.. LetsiD&er, o. A HeaVDe1'. TdTGlu!dton UtL. 147 (1975). 
92. W. S. Munpll, J. K. Kaiser,l. 0". CMm.. 41, 703 (1977). 
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As part of a study on inhibitioh of phosphokinases, enzymes which carry out 

phosphoryi'atIon reactlOns, Lm and coworkers93 synthesised possible transl~ion state analogues 

(63). Dimers of either deoxyuridme, thymidine or thymidine and deoxyadenosme, Joined ma 5'- ' 

to-5' fasluon were produce)by reactlon of the 5'-deoxy-S'ammonuc!eosldes Wlth dlcarboxylic aClds 

ofvanous lengths. The coupling was camed out using the diacld chi onde. AlternatlVely, the 

me..!hyl ester of the aCld chloride could be used. This al~ws selective reactlOn to mtr~uce twlO\ 

dlfferent nucleosld;s. The m~hyl este; IS c1e~ved W1th base and the aCld converted to the p-

, mtrophenyl ester. This IS followed by coupling Wlth the aminonucleoslde. These authors dld not 

.report whether or not any enz.yme mhlbition was observed . 

~ o OH ( 
1 

o=~,. 

HO OH 

84 

, 
, 

~~ 
o . OH 

l ' 

'HO-~' 

tp OH 

81 

Ogilvie and Nemer madèl number of modifications based .on the reaction of dinucleoside 

phosphites W1th vanous ele~trophiles.; Thus a fully protected diundine trichloroethylphosphite (5. 
4 ., 

Il • 

B=B'=uracIl, R=tnchloroethyl) was converted to the lJ.;Phosphonate (64, X=H) by removal of the 

trichloroethyl group usmg ZnJCu~4. These same authors transforrned the same startmg rnaterial 

into the phosphoramldate (64, X=NR2)denva~ive by reaction with VJlfIOUS ~kyl~l' and lodine. 

ÛXldatIon of the trichloroethyl-protected dmucleoslde phosphIte (9, B=B'=uracil, 

R"'mchloroethyl) with elemental sulphur or selenium 10 DMF led to~he correspon ng 

phosphorotluoate (65, X=S) or selenate (65. X=Se). The hydrogen phosphonate previously 

93. T.-S. Lin, G. T. Shi au, W. H. Prusoff, J. P. Neenan, J. Çarbohydr. Nucleosides Nucleotides, 7. 389 
(1980). 

94. K. K. Ogilvie, M. J. Nemer, Tetrahedron Lett. , 21, ~14S (1980). 
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dcscnbed cÔuld ~rtCd to tltc 'ph~Ph~famidatc by ~action ~th amm~oia. Oinuclcoside 

methylphosphonates (of which more will he said later) were made by the Arbuzov reaClÎon of the 

methyl-pratected dinucleoside phosphite with methyl iodide9S. In the third of tbis series 'of pape.f'S, 

thio, scleno, and imino dinucleoside phosphoramidites are described96. Tbese are made by rcadion 

of the N, N-diethyl dinuclçoside phosphoramidite with sulphur, selenium, or iodine-alkylamme, 

respeètively. ~ t 

The synthesis and ~ of oligonucleOti~ho~horothioates (66) h~ve be~n 
extensiVely studied in recent years. These nucleotide analogues have been used to eXplore the ..) 

stereochemistry. of phosph·odiester.cleaving e.nzymes. The area was reviewed by Eckstein97 (;mly 
, , 

reccntly. This review outlines the synthesis of analogues of nudeotide mono-, di· and tnphosphates 

as weU as oligo.nucleotide analogues. 

.. 

~ B 

~ 
S:~-O- B 

o~ 
o 
~ 

66 

Two routes to the synthesif of di- (and thenee ollgo-) nucleolide phOiphorothioate 

analogues are describcd in Ecbtein's reVÎew. In the fUIt, a type of phosphate triester cbemistry, 

involves the readion of p-cyanoethyl phosphorothioate with the 3' ·bydroxyl of the fust nucleoSJde 

(protectcd at the S'-posItion) in the presence of an appropriale condihsing agent98. This pr~uct is 

coadensed, again in the presence of a coupling agent. Wlth the S' .hydroxyl o~he second nucleolide. 

In thesc molecules, the phosphorus is chiral, and in tbis particular eum pie, the diutereooomen 

could ~ separated aiter S'·deprotection. The second route is analogous to phOlphJt,synthcsia of 

95. K. K. Ogilvie, M. J. Nemer, Ibid., U, 4149 (1980). 
96. K. K. Ogilvie, M. J. Nemer, IbId., li, 4153 (1980). 
97. F. Eckstein,An~. Chtn;r. [nI. Ed. Eng., n, 423 (1983). 
98. P. M. J. Burgers, F. Eckstein, Biochemutry. 18, 592 (1978). 
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, phosphit~ synthesis of natural1'fluc1eosides. The phosphorylating agent in this case is 

methylphosphodichloridlte. The reaction proœeds as defCribed above for phosphite synthe SIS, and 

sulphur is introduced by oxidation of the phosphite tnester intermediate with elemental sulphur99. , " 

FreY 100 has reVlewed the methods of determmation of the stereochemlstry of phosphorotlu~ates 
and thelf use in the determmatlOn of enzyme reaction stereochèmistry. 

• Phosphomc aCld analogues of natural products ~e been reVIewed by J}lackburn 101- and 

thIs class of ~aJogues as It apphes to the re;,lacement of hosphod:esters has bee~ reviewed by 

Engel102. { , . 

IF , 

HO'd. 
CHz 

O=P-OH a' 

~ 
HO 

-,' 

~ o 

~~ 
ee' 87 

Most of the earher work ID the area of phosphonic acid analogues of nucleotides was on 

the synthesis of mono-, dj- and ~~Msphate analogues. The first report of a dinucleotide 

phosphonate was that of Jones et al. 103. These workers made dimers of adenosme and undme of 

two types. In one type (66), ~ 3'-hydroxyl mvolved in the lOternucleotide Iink was ~ePlaced by 

methylene. In the second type (67), the 5'-hydroxyl of the link was replaced by Methylene. In both 

cases the synthesis was accomphshed by a modlficanon of traditional diester chemistry. The 

nucleoside 3'- or 5'-phosphonate was coupled with the appropnately protected nucleoside to yield 

the 3' .s'-linked dimer. DCC was used as the coupling agent: The initJaI phosphonate was 
~ 

99. J. F. Marlier, S. J. BenkOVlC, Tetrahedron Lett., 21, 1121 (1980). 
100. P. A. Frey, Tetrahedron, 38, .1541 (1982). 
101. G. M. Blackburn, Chem. IntI. (London), 134 (1981). 
102. R. Engel, Chem. Rev., 77. 349 (1977). 
103. G. H. Jones, H. P. Albrecht, N. P. Damodaran, J. G. Moffatt,J. Am. CMm. Soc., 92, 5510 

(19]0). 
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DCC was uscd as the coupliag agent. Thc'iDitial phosphoDate wu synthesised by coupling the base , 
to the furanosyl halide which had prev.iously been phosphon~ted by a Wittig reaction. • 

/' 
.. ~' 

68 89 
' .. 

.. 

. 
A considera.ble amount of work bas been done on the preparation of di: and 

oligonucleotide phosphonate analogues in which phosphorus bears an alkyl or aryl group in place of . . 

one of the "non-nucleoside" oxygens (68). These analogues are neutra~ and contain a chiral center 

at phosphorus." Ts'o el aL published the tirst report of a dinucleoside methylphosphonate104 ..; The" 
~ 

authors described the synthesis of the four possible 3'.s -Unked dîmers ~f deoxyadeqosine Il~ t~ymi. 

dine (68, B - thymine or adenine). The route used involved the condensauo~ of me\hylphosphonlc 

acid wilh the 3'-hydroxyl of the S-protected Ducleosid~. The nucIeoside phosphonate or Ils • 

cyanoethyl este; was isolated and coupled Wlth the S-bydroxyl of tbe second nucJebslde, protect.ed at 

the 3'-positton with acety!. Use of the ·cyanoethyl ester a11owe~ for casier punficalion of the 

intermediate. This group carried oùt CD and UV studies on ,these dimers, and on their interaction 

with complemenlary natural nucleotides. In tlUs and a later paper105, ext.e~slve proton NMR 

stuwes were undertaken to determ.1Jle the solution conformation of th~se mJ:~je5. 
Othor routes to thcse .analogues bave been reported. Agarwal and Rutina 106 made both 

methyl- and phenylphosphonate deoxynucleotides by severa) different (modified phosphate triester) 

routes. They found that the use of methylphosphonodichJoridate as phosphonylatmg agent led to 

? 

104. P. S. Miller, J. Yano, E. Yano, C, Carroll. K. Jayaraman, P. O. P. Ts'o, 8ioch~m .. 18,5134 
(1979). . 

105. L S. Kan. D. M. Cheng. P. S. Miller, J. Yano, P. O. P. Ts'o, 8iochtm., 19,2122 (1980). 
106. K. L A~ F. Rifttna. Nud. Acids Ru., 6, 3009 (1979). • 
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low yields, but that the reaction of methylpho'Sphonoditetrazolide with the 3' -hydroxyl of the first 

nucleoside, (oUowed by addition of the second '(3' -protected) nucleoside in the presence of ben

zenesulfonyl tetrazole, led to good yields of the desired 3', 5'-linked dimers. The ,

phenylphosphonates were made by the same route. Another group has'taken a similar approach, 

using methyl-O,O-pis-(l-benzotriazolyl)phosphate as the phosphonylating reagent107. 

~ Miller et al. 108 synthesised oligonucleotides in which the links alternated between 

phosphodiester and methylphosphonate. The phosphonates in a given sequence had the same 

\ stereochemistry. This was achieved by preparing dimers and separating the diastereoÏ50mers 

chromatographically, then coupling them in block fashion via diester links. 

-( 

Engels and Jaeger109 reported a soluuon s~thesis of the methylphosphonate analogue of 

the thymidine dimer (68, B=thymine, R=Me) using methyldich1orophosphine, which is reacted with 

the 3'-hydroxyl of 5'-O-tritylthymidine, then with 3'-O-benzoylthymidine. The resulting dimer is 

oxidised in situ with t-butyl peroxide to give the diasteromeric mixture in good yield. This route was 

adapted to solid-phase synthesis by Kaster et al. 110 (usmg i~dine-water oxidation) who made 

sequences up to four units long, and studied their use a!!nzyme substrates, as weil as their stability 

to alkali. Haeger and Engels later reported 111 the use of deoxynucleoside 3'

methylphosphonamidites as mtennediates in the synthesis of this class of analogues. These 

compounds are stable and easùy stored for long periods. Like nucle0side f hosphoramidites, they , ' 
are coupled with the 5'·hydroxyl of an appropriately protected nucleoside III the presence of a weak 

acid: Agam, the Y,ields are quite good. 

Some attempts at synthesis of nucleoside phosphonates via Arbuzov reactions have 1S'een 
• 1 

reported. Ogilvie and Nemer reacted methyl iodide with a dinucleoside phospl,llte, as mentioned . . 

above, to malee the methylphosphonate in good yield. However, Caruthers et al. found that this . 

reaction proceeded in only very 1 w yield when applied ta polymer bound sequenccs112. Another 

group found sirrular results, but 0 found that dimethoxytritylphosphonates (68, 

R = dimethoxytrityl) could be pro ced by the Arbuzov reaction of dimethoxytrityl chloride with 

107. J. Marugg. E. de Vroom, C. E. Dreef,M. Tromp, G. A. van der ~el, J. H. van Boom, Nucl. 
Acids Res., 14, 2171 (1986). 

108. P. S. Miller, N. Dreon, S. M. Pulford, K. B. McParland,J. Biol. OJem., 255, 9659 (1980). 
109. J. Engels, A. Ja,eger, Angew. OJem. IdI. Ed. Eng., 21, 9U (1982). 
110. N. D. Sinha, V Grobbruchhaus, H. !toster, Tetrahedron Lett., 24, sn (1983). 
111. A. Haeger, J. Engels, TetraiJedron Lelt., 25, 1437 (1984). 
112. S. A.Noble, E. F. FIsher, M. H. Caruthers, Nuc/. Acids Res., U, 3387 (1984) . 
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various oligonucleoside phosphites. in fairly low yield. This wu the serendipitous result of studies 

relatin~ to other Arbuzov reactionsl13. 

Ts'o et al. have reported two solid phase syntheses of oligonucleoside phosphonates. In the 

first114: methyl phosphonic dichloride was allowed to reaet with the 3'-hydroxyl of the S-protected 

nucleoside. The resultmg nucleoside 3'-methylphosphonic chloride was purified on silica gel. Il was 

then added to the free 5' -hydroxyl of the growing, silIca support-bound sequence. Yie1ds were fauly 

good when oligotbymidine sequenccs were bcing made, but dropped precipitously for other 
.., 

nucleosides. The authors turned to the use of the triethyl ammonium salt of the nudeoslde 3'· 

methyl phosphonate as the reactive intermediate, added to the growing nucleotide pbosphonate 

chain1l5. In this case, good yields were obtained W1th ail nuc1eosides tried ( average coupling ytelds 
; 

in the range of 74-86%). Members of this group have obtained a patent on the synthesis and use of 

, oligonucleoside aryl- and alkylphospilOnates1.16. 

"As mentioned earlier, these varioUs phosph~te modified nucleotlde analogues are made fo~ 

a number of reasons. Frequently, they are designed to explore the mechanisms and stereochemistry 

of enzymatic reaetions. This is espeClally true of the phosphorothioates, as outlmed in the reviews 

o by Eckstein97 and Frey100. They have been J,lSed to show th~stereochemlStry of the hydrolysis 
~ l, 

, 

reactions of over fUty phosphodiesterases. They have also been used as references for determmmg 

the stereochemistry of other analogues85, and as starting points for the stereospeofic synthesis of 

isotopically labelled phosphates 100. 

Many oligonucleotide analogues are synthesised in order to study the factors unporlant ID 

the binding of nudeic acid strands. The formation of these duplexes is of primary Importance in the 

function of nucleic aods. It is what stabIlises the DNA double helix. and allows the tranunption of 

DNA into RNA as outlined at the beginning of tblS introduction. Some groups have studJed tbe cf· 

feet of nuc1eotide analogue binding OD tlus transcription. Ts'o et al. 117 have shawn that addition of 

nucleotide oligomethylphosphonate analogues to both cultured cells, and ccll-free translation 

" 113. W. J. Stee, G. Zon, W. Egan, R. A. Byrd, L R. Phillips, K. A. Gallo,!. Org. Olem., 50,3908 
(1985). fi 

114. -P: S. Miller, C. H. Agris, M. Blandin, A. MurakaIDi. P. M. Reddy, $. A. Spitz, P. O. P. Ts'o. -
Nue/. Acids Res., 11,5189 (1983). 

115. P. S. Miller, C. H. Agris, A. Murakam~ P. M. Reddy, S. A. Spitz, P. O. P. Ts'o, IbId., 11,6225 
(1983). 

116. P. O. P. Ts'o, P. S. Miller, U. S. Pat. 4,469,863 (1984). 
117. (a) K. R. Blake, A. Murakami, S. A. Spitz, S. A. Grave, M. P. Reddy, P. O. P. Ts'o, 

BiochemlSlIy,24, 6139 (1985). (b) P S. Miller, C. H. Agris. L Aureuan., K. R. Blake, S.-B. 
Lin, A Murakaol1, M. P. Reddy, C. SmJth. P. O. P, Ts'o, Interrtlallonshtp AmON' Agmg, 
Cancer and Diff~ntlatiOn. B. Pullman. cd., D. Relde! Pub. Co., 207-219 (1985). (c) P. S. 
Miller, C. H. Agns, L Aurelian, K. R. Blake, A. Murakami. M. P. Reddy, S. A. Spitz, P O. 
P. Ts'o, Bioc)aunie. 67,769 (1985). 
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systems, can severely inhibit the tr tion of the mRNA sequences to which the analogues are 

complementary.· r example, this group has shown that phosphonate a,rutlogues complementary to 
c , 

initiator region of various rabbit globin protein mRNAs can inhibit the synthesis of the correspond-

- ing globins bo in reticulocytes and in cell-free lysates. 

Furthermore, it has been pointed out that the therapeutic activity of many nucleoside 

analogues de pends upon their being converted in the target cclI to the nucleotide Corm. Sorne 

infected or malignant cells develop resistance to these drugs by losing the ability to carry out tbis 

transformation. Thus It has been suggested that administration of the drug in the nucleotide form 
...r 

would he a ,way of circumventing such ~esistance. Natural nucleotides are, however, ionised at 

physiological pH (7.4) and thus do not cross the cell membrane readily. Hence the logic of 

synthesising neutral analogues. Bennett118 has recently pointed out that tbis May not be such a 

good r~te after' all, since the healthy cells in the organism will probably take up the prodrug in at 

least co~arable concentrations to those in th~ target cell. Thus, it May be necessary to use 

prodrugs which are more speofic to the target tell, or virus. In the long run, analogues correspond-• 
ing to some cnucal part of the,.genetic sequence of the virus or tumor .cell may be useful. This, 

however, lS a far-off goal. 

In the meantIme, analogues such as the oligonucleotide alkylphosphbnates may give 

important c1ues as to the control of genetic expression, by their ability, described above, to turn 

various sequences "on" or "off'. It will be important trmd analogues wh1ch bind very tightly, even 

irreversibly, in order to exert effective control over grne expression. As part of this thesis, work 

toward a nucleotide analogue (69) in which the phosphodiester link is replaced by'a dialkyl- or 

é: diarlysilyl ether bridge, will be~scribed. In addition to synthetic work. and charactel,"isation, sorne 
~-

speculation will be made as to how to handle the problem in future. This work wl.U be described in 

detaillater in this thesis. 

Briefly, a varicty of alkyl- and arylsubstltuted silylating agents were used to forro 3',3'-,5',5'

and 3',5' -linkep silyl nucleotide::>analogues (69, B = adenine 0\ thymine, ~ = alkyl or aryl). It was 

necessary t~ examine the problem of protecting groups carefully, since the silyllinks are somewhat 

sensitive to both acidic and basic conditions. After prêparing a vanety of the dimers, we determined 

that the düsopropylsilyllink was sufficiently stable to carry out extended synthesis. Oligomers of 

thymidine and deoxyadenosme up to six units long were synthesised and stud!ed by UV and CD. 

~ese resuIts indicated that these molecuIes were capable of forming helices. Solubility problems 

made it impo~ble to examr the ability of the analogues to fonn duple= wtth D.tural Ducleotides. 

118. L. L. Bennett, R. W. Brockman, J. A. Montgomery, Nucleosides &: Nucleotides, S, 117 (1986). 
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Chapter 1." 

Synthesls or ara· and xylonucleosldes. 

Introduction. 

, \ 

~esdibed in the pre~ding general introduCtion, there have been many approaches [0 

the synthesis of sugar modified nucleosides, and thence to modified nucleolides" Varions modified \ 

nucleic aOO components have been used aS chemotherapeutic agents and as probes for studying [he 

biologkal functions of nucleic acids. The use of ara-C as an anuleulcemu,: and ara-A tn antiVlraJ 
, 

chemotherapy are weIl known. Some of the altered nucleosides used as antiviral agents were aIso 

described in tJ:te introduction. Many different, and some quite ingenious, routes to these molecuJes 

have been described 1 the chemicaJ literature. There has not been, however, a generalised roUle to 

these analogues, and, in particular, to the ara- and xylonucleosides. The biologJcal achvily of IbiS 

particular class of nucleosides and their derivatives bas stimulated a great deal o( ~ynthctJc 

cheIJl1Stry. The, work done m the past bas, ho*ver, been ~mewhat scattered and haphlllMd, 

relying mainly on the properties of the mdividual nucleosldes. We (cil t~at a more comprehensive 

approach would be useful. especially in view of the use of some of tbese compounds climc.'Ùly. 

We hoped to develop a route which took advanlage of readily avaùable sI acting matenals, 

was straightforward, and involved a mmimal number of synlbetic sleps. In addition. the rollle 

shouJd sbould he broadJy applicable, irr~pective of the base IDvolved. With Ibis in ~ind, we 
\ 

consi<;ier.ed both tb~ fuslOn and nonfusion routes mentioned in the introductIOn (pp. 23-24). 

In t!te fusion route, it IS necessary to prepare an appropriately prol~cted 5ugllr bear\ing lite 

correct ~tere~hemistry. and (use it witb the desired base. The preparatIon of Ihc sugar IS olten 

tcelious, and thc fusion may result in an anomc;,nc muaure wlùch 11 diIficult to purify ln 5Ugar 

chemistry, the introduction of a substituent auhe l-Position (in lhis eue tbe hClerocyclic bue) ln a 

cis relationsrup Wlth that at the 2-position (to give an arabmonucleoside). oflen involVC$ 5CveraJ lItep& 

after tbe coupling rellctJon. This i..s dtJe 10 the fact that, in many cases, il il necewry to use 

pa«icipating proledmg groups in order to obta.tn the dcsarcd anomeric com.guratioD (Bùcr', Il'ans 
~ . ~ 

rule , Scheme 4). As outlined in the generaJ introductIon 10 1.h.Î.I theaU. Ibis normally givea ù,le 

1- and 2-5ubstituenu the trans orientation with respect to one another. VanoUi iovenioOl are then 

requircd to arrive at the dcsarcd l.2<u oncntation (~e. for example. the synthclCS of ara·A by 

Baker et al. ·refcrred 1010 the introduclloa52. ConlaminalÏon Wflh the xyIooudCOJidc m.yabo 

occur. The choice of protectiag grouJJS may he limlted br the nced 19 have the protectiaa IJ'OUP 
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participate in the fusion reaction. F'mally, the coupling reaction itself often involves the use of 

11 merèûry or silver salts, which are difficult to completely remove if biological studies are 

contemplated. Thus, we hoped to avoid tius route. " .' , ' 

. The alternative method, operating on the preformed nucleoside,~ also fraught with 

difficulties. Anhydronucleosi~ formation May interfere Wlth reactions in which displacement of 

f . (e.g.) a tosylate or mesylate is desired. Of course, this reaction May be .turned into an advantage, as 

described in the introduction. For example, Ogilvie synthesised ara-C by opening of thè 

corresponding anhydronucIeosidé3, but this is only possibls with some nucleosides, mainly 

pyrimidines, which can readily form the required anhydronucleoside, as described in the general 

introductIon. Selective protection of the secondary hydroxyls of ribonucleosides may be a problem, 

since their reactivity is very similar. Attempts at selective protection usually lead to mixtures which 

may be difficult to separate, and which limit the efficiency of any synthesis. 

Synthetlc approach. 

At the lime we began this project, a highly selective silylation procedure h~ just been 

developed in our laboratory76. This all'owed the introduction, in good yield, of th~ very useful (

butyldimethylsilyl protecting group at either the 2'- or 3'-position (Scheme 9). We felt that we could -

take advantage of this facility. The silyl protecting group is stable to a wide range of conditions, and 

removed quantitatively and rapldly with fluoride ion under near-neutral conditions. It is alsp 

amenable to the conditions used for nucleotide synthesis, should we wish to use our products for this 

purpose. The disilylated nucIeosides are easily purified, with the exception of the case of guanosine. 

The 2',5'- and 3',5'-di-O-t-butyldimethylsilyl isomers of guanosine are quite difficult to 
~ 

separate, except when triethylamine is, used in the ~omatographic solvent, and these basic 

conditions may promote isomerisation of the suyl group at the secondary hydroxyl. It had previously 

t' been found in 'this laboratory that the corresponding triisopropylsilyl-protected guanosines were 

much more easily purified. He,nçe, we used the triisopropylsilyl groUp for gu;mosine hydroxyl 

protection 118. " 

118. (a)'K. K. Ogilvie, K. L. Sadana, E. A. Thompson, M. A. Quillam, J. B. Westmore, TetrrJhedron 
, Lett., 2861, (1974). (b) Ph. D. Thesis, S. Boisverr: McGill University, 1987 . 
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HOV~ AgNo"DABCO t:8UM.;SI(; 
\---( + t.SUM.zSiCI--
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-
F 
...... ----........ 

OH OH 

Scheme 9. 

We decided that it would he useful to talce up the geoeral method fml ploneered by the , 

rcsearch group of Moffatt59. Theae workers oxidiscd the ditritylated nucleoside 10 the ketonucleo· 

side (54 and 56, R - trity~ B - uraci1 or cyto5Îne), tben reduced 10 give a mixture o( S(artmg rna(erial 

and ara- or xylooucleosides (57 and 55, R.trity~ B-uracil or,C)'tO&U1e). depeoding upon (he 

protection scheme, with the e~phuia 00 thç latter ooofigurauon.s. However, the preparation of the 

required ditritylated nucleoside precunors 54 aod 56 is uoselect.tvc, leading to low ovcraU yteldi. ln 

view of our ability lo prepare the requ.ired proteded nucleosides selcctivcly, bowever, thlA gencraJ 

methodology looked quite promising. Wc deàded (0 try to prepare bath the 2', and 3'·keto 

derivatives (72 and 75, A·r)of all four common nbonucleosides. We wJuld (ben reduce ~be carbonyl. 

and separate the resuJting mixture of riho- and ara· or xylonucleosides. We (ell tbat IbU approach 

(Scheme 10), if successful. wouJd he ameoable to use Wlth a YIUlC1y o( dilTereot nucle~des. Since 

the process does Dot depeod 00 the opening of an aohydronucleOSJde sucb u 14 or 25, Il would be 

useful for both purines and pynmidines. The protected nucleoaidea are euily acœuible. and we 

boped to use incxpeosive reagents whicb reqwre9 a minimum of precautiooa WÎlh regard to 

moÎ&tme and wbosc use did no( require particuJarly vigouroUl readioD conditions. 
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Si~ Ox. He ~~ • ~ . HO +70 
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SiO OH SiO O . f' 74 70 72 

, 

8 B J B 

SI~ Ox. Si~ He Si~+71 .. ... 
HO OSi o OSi Si 

71 73 75 

B, Si= a, uracil, t-BuMezSi-; b, N'-benzoylcytosine, t~uMe2Si.; C, ~-benzoyladenîne, t; d, N2_ 
benzoylguanine, i-Pr3Si-; e~ ~denine, t-BuMe2Si-; f, cytosine, t-B~zSi-. 

Scheme 10. 

Ketonucleosides have been reported several times in the chemicalliterature. For exam~le, 

in addition to the Moffatt papers mentioned above, another group repÇrted the synthesis of the 3'· 

keto derivative of thymidine by a photochemical oxidation119. 3',5'-Protected xyloadenosine was 

oxidised to the 2' -ketone with ruthenium tetroxi~e as the Urst step flf li; synthesis of aminosugar 

nuc1eosides12O.' The keton~cleoside was isolate~t not deprote<:ted. 2'· and 3'·ketoadenosines 

were produced by the DMSO-DCC oxidat.irul.1of the monomethoxytrityl-protected nucleosides121. 

Careful acid treatment allowed the removal of the protecting groups and isolation of the free 

ketonucleosides. Tbese authors reported that these products were somewhat unstable in aqueous 

solution, with t1/ 2 of 11 and 84 hours for tlu! depurination of tbe 2'- and ~'·ketoadenosines, 

respectivel(. 

119. R. W. Binkley, D. G. Hehemann, W. W. Binkley, J. Org.lChem., 43, 2573, (1978). 
120. A. Rosenthal, M. Sprinzl, D. A. Baker, Tetrahedron Lett., 4233, (1970). 
121. R. P. Crews, D. C. Baker, Nucleosides & Nucleotides, 2, 1:75, (1983). . . , 

et ft 
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Syathesis of protected ketoDudeoaldes. . 

• The first problem wc faccd wu to fmd an acceptable oxidisiag agent. Therc ue a great 

muy agents in the literature which cm he used to transform a secondary bydroxyl into â carbonyl 
-

We wished to use a relatively mild reagent which would still give quantitative or ncar-quantitative 

yields, minimising the handling, and espeoally chromatograpbie purification, of tbe intermediatc 

ketonucleoside. These mole cules are somewhat unstable, espeoally witb the carbonyl in the 3'

position, where it is susceptible to enolisaùôn and loss o{ the heterocyclic base by -elimination 

(Scbeme 11). This was fltSt observed by Moffatt59. C1early, ext.remes of basioty are ta he avotded 

here. Furthermore, nucleosi~ in generaJ. and adenosme derivatlves in partlcular, are susceptible 

to acid~promoted dep~on 122, so tbat care shoulle\aken to avoid even mUdly acidic 

conditions if long reaction limes are needed. 

Scheme 11. 

There bas been a great varicty ol -activaled DMSO· oxidWng reasentl reported ln the , 
üterature whicb are c:haracteT15tica1ly mild. We iniuaUyexamincd tht Pfrtzner-Moffatt OMSQ-DCC 

proccdure123 (Scbemc Ua). Wc tried tlua reaclion with 2',5'- and 3',s'-dWlylaled undinc (11a ud 

10.) Il sub&trates. 

122. (,) P. T. Gilham, H. G. Khorana, J. Am. Op' Soc., 80, 62U (1958) (b) H. Scha.Iler, H. G. 
Khoraoa.lbuI., &5,3828 (1963). 

123. (a)K. E. PfltZDer, J. G.Moffatt,J. Am. Chmt. Soc., 11, .5661 (1965). (h) .......... , ,ibid., &5. 
5670, (1965). 
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The diproteded nucleoside is stirred with dry DMSO and toluene (1:1, v:v) to Which ia 

~dded excess dicyclohexylcarbodümide (DCC). Pyridinium trifluroacetate is used as the proton 

source . The reaction mixture rapidly turned dark"brown. and was allowed ta stir ovenùght at room 

temperature. Workup coDSlSted Jf the addition of o~c aad, foUowed by water to destroy residual 
1 

DCC. Aiter dilution with chlorofbnn, and filtration, the mixture was separated into its orgaruc and 

aqueous layers, and the organic layer washed with aqueous sodium bicarbonate, foUowed by a wash 
, , , 

with water. Removal of solvents in vacuo, 'foUowed by silica gel chromatography, gave the disilylated 

2'- and 3'-ketonucleosides (72a and 73a)\n good yield (85 and 63%, respectlvely). We felt that these 

ytelds were sufficient. 

The ketonucleoSldes were characterised by Be and tH NMR and IR !>pectroscopy, as weIl 

as UV spectroscopy to ensure that no base mo"dification had occurred. The 13e NMR spectra 
• 

showed the presence of a new signal at ca. 206 ppm, which we asslgned to the carbonyl carbon. The 

proton NMR spectrum showed the loss of one proton from the sugar nog (elther t~e 2'-proton in 

72a or the 3'-proton in 73a). IR spectroscopy showed the appearance of a new stretch at ca. 1780 

cm-t, whkh * assigned to the newly formed carbony!. Th~ UV spectrum s~owçd no change from 

the startin,;'materials, which sup r S e belief that no base Il)odificauon had occurred. Inter-

formatIOn, a pOSSible side reactlOn (Scheme 12b) wiis 

observed .. 

'These results encouraged us ~ try the reaction with the other common nbonuclcoslde5. 

When wc carried out the same reactlOD on di.sùylated cytldine (70r and 71f) and adenosine (7Oe and 

. 7le), however, TLC showed severa! spots, and we were not able to Identtfy any ketonucleosl,de, as no 

pure matetial could be isolated by column chromatography. The column conditlons scemed fo 

engender decomposltion. This fact, combined WJth the incooveruence of remoVlng complelely the 

dicy~ohexyl urea (DCU) by-product of tbis reaction, led us to look further. Accordingly, wc 

examined some of the other common "activated DMSO· reagent systenu. These included the use 01 

DMSO in conJunctioo Wlth pyridine-sulphur trioxide l24• ace tic anhydnde l25, and dxaJyl chlo-' 

ride126. However, none of these appeared (TI...C) to give u good results wilh the uridine test 

compounds 70a and 71a as did the original Ptitzner-MorraU oxidauon. As wc WlShed 10 have a very 

g~neta1 procedure, it wu obvlously necessary to try still more reagents. 

We then looked lOto the use of the many chromium-based reagents wtuch have been 

repo'1ed in the literature, many of wtuch are reasonably mild and operaie under near·neutral 

124. J. tt. Parikh, W. VOD E. Doering. J. Am. a,~m. Soc., 89,5505, (1961). 
US. A. J. Mancuso, D. Swern, Syntlre.su. 165, (1981). \ 
126. A.. J. Mancuso, D. Swern, S. L. Huang,J. Org. O,tm., 43, 2480, (1978). 
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conditions. We carried out a series of test reactions, again using the disilylated uridines 70a and 71a 

as our models. We performed oxi4ations with pyridinium chlorochromate127, and bi~yridinium 
chlorochromatel28, in the presence and absence of molecular sieves129. The use of molecular 

sieves is reported by Hersoovici and Antonakis to give increased yields of vanous carbonyl' .-
compounds from their aIcohol precursors with shorter reaction times, and have carried out a !arrly 

extensive st~dy of the phenomenon. These authors postulate that a hydride transfer is in~olved in 

. the reJction, and that the surface of the zeolite assists in this process, possibly by helping align the 

interm~diate 10 a favourahfe conformation. It is also po,c;sible that molecular sieves assist the 

reaction by trapping water In anyevent, we finaIly settled on pyridinium fluorocbromate130 ThIs 

crystalline,reagent IS easily prepared from readùy available matenals, and operates under mtld 
/ 

conditions. 

The disilylâted uridine nucleoside 71a was dissolved in methylene chloride and added to a 

Methylene chloride slurry of the oxidising agent (used in excess) ACter reflux for a few hours, the 
~ 

originally bright orange mixture had turned quite dark. Workup involved SImply fùtering off the 

solids, and evaporating the solvent The result10g foam was stirred in ether, refùtered, and 

evaporated again to give the desired ketonucleoside 73a as a white foam 10 good (80%) yield. In 

~ Many cases, the 'oxidation was allowed to proceed overrught, with no deletenous effects. This 

procedure was used for aIl the remaining oxidations, not only because of its mildness and 

convenience, but 'aiso because of the ease of the workup and product isolat~on. 

The application of this procedure to the remaining parhaIly protectoo rf5'onucleosides gave 

us accéss to the full range of 2'- and 3'-ketonucleosides 72a-rand 73a-r, 10 their protected forros 

We chose not to attempt to deprotect the ketonucleosldes, due to their inherent instability, as notcd 

. above. The conditions required to rem ove the. silyl protecting groups would probably result in 

extensive decomposition. Certainly the basic conditions used to rem ove the benzoyl group with 

which we protected the exocyclic ammo groups of the bases would be expected to cause 

depurination. The results of both the D MSQ-DCC procedure (Method A) and the pyridinium 

fluorochromate procedure (Method B) are reported in Table 1. 

127. E. J. Corey, J. W,. Suggs, Tetrahedron Lett., 31,2647, (1975) . 
. 128. F. S. Guziec, F. Aluzzio, Synthesis, 691, (1980). 

129. (a) J. Herscovici, K. Antonakis,J. Chèm. Soc. Chem. eomm., 561, (1980). (b) J. Herscovici, M.-
J. Egron, K. Antonakis, J. Chem. Soc. Perkin l, 1967, (1982). , ." 

130. M. N. Bhattach.arjee, M. K. Chaudhur~ H. S. Dasgupta, N. Roy, Syntlresis, 588, (1982). 

______ .:... _____________ ..... It... ...... ______ . -
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Table 1. Yields and' characteristics of oxidati,on products n"'and 73. 

Compoun~ Method IR(cm-1) ).max(nm) Rt ") 1\.'(ppm)'t 
A B 

72a ,85% 77% 1780 260 .59a,.25b 

~ 
63 80 1780 260 .69a,.36b 

, 2b 78 70 1787 262 .48~ 
73b 85 1787 ,262 .62 
72e 36 1787 278 .40~ 
73e 53 1787 278 .51 
72d 74 1787 236 ... 58g 

73d 94 1787 236 ,63f . -
Solvents: a; ether; b; ether:hexane, 1:1; c; ether:EtOH: CHC!:3, 71:26:3; d; EtOAc:CHCI3, 4.5,55: 

e; CH2Çl:l:MeOH, 19:1; f; ether:CHC13, 1:1; g; methylethyl ketonc:MeOH:cyclohexane:CHC ~1' 
4:.5:4.5:1. 

+ Referenced to TMS. Run in acetone-d6. 

ReductioD of the protected ketonucleosides. 

". Wc then wished to carry out the reduc~f the carbonyl groups to obtain the'ttesired 

hyd;oxyl-inverted nucleosides 74 and 75. We chose to use Superhydridetm (lithium triethyl 

i borohydride) which ~ readily available from Aldrich in a vàriety of solvents. Convenient for our 

purpose was the lM solution in THF. The reductions wer1carried out in THF with an exeeslI of the 

reducing agent. The reactions went smoolhly and were cOIllp\ele withm a few hours. TLC analyo;is 

in all cases ~howed tbat two products had formed, as expe~ted. Workup consisled of sim ply dlluting 

~ witb chloroform and washing witb waler. Separ~tion of the orgllI1Jc layer, drying with sodium 

sulfate, and silica gel chroma~ography on.thick layer plates gave the (wo c10sely separaI cd produl.t\ 

70 and 74 or 71 and 75. The ribonuclcoside 70 or 71 was always the slower moving of the twu 

a products, but ooly slightly, and while one development oC the analytica1 plate was nonnally 5uffi~icnl. 

two developments ~re usuaUy used to ensure complete separatIOn for preparative purposcs. The 

• results are collected in Table 2. 

, 

20(10 

2061 
2060 
::!OH 2 
2(kl l ) 
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T'able 2. Yields and eharactenstics o( reductrorrpfoducts 74 and 75. 
~ 

Compound 
74a 

7Sa 

Yield 
64% 

46 

MP(°C) 
'147-1S0 

212 

Àmax(nm) 
262 

262 

• ~Rf 

.36a 

.69b 

.33a 

.70b 

74,75/70,71 
64/30 

74b 68 152-154 258 .41e 10/1 
7Sb 29 105(foam) 258 .44d 29/15 
74c 10 <90(glass) 277 .36e 10/8 
75c/ 31 211 277 .4Se 31/6 
74d 25 184-186 236 .28e 25/S 

53 

75d 63 115-117 235 .60f 63/12 
·Solvents:'a; ether~hexane, 3:1; b; ether; c;CH03:aeetone. 9:1~ developed twJce; d; \ 
EtOAc:CH20 2,1:3; e; CH2C1z:MeOH. 19:1; f; CH03:acetone, 9:1.', ~ 

The products were charaetensed by the use of IR spectroScoPY to check the d~ppearance t 

of the earbonyl peak at ca. 1780 cm -1. Proton NMR showed the expected nucleoside sugar 

couphng systems, and SIgnaiS for the protectmg groups wlule UV spectral analysIs, again indicated 

the absence of any unwanted base modIfication. 
," " 

74 

Si 

75 

B as for Scherne 10. 

Scherne 13. 

\ 

" 

8 

oe • 

76 

B 

~ 
77 
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To further characterise our reduction products. we deprotected a small sample of each , 

(sc~eme 13), for com~arison with autt)entic sarnples (where avad,\ble). We found that no sample 

of any xylonucleoside was readily avadable, but were able to obtam ail the atanucleosides 76a-d. 

Deprotecoon\as,acèomPhShed by tluonde ion desllylatlOn usmg tetra-n-bu'tylammomum fluonde 

10 TI-lF. After cation êxchange on a Nat Dowex column, benzoyl groups (when present. 

compounds 74b-d and 75b-d) were removed by hydrolysis Wlth ammonium hydroxlde'methanol at , 
sooc overmght. The fully deprotected compounds were punfied by paper chromatography and 

charactensed by NMR. wlth chemlCal shlfts and coupllng constants ln accord wlth those ln the ,r 
hterature 131. UV spectra Ind Icated the complete removal of base protectmg groups and lack of 

other modIficatIOn at the bases. 
" 

Comparlson with lIterature results. 

We ~nterruPted m ttus work by the'publlcation of two reports along slmllar Iines. In 

one case132, Japanese workers prepared the arabino analoguès of several 3',5'-dl-O-acyl~ted 
nucleosldes. The ketonucleoslde was formed by the actIOn of DMSO-tnfluroacetlc anhydnde or 

[, 

DMSO-ace'tic anhydnde on the partlally protected nucleosldes. Reduction in SItu uSlOg sodium 

borohydnde followed by deacylation Wlth sodIUm methoxlde gave the correspondmg 

aranuclèosides (74, B= ademne, N~ .. benzylademne, N2-benzoylguanlne, 6-methylthiopunne, 4-. / , 
amino-pyrollo[2,3-d)pynmldme, SI replaced W1th benzoYll. The arabino eplmers were Isolated ln 

}'lelds of 38-70 %. These workers reported that they were unable to isolate the intermedlate 

ketonucleosldes by sllIca gel chromatography, due to decomposltlOn. They dld not report the 
, . 

extent of the decomposJtu;m, nor,dld they gIVe detruls on t~e chromatography conditions. Thts 

mstablhty IS, however, m accordance Wlth the previously mentloned tendency of ketonuclcosldes. 

to undergo facile depunnation or depyrimldmation. 

It is es~ially mteresting to compare our results with those of Hansske el al. 133 In theu 

tirst report (Ref. 133a), this group used chromlum tnoxlde:pyndine.acetJc anhydnde to oXldlSC S'

tntylated thymidine, 3' ,S'-dl-O+butyldlmethylsllylundme (70a) and 2',5'-dl-O-t

butyldimethylsllyladènosme (70e), as weil as 3',5'-0-( 1.1.3,3-tetralsopropyldlsllox·},3-

131. (a) Ara-G. J. B. Chattopadhyaya. C. B. Reese, SyntheslJ, 908 (1978) (b) Ara-U and ara·C. E. 
Eloel, ~tRemm, E. DarzynkleW1cz. D. Shugar, Biochlm Biophys. ACla, 562, 117 (1979) (c) 
Ara-A. M. Kaneko, M Klmura, T. Nlshlmura. B Shimizu, Chem. Phann. Bul/., 25,2482 
(1977) (d) Xylo-A, M J. Robms, Y. Fouron. R. Mengel.J. Org. Chem .• 39,1564 (1974). 
(e) Xylo-G, W. W. ue. A P Martmez, L. Goodman, J. Org. Chem .• 36. 842 (1971). 

132. N. Sakam. 1. ~Irao, Y Zama. Y Ishldo, Nuc/eosuhs &: Nue/eolldes, 2, 221. (1983). 
133. (a) F. Hansske, M. J: Robms. Telrahedron UI., 24, 1589, (1983). (b) F. Hansske, D. Madej. M. 

J. Robins. Tetrahtdron. 40, 125. (1984). 
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and -inosine to the corresponding ketonucleosides. Isolation of the ketonucleosides follo~d by . 
reduction using s9'lium. -borohydridc or deuteride gave the ara- or xylonucleosides (or thcir 

deuterated anilopes) in good (67-88%) yields . 

The same group's second report (Ref.133b) was more complete, including the synthesis of '''-
\ 

ara-A, -G, oC, and -U (44, B=adenine, guanine, cytosine and uracil) and ara-3'-deoxy-A, as well as 

xylo-U and -A (45, B=adenine and ura,gt) and xylothymidine. They nÇlted an intcresting problem 

with their synthesis. Whe,the chrQmium-based reagen~ mention~d above was used for the 

oxidation oC3',5'-di-O-t-butyldimethylsilyladenosÏIle (70e), or the 3',5'-diprotected inosine, doubling 

of peaks was observed in the IH NMR. This was ascribed to the complexation of chromium ions by 

the unprotected exocyclic amino group, fonning diastereoisomers. In our case, no sucb doubling 

was observed in any case. We had difficulty with decomposltion when exocyclic amino groups were 

Ieft unprotected. Thus we used benzoyl protection at the amino groups of adenosine, cytidine and 

guanosine. It is possible that this protection eliminates chromium complexation. Weand Hansske 

'both note that this line doubling problem does not arise with uridine nucleosidés, which have no 

xocyclic amino groups, but whose heterocyclic ring contaÏns an imide-type structure. Nor did they 

have any such difficulty with cytidine, 2'-deoxyadenosme, or 2' ,5'-protected adenosines. Hansske et 
" 
/. avoided the complexation problem by switching ta Pfitzner-Moffatt oxidation conditions. We fèel 

that the use of anuno protection, coupled with chromate oxidation is an improvement, since no chro

matography Df the somewhat'labùe ketonucleoside is required, and there is no need to removè the 

surprisingly persistent DCU which in our case is a byproduct of the Pfitzner-Moffatt conditions, or 

rake precautions against extraneous moisture. Furthermore, N-protection at the ribonucleoside 

stage allows for further mantpulation, and is particularly useful if incorporation of the ara- or xy

lonucleoside into oligonucleotid~ is contemplated. 

In comparing our results with those of Hansske and coworkers, it is clear that the use of 

sodium borohydride as the reducing agent is much to be pref.erred over that of Superhydridetm. We 

found a relauvely poor degree-of selectivity for the desired epini:ers. Our best ratio of lnverted 

hydroxyl:ribo conformation was the 46:7 found for the reduction of 73a. Our poorest was the 10:8 

for the reduction of 72c, although this is perhap~f1ot the best example due to the low recovery of 

product. The results obtained by Hansske et aL show, in most cases, about a 10:1 ratio in favor of 

the desired epimer. In sorne case the desired epimer'was obtained essentially quantitatively. It 15 
• 

quite possible that this difference is related to the stenc bulk of the reducing agent. The 

intermediate formed during the borohydride reduction of carbonyls is ~ought to involve complex 

formation betw6en the oxygen of the incipient hydroxyl group and the boron atom of the reducing 

agent. Clearly, the complex formed between the carbonyl in question and borohydride will he less 

________________________________________ ~ __ ~èt.wdt .. ~~~ . --
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sterically congested than that between the carbonyl and triethylborohydride: TIns may explam the 
, . 

lower yields of "up" (arabmo or xylo) eplmers USlJlg the latter reagent. Crowding between the 

boron-oxygen complex formed at the reactlon site, and the heterocyclic base could slow the 

reactlon glving the desired epimer. allowing the formation of the undeslred ribo eplmer. 

AdditIonally, the relatively slow reducnon may permit the reducmg agent to act as a base, leadIng 
t 

to ëbstraction of thea-proton and subsequent ~-el~matlon of the base, as previously described. 

nlis may explam the relatlvely low recovered }'lelds of nudeoside m sorne of our'exarnples: 

Conclusions. 

lÎ1 sùînmary, we. simultaneously Wlth others, have outlmed useful procedures for the 

synthesIs of ara- and xylonucleoSIdes. These procedures are facIle and str3Ightforward. lnvolvmg 

readily avaIlable reagents, and sImple chemlcal procedures. They should easIly be adaptable to the 

synthesIS of nucleonde analogue precursors. We have demonstrated the use of these methods to 
" produce the unnaturaI epimer at both the 2'- and 3'-poSltIons of all four common nbonucleosldes. 

We are the first. to our knowledge. to make all elght compounds 44 and 45 by a smgle procedure. 

a1though the other workers mennoned above (Ref. 133) could In pnnclple apply their procedure to 

the syntl)esis of xylo-Q (45. B=guanme) and xylo-C (45. B=cytosine). 

" 
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Experimental Section 

Materials and methods. 

Rlbonucleosldes were purchased from Boehringer Mallftbeim Canada (Montreal, 

Quebec) and used as recelved. TmsopropylsJlyl chlonde,'t-butyldlmethylsilyl chlonde and 

Superhydnde (lM solutIOn m THF) were purchased from Aldrich Chemlcal Co. (Milwaukee, • 

WIsconsm) DCC was obtamed from Aldrich Chemlcal Co. and melted 10 a water bath before 

bemg added by Pasteur pipette to the reactlon tlask. ' Ail other reagents were purchased as reagent 

grade from the usual commercIal sources. THF was predried over potassium hydroxide pellets and 

distdled from sodIUm benzophenone ketyl just before use. DMSO was dlstdled from calcIUm 

hydnde after predrymg over potassIUm hydroXIde, and stored over 4A molec ar Sieves. pyndme, 

was dned by refluxmg overmght Wlth phthahc anhydnde followed by dis 

molecular Sleves. The protected nucleOSldes were prepared b)"ptili Ished procedures. Ail reactlons 

were carried out in oven-dned (ca. 130°C) glassware and dned ln a stream of mtrogen or argon 

before use. Arabinonucleoslde standards were purchased from SIgma Chemical Co.(St. loUIS, 

r Mo.), except for ara-G wruch was prepared by the hterature procedure 76. NMR spectra were 

.acqulfed on a Vanan XL-200 (1H) or Bruker WP-90 (13q Instrument, m deuterated solvents 

obtruned from Merck, Sharp and Dome (Montreal, Quebec) or ~ldrich Chemlcal C6. IR spectra 

were recorded on a Perkm-Elmer 297, and UV spectra on either a Umcam SP-8oo or a Cary 17. 

Meltmg pomts were taken on a Fisher-Johns apparatus and are reported uncorrected. Column 

chromatography was done using Merck KIeselgel 60, and preparative :R.C W1th Merck Kieselgel 60 

OF, 2 mm truck, ~O x 20 cm plates, prepared here. W1th a maXImum loadmg of 100 mg per plate. 

Compounds were eluted frpm the preparatlve plates USIng ethanol:ethyl acctate, 3:7. Analyticai 

nc was done with Merck Kieselgel 60 F plastic-backed plates. Paper chromatography was do ne 
-.1 

on Whatman 1'paper for analyttcal scale, Whatman 3 MM paper for preparative seale. Cation 

exchange was done using Na + Dowex Ion exchange resin (J. T. Baker Co., Phillipsburg. ~. 

------------------------------------------ té • 
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Oxidatlons: 

MethodA. 

Preparation of 2'-keto-3' ,S'-dl-O+butyldimethylsilyluridine (72a). 

70a (2.98g, 6.30 mmol) was dlssolv~d ln a mlXt1.U"e of toluene (85 ml) and anhydrous 

DMSO (85 ml). DCC (8.40 g, 42.0'mmol) was added as a hqUld, followed by tnfluoroacetlc aCId 

(0.85 ml, 19.0 mmol) and anhydrous pyndme (140 ml, 28.0 mmol). The solutIOn was stlrred at 

\ ,room temperatur; overmght (23 h) durmg whtch time it became doudy and very darlc. Oxahc aCId 

(8.00 g, 11.35 mmol) was ~added and the mIXture stIrred an addItIonal 30 mm. Water was added to 

destroy the unreacted DCC, resultmg in the formation of a large amount of whtte preclpItate. The 
! 

mixture was diluted Wlth CHCI3 (ca 100 ml), filtered, and washed with 5% NaHC03. The orgamc\ 

,. 

layer was washed Wlth water and dned by filtratIOn through magnesium sulphate. The solvent was 

evaporated and the resultmg yellow foam dissolved 10 e~r:hexane, 1:1, and punfied on a sIhca gel , 
column (ether:hexane, 1:1 to 3:1 gradIent) to yield 72a (2.98 g, 85% yteld) as an uff-whtte powder. 

M.p. 179-1810 C Wlth decomposltIon, ~max 260 nm. IR 1780 cm-l, 13C NMR 206.01 ppm. 

Preparation of 3'-keto-2' ,S'-dl-O-t-butyldimethylsilyluridine (73a). 

The reaètIOn was carned out as for the synthesis of 72a, usmg 2',5'-dI-O-t

butyldimethylsIlylundme (2.98 g, 6.4 mmol), toluene (64 ml), DMSO (64 ml), DCC (6.40 g, 31.0 

mmol), pyndme (0.96 ml) and tnfluoroacetIc aCld (0.64 ml) After 20 h, the reactIon was worked 

up as above usmg oxahc acid (6.50 g). The }'Ield after chromatography (ether:hexane, 1:1) was 1.86 

g, 63%, ofVa'as a white foarn. M. p. 176-1790 C, Àmax 260 nm, IR 178Ocm-1, 13C NMR 206.14. 

Preparation of~-benzoyl-2'-keto-3',S'-di-Ù-t-butyldimethylsilylcytidine (72b). . 0 - , 

As for the synthesis of 72la, usmg N4-benzoyl-3',5'-dI-O-t-butYldimethylsilylcytidme as 

startmg material (0.61 g, 1.00 mmol), toluene and DMSO ( 10.0 ml each)"pyndme (0.30 ml), 

tntluoroacetic acid (0.20 ml), and 24 h reactlon time. The usual worlrup gave 72b after 

chromatography (gradient frçm CHCl3 to ether:CH03:ethanol, 71:26:3) as a white'foam, in 78% 

}'Ield. M. p. 193-1950 C with decompositlOn, softenmg at ca. 18Q-1850C, ~ max 262 nm. IR 

1787cm-1, 13C ninr, 206.01 ppm. 

.. 

,) 

-' 
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Attempts to prepare 2'-keto-j',S'-di-O-t-butyldimethylsllylcytldlne nr and 3'-keto-2',S'-di·O-t

butyldfmethylsllylcytldine 73r. 

The reactIon conditions described above led to the formation of a mixture of at least four 

products (TLC). These were impossible to separate by chromatography. 

Attempt to prepare 2'-keto-3' ;5'-di-O-t-butyldimethylsilyladenoslne 72é and 3'-keto-2' ,5'-d~O-t

butyldimethylsllyladenosine '3e. 
\ 

The reaction conditIons descnbed above were used. In both cases, TLC after workup 

showed the expected pattern, but on stand mg, TLC showed rapld decomposltion. In addition, 

TLC after sIl Ica gel column chromatography showed evidence of decompositlOn on the column, 

and the desired product wps not Isolated. 

Trials of other actlvated DMSO oxidants. 

a 70a (1.42 g, 3.00 mmol) was stlrred Wlth anhydrous DMSO (10.0 ml) and tnethylamme 

(2.50 g), with the additIOn of pyndme:S03 complex (1.00g)diss9Ived 10 DMSO (10.0 ml). After 30 

mm stirring at room temperature, a further 1.00 g pyridme:S03 In 10.0 ml DMSO was added. 

After stlITmg overnight the reactlOn was worked up by addition of oxalic aCId, dIlutIOn with CHCl3 
and extraction, and punfied on sIlica gel to YIeld 7% (100 mg) of the desired 72a. 

b.70a (200 mg, .42 mmol) was dissolved ln DMSO (25.0 ml) and acetic(anhydnde (5.0 ml, 

, 5.6 mmol) was added. After 20 h strrnng at room temperature, the reactIOn mIxture was dIluted 

with CHa3 and wasqed Wlth aqueous sodium bicarbonate, dned (magneslum sulphate) and 

concentrated. PurificatIon ~n TLC plates gave 72a, in 12.5% )'leld. 

c. Oxalyl chloride (1.00 ml, ll.0 mmoI) was dissolved in CH2a Z (25.0 ml) in a 50 ml 

round bottom flask fitted Wlth a septum, stImng bar, and drying tube, and cooled in.l Dry 

Ice:Isopr~panol bath. DMSO (3.00 ml in 3.00 ml C~a1Z) was added via synnge over about Z 

" 

,min. 70a (200 mg, .42 mmol) was added, dlssolved In CHZCl2 (10.0 ml). The reaction mIxture was 

allowed to warm to room temperature ovemlght. After ZO h, tnethylamine (7.00 ml, 50 mmol) was 

added and the reaction worked up 15 min later, by waslung with water. The organic layer was 

dried and evaporated. TLC of the CH2Cl2 solution showed onlya faint trace (Iess fhan 5%) of 

the deSlTed product (72a). 

•• 
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, 
Studles w1th otber oxldant5 (cbromlum-based). 

a 70a (200 mg, .42 mmol) was added to a suspension of btpyridinium chlorochromate 

(270 mg.O .90 MmDl) and crushed 4A molecular sieves (500 mg) in CH20 2 (20.0 ml). The nuxture 

w~ retluxed ovemight. and filtered. Purification on nc plates (ether:hexane, 1:1) gave 70a (29 

mg, 15%), and 72a (77 mg, 39%). The same reaction camed out Wlthout molecular Sleves gave 

(ILC) a surular product distnbunon (ILC). 

b. 70a was treated as ab ove Wlth pyndinium chlorochromate (200 mg, 0.93 mmol). TLC 

analysis (ether:hexane, 3:1) showed surular product dlStnbutions as above, In both cases. 

Syntbesis or pyridlnium t1uorochromate (PFC):30 

Chromium tnoXIde (15.0 g. 150 MmDI) was dissolved m water (25.0 ml) In a polyethylene . 

bottle. Hydrogen fluoride (9.40 ml of a 48% aqueous solunon, 225 mmol) was added and the 

solunon stIrred 5 mm. Pyndme (11.3 ml, 150 mmol) was added dropWlse over about 10 mm, Wlth 

stIrring. The reacnon mIXtUre warmed notIceably. The bnght orange solution was heated m the 

water bath for 15 mm ta redissolve the small amount of preclpltate, whIch had formed, and was 

then lett ta stand at room teniperature. The mIXture was then filtered ta yteld bnght orange 

crystal s, wluch were dried by blottIng W1th filter paper. then drymg zn vacuo averrught (20.0g, 

67%). 

Oxidations w1th PFC • 

Preparation ot 2'-ketO-3' ,5'-dl-O-t-butyldlmethyIsUylurldlne (72a). 

. 
70a (1.10 g, 2.31 mmol) was dissolved in CH20 2 (10.0 ml), and added ta a suspension of 

PFC (1.20 g, 6.0 mmol) in CH20 2 (70.0 ml). The mIXture was retluxed 18 h. The rruxture turned 

dark. Filtration lea to a yelloWlsh solunon, wluch was evaporated. stIrred In ether, refiltered and 

evaporated. to yield 72a as an off-wlute powder (850 m8.r, 77%). TIns matenal was Idenncal by 

TtC. IH and 13C nmr, IR and UV, and melting point. to the matenaJ prepared by the DMSO

DCC route descnbed ab ove . 
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Preparation of 3'-lœto-2' ,5'-dl-O-t-butyldimethylsllylurldlne (73a). 

, 7la (1.00~. 2.10 mmol), was treated as above with PFC (1.00 g, 1;0 mmol). After workup, 

the desired 73a was isolated as a wlute foam (800 mg, 80%), Identlcal chromatographically and 

spectroscop,ically to the product of the Moffatt oXldation. 

Preparation or N"-benzoyl-2'-keto-3' ,S'-dl-O-{-butyldlmethylsllylcytidine (72b). 

70b (1.20 g, 2.0 mmol) was-dlssolved in CH20 2 (5~00 ml) and added to a suspensIOn of 

PFC (1.20 g, 6.0 mmo\) In CH2C12 (80.0 ml) and refluxed 20 h. FIltratIOn and evaporatlon of the 

solvent gave a foam whIch was stIrred 10 ether and refiltered. After evaporatlon of the ether, there 
'. 

was still a sltght green color to the resultmg foam. It was dlssolved' 10 the mInImum amount of hot 

absolute ethanol and recrystalhsed by addItIOn of water, to }'1eld an off-whIte powder (840mg, 

70%). nus matenal was Identlcal chromatograplucally and spectroscoplcally to the matenal 

prepared by the Pfitzner-Moffatt procedure (A). 
• 1 

Preparation of N" -benzoyl-3'-keto-2' ,S'-di-O-(-butYldimethylsllylcytlçllne (73b). 

7lb (1.00 g, 1.60 mmol) was dlssolved 10 CH2C1z(10.0 ml) and added to a suspensIOn of. 

PFC (1.00 g, 5.0 mmol) m CH2C12 (80.0 ml~ and refluxed 20 h. The usual worJeup gave 73b as a 

white powder (0.85 g, 85%). M. p. l72-178°C W1th decOftlpositIon (softens at 163-168°C), )max 

262 nm, 13C NMR 208.23 ppm, IR 1787 cm-l . 

Preparation or N6-benzoyl-2'-keto-3' ,5'-di-O-t-butyldimethylsilyladenoslne (72e). 

70e (0.80 g, 1.33 mmol) was dissolved ID CH20 2 (20.0 ml) and added to a suspension of • 

PFC (0.80 g, 4.0 mmol) JO CH2C12 (60.0 ml). After retluxmg 18 h, the usual workup ytelded 72e as 

a slightly brownish 011 (.286 g, 36%).13C NMR 206.93 ppm, IR 1787 ctn-1,Àmax 278 nm. 

Preparation of ~ -benzoyl-3'-ket;2' ,5' -di-O-t-butyldimethylsilyladenoslne (73e). 

« • 
71e (0.84 'g, 1.40 mmol) was dlssolved Ifl CH2Cl2 (20.0 ml) and added to a suspensIon of 

PFC (0.84.g, 4.2 mmol) 10 CH2CI2 (65.0 ml) and refluxed 16 h. The ,!sual w~rkup and Isolation 

gave 73e as a Iight brown foam whIch qUlckly collapsed to an oil (.500 g, 59%). 13C NMR 209.58 

ppm, IR 1787 cm -l, ~max 278 nm. 

.. è _____ 
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Preparation of N2-benZOyl-2'-~to-3',S'-dl-O-triISOPropylsilYlgu"noSlne (72d). 

70d (1.50 g, 2.14 mmol) was treated with PFC (1.50g) In the usual way. After reflux for 48 
q 

h, TLC (methylethyl ketone:cyclohexane:CH03, 4.5:4.5:1) showed reactlon was about 75% 

complete. A further 1.00 g PFC was added and reflux contmued 24h. The usual workup yielded 

72d as a hght brown foam (l.ll g,74%). M. p. 17S-180°C, (softens at 165-170°C), 13C NMR 

208.49 ppm, IR 1787 cm -1, À max 260 nm. 

P;eparation of N2 -benzoyl-J' -keto-2' ,5'-di-O-trlisoprôpylsilylguanosine (73d). 

71d (2.00 g, 2.86 mmo!) was treated Wlth PFC (2.00 g, 10 mmol) as for 72d. Workup 

}'lelded 73d as a ltght brown foam (1.87 g, 94%). M. p. 132-140o C Wlth decomposltion, l3C NMR 

208.29, IR 1787 cm-l, ;1. max 260 nm. 

Reductions of products 72 and 73 to give 70, 74 and 71, 75 mixtures. 

Reduction of 72a to give 3t,5'-di-O-t-butyldimethylsilylurldine (708) and 3',5'-dl-O-t

butyldlmethylsIlylarablnouridine (74a). 

72a (1.42 g, 3 mmol) was dlssolved In anhydrous THF (150 ml). Superhydndetm (6.50 ml 

1 M TIIF solutIOn, 6.50 mmol) was added and the solutIOn stlITed 3 h at room temperature. The 

yelloWlsh solutIOn was partitloned between water and CHCl3, and the organic layer separated and 

dned with magnesium sulphate. Concentration and punfication on thick layer plates 

(CHCI3:~cetone, 9:1,2 developments) }'lelded 708 (.420 g, 30%) and 748 (.844 g, 64%). 74a was 

isolated as a white foam, m. p. 147-1500 C. max 262 nm. 1H NMR (CDCl3) 6.09 (m,l, Hl'), .88 

(m, 18, -qCH3)3)' .11 (m, 12, -SI-CH3). Ribonucleoslde products for this and subsequent 

reactions were identIfied by companson Wlth standards (lH NMR, UV, Rf). 

Reduction of 738 to glve 2',S'-dl-O-t-butyldlmethylsllylurldine (718) and 2',S'-dl-O-t

butyldlmethylsllylxylourldlne (768). 

73a (1.42 g, 3.00 mmol) was dlssolved In anhydrous TIIF (150 ml) and Superhydridetm 

(7.00 ml, 7.00 mmol) was added. The reactlon was stirred at room tempe rature 3 h, then worked 

up as aqove. The product, a yellow foarn, was purified on plates (carbon tetrachl9ride:acetone, 

7.5:2.5,.two developments) to give the desired 75a (653 mg, 46%) and 71a (99 mg, 7%). 75a was a 
~ 
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white foam, m. p. 212°C, ).mruc 262 nm, lH NMR (CD03) 5.95 (d, l, Hl'), .95 (m, 18, -

C(CH3)3)' .08 (m, 12, -SI-CH3». 
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Reduction of72b to give N"-benwyl-3',5'-di-O-t-butyldimethylsilyleytidine (70b) and N"-benzoyl-

3',5' -dl-P-t-butyldlmethylsllylarabinoeYtidine (7 4b). 

72~ (150 mg, 0.2S-mmol) was treated as above Wlth the reduclOg agent. The usual warkup 

led ta 74b (100 mg, 68 %) as a yelloWlsh foam, m p. undefined, " max 258 nm, 1H NMR (CDCI3) 
4 

6.25 (d., 1, Hl'), .95 (m, 18, -CH(CH3)3)' 05 (m, 12, -SI-CH3), and a small amount of 70c (10 mg), 

after punficatlOn on preparatlVe plates (CHCl3.acetone, 9:1. twa developments) 

Reduction of 73b to give N4-benzoyl-2',5'-di-O-t-butyldimethylsilylcytldine (71b) and N"-benzoyl-

2' ,5'-dl-O-t-butyldlmethylsllylxylocytidine (7 Sb). 

73b (450 mg, 0.95 mmol) was dissoived In anhydrous TIIF (30.0 ml) to wluch was added 

the reducing agent (3.20 ml, 320 mmol). After stIrnng 3 h at room temperature, the reactlOn was 

worked up as usual. PurIficatIOn on plates (EtOAc:CHCI3, 25:75) gave 71b as a white foam (55 

mg, 12%) and 7Sb (115 mg, 26%), also as a white foam, m. p. 105°C, ).max 258 nm, lH NMR 

(CD03) 5.75 (bs, 1, Hl'), .90 (d, 18, C(CH3)3)' 

'-, 
Reduction or72e to give N6-benzoyl-3',5':di-O-t-butyldimethylsilyladenosine (70c) and N6_ 

benzoyl-3',5' -di -O-t -butyldimethylsilylarablnoadenosine (74c). 

72e (500 mg, 0.83 MmDl) was dlssol~ed m anhydrous TIIF and treated as~ve with • 

Superhydndetm (2.00 ml, 2.00 mmol) for 2 hours at room temperature. The usual workup and 

punficatIOn on plates (CH2CIz:MeOH, 9.5:.5, developed twice) led to the Isolation of 70c (40 mg, 

8%) as a white foam and 74e (49 mg, 10 %) as a colourless glass, m. p.less than 90°C. À~ax 277 

nm, I H NMR (CDCI3) 6.44 (hs, l, Hl'), .89 (bs, 18, -C(CH3)3)' .16 (s, 12, -Si-CH3) . 

.,.. 
Reduction or 73e to give N6-benzoyl-2',5'-di-O-t-butyldimethylsilyladenoslne (7lc) and ~
benzoyl-2',5'-dl-O-t-butyldlmethylsilylxyloadenoslne (7Sc). 

73e (270 mg, 0.45 MmDI) was treated as usual with the reducmg agent (1.10 ml, 1.10 

mmol) for two hours. PunficatlOn on plates (CH20z:MeOH, 9.5:.5) led to the Isolation of 71c (16 

mg, 5%) as a foam, and 75e (85 mg, 31%) a1so as a foam, m. p. 211°C, )max 277 nm, I H NMR 

(COa3) 5.95 (hg, 1, Hl'), .90 (hs, 18, -QCH3)3)"1O (hs, 12, -Si-CH3». 

-
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Reduction or 73d to give N2 -benzoyl-l' ,s'-dl-Q-trilsopropylsilylguanosine (71d) and N1-benzoyl-

2' ,s'-dJ-O-trilsopropylsilylxyloguanoslne (75d). 

73d (550 mg, 0.80 mmol) was dissolved in anhydrous THF (25.0 ml) and treated with the 

reducing agent (2.00 ml, 2.00 mmol) for 2 h, at room temperature. The usual workup and 

p\lf!ÜÏcation 00 plates (CHC~:acetooe, 9:1, developed twice) gave 7ld (65 mg, 12%) and 75d (344 

mg, 63%) as a yellowfoam after evaporation, m. p. 115-117oC, max 260 nm, 1H NMR (CDCI3), 

5.90 (bs, 1,\H1'), 1.01 (m, ca. 42, -C(CHY3). 

Deprotection of the reduction products 74 and 75. 
c 

AlI of the xylo- and arabinonucleosides were deprotected. A small sam pie (50 mg) of cach 

was desilylated by reactioo with tetra-n-butylammonium fluor ide (1.00 ml of a 0.1 M THF solution) 

for two hours in a plastic test tube. The solvent was evaporated, and the resulting oil was taken up 

in water (1 ml). This was applied to a Dowex Na + ion exchange column (25 ml), and eluted slowly 
,;;, 

with water (30 ml). The water was removed by lyopholisation and those nucleosides bearing benzoyl 

groups were treated with ammonium hydroxide:MeOH, 4:1 (5 ml) at 50Pllt: overnight in a 

polypropylene test tube sealed with a rubber septum. The solvent was lyopholised and ail fully 

deprotected nucleosides were dissolved in water, applied to Whatman 3 MM chromatography paper 

(10 mg per sheet) and developed with isopropanol:water'ammonium hydroxide, g·1:1. The 

chromatograms were visualised by UV shadowing with a fluorescent TLC plate, and the UV

absorbing bands eut out and eluted with water. The fully deprotected nucleosides were th en 
1 

characterised by proton NMR and UV spectroscopy. The values are collected in Tables 3 and 4, 

and are in good agreement, with literature values. In addition, the arabinonucleosides were 
\ ' 

compared chromatographically with standards purchased from Sigma, or (ara-G) prepared in tbis 

laboratory by another procedure 76. 

1 
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Table 3. Characteristics of deprotected ara- and xylonuc1eosides (44a-d and 4Sa-d) • 

Compound Rf • 
448 \ .60 
4Sa .58 
44b ,61 
4Sb .57 
44c .64 
45c .73 
44d .57 
45d .63 . , 

On paper, usmg I-PrOH:H20:NH40H, 7:2:1. 

~max(nm) 
262 
262 
270 
270 
258 
258 

"- ·252 
252 

MP(°C) 
d>225 
d>225 

d19Q-21O 
d>200 
d>200 
d>200 
d>Z25 
d>Z25 

Table 4. IH chemical shifts of deprotected ara- and xylonucleosides 44 and 45 . . 
I.S11gar protons. 
Compound H-l'(Jl',2') H-Z'(JZ',3') H-3'(J3',4') H-4' H-5' 

448 5.96(8.1) 3.99(3.5) 3.96(N.R.) 3.69 3.57 
458 5.85(0.5) 3.92(N.R.) 392(N.R.) 4.06 3.66 
44b 6.02(4.0) 3.95(8.0) 385(7.0) 3.71 356 
45b 5 61(N.R) 3.86(N.R) 386(N.R.) 4.05 3.50 
44c 6.25(3.6) 4.14(N R) 3.74(N.R.) 3.62 3.54 
45c 5.85(2.0) 4.29(1.5) .4.02(N.R.) 4.13 3.75 
44d 5.90 (4.0) 4.02(N.R.) 4.0Z(N.R.) 3.71 3.60 
45d 5.65(1.5) 4. 19(N.R.) 4.00(N.R.) 4.10 3.45 

.......... il. Base protons. " 

(Cmpound. H-5(J5',6') H-6 Compound R-2 R·S 

448 7.69(8.1) 5.28 44c 8.17 8.10 
45a 7.74(8.0) 559 45c 8.25 8.12 
44b 755(7.4) 5.67 44d 7.71 6.60 

• 45b 7.75(7.5) 5.50 45d 7.83 6.59 
ShIfts given ln ppm trom TMS; coupling constants given 10 Hz;H· 5' values given as the center of 

multiplet; N.R-=not resolved. Run JO dmso-d6. 

1 
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Chapter 2. 

Synthesis of SlIyl Nucleotide Analogues \ 

Introduction. 

In the general mtroductlOn to tius thesls, a bnef overview of the are 

nuc\eotide analogues was presented. After dIscussIon of several base- and su r-modlfied 

analogues, sorne of the more promment hnkage-modlfied nucleohdes were de 
o 

range of such molecules has been made, W1th the phosphodlester group replace by such groups as 

.""hosphorothioate, carbonate, carbamate, phosphoramldate, and alkyl- or arylph sphonate. 

Recently, a new synthesls of a 3'-Q-5'-N-carbamate-hnked hexathymldyhc aCld a 

reported 134. 

As mentlOned JO the general mtroductlon, we have embarked on the synt 

type of nucleotIde analogue, In whlch the phosphodlester lmk of the natural nuc\eo 

W1th a silyJ ether connectlOn. The obJect was to pro duce a c1ass of analogues wluch 

but wluch stIll retamed sorne sImIlanty to the natural form. Llke phosphorus, SIlIcon is 

tetrahedral, W1th the SI-O bond length of approxlmately 163 pm as compared to abou 155 pm for 

the poO bond of natural nucleotIdes (for a neutral nucleohde phosphotnester, tills b d length IS 

about 157 pm135). In addItion, the molecules should be reiatIvely easily synthesised, 

under at least mIldly aCldlc and basiC conditIons, 10 order to facdltate thelr handIing. 

SilIcon has been falrly Wldely used m the nucleotlde field as a basls for protec mg groups. 

Aside trom the use of (-butyldlmethylsIlyl ethers which were descnbed 10 the preVlOUS chapter, a 

Wlde vanety of other SIlIcon ether protectmg groups have been descnbed, varying In t 

the substltuents at sÙIcon. The pnnclpal dlfference is 10 the steric bulk of those substi 

general, larger alkyl or aryl groups promote greater hydrolytlc stabiIity of the resul tmg 

price of greater dlfficulty in formmg that ether. Fortunately, 10 most cases both prima .. 
secondary hydroxyls can be sIlylated by most sIlyl protecting groups, and condItions can be used 

which allow relatlVely selectIVe reaction at the pnmary hydroxyl. TIns area has recently 

reviewed by Lalonde and Chan 136. The partICular advantage of silyl protecting groups 

stability of the resulting ether. These are stable to many of the common reagents of org IC 

134. J. M. CouU, D. V. Carlson, H. L. Welth, Tetrahedron Lett., 28,745 (1987). 
135. R. G. Brennan, N. S. Kondo, M. Sundaralingarn, J. Am. Chem. Soc., 106,5671 (19 
136. M. Lalonde, T. H. Chan, SyntheSlS, 817 (1985). 
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synthesis, yet are easily removed with fluoride ion. ~ stability made us consider the synthesis of 

silyl-linked nucleotide analogues. 

76 
, 

At the time we undertook this work, no report had come to our l\ttention of any such 
) 

." -silicon-linked nuc1eotide analogue. Since thdt date, only two reports, of silyl analogues (76) of sorne 

3',S'-cyclic phosphates, have appeared137. Other than our own work, we are unaware of any hnear 

silyl nuc1eotide synthesis. We,were intereM~d i~ether such molecules could be synthesised, the 

effect of various substitution~ at silicon on the stability of the products, and the nature of those final 

products; in particular, whether they èxhibited the base-stacking characteristics known for natural 

nucleotides, and if they could form duplexes with the natural Molecules. We found that we could 

indeed synthesise the desired 3' ,S' -linked silyl nuc1eotides with a variety of substituents at sùicon. 

We were able, ID addition, to make oligomers up tocsix units long, usi.ng.th~ common protecting 

groups of oligonucleotide synthesis. These sequences could be deprotected without too much 

difficulty, provided tbat a sufficiently stable silyllink was used. We used thymidine as a 

representative pyrimidine nuc1eoside, and 2' -deoxyadenosine as an example of a purine nuc1eoside. 

';;;) These present ail of the protection problems commonly found in nuc1eotide synthesis, and the 

product nucleotides would he complementary to one another. 

Synthetic Approach. 

We used an approach (Scheme 14) similar to that used in the solution phase synthesis of 

oligonucleotides. A solution of a suitably protected nùcleoside 77 was added dropwise to a solution 

containing the silylating agent and excess base. After a time during which the intermediate silylated 

nucleoside 79 would form, the second partially protected nucleoside 80 was added, also in solution, 

and the reaction mixture left to stir. We hoped that reaction at the 3'-hydroxyl of the first· 

nucleoside would he fairly ~lective, that is that the production of the undesired 3',3'-linked dîmer 82 

137. (a) K. Furusawa, T. Katsura, Tétrahedron Lett., 26,887 (1985). (b) K. Furusawa, T. Katsuea, T. 
Sakai. K. Tsuda, Nucl. Acids Res. Symp. Ser., 16, 85 (1985). 
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- would be small. Workup, chromatography and deprotection would lead to the desired dimer SI 

Use of suitable protecting groups R and R'would aIlow for chain extension in either direction if thls 

was desired. Of course, in a reaction wher~ the ratiu 71:78:80 is 1:1:1, production of 1 mole of 82 

willJead to the production of the same amount of the othe~ possible symmetrically-linked dimer 83, 

by reaction of 80 with the residual silylating agent. Clearly, three problems confronted us. 

a' 

RO~ 
B 
H~ 

a 
78 R~ 

RO 

~ -1 
80 

.. 
, HO 0 0 

1 1 1 1 
77 R-Si-R R~Si-R' 1 

1 

o~ x r9 

B\ RO 
SiR 2X2 

~ 
81 

78 SiR'2 ",. 

0 
1 

2 

Scheme 14. 82 

~ 
First, a silylating agent 78 was needed which would undergo this reaction, and form a silyl 

ether which would be stable to bulh workup and deprotechon conditions. There are a great many 

. silylating agents commercially available, and our lllitial selection of such an agent was dictated by 

this avatlabùity. Most of these reagents are dichlorosilanes (78, X = Cl) wluch are sufficiently 

reactive for most pur poses, whùe still being stable to long-terru storage As Will be seen later, 

leaving groups other than chloride may also be uscd. 

Second, the reaction condItions themselves should allow reasonably selective coupling 

leading to the desired asymmetrically Imked product 81, minimising or eliminating production of the 

symmetrically linked byproducts 82 and 83 (vide Infra). 

Thini, the protecting groups R and R" must be removed independently of one another, . ' 
under conditions compatible Wlth the mtegrity of the silyllink. It would obviously be useful if the 

partially protected nucrt;oside~ themselves were easily synthesised. 

• 

.. 



• 

" 

\ 

" If 

70 

9ur initial experiments revolved around the syntbesis of a 3' ,5' -linked thym id me dimer 84 

We chose to use dichlorodiphenylsilane as the silylating agent, 4,4'-dimethoxytntyl (DMT) as the 5'

protecting group, and 4-monomethoxytrityl (MMT) as the 3'-protecting group. 1his would allow us 

to selectively remove the 5' -protecting group using zmc bromide138, and at the end of ;tl~ synthesis 

the whole molecule could be deprotected in one step with acid We used thymidme ad it pr~sents 
the minimum of protection problems. 

a' 
-OV"O 0"-J '::r---I Si R

/
2 

RO 

83 

Th 

DMT~ 

~ 
Ph- S,-Ph ;rh 

o~ 
OMMT 

84 

Th 

DM~ 
OH, 

85 

H0-dh 
OMMT 

86 

Addition of a DMF solution of the 5'-protected thymidine 85 to a DMF solutlon of the 

silylating agent and imidazole at room temperature, followed by addition of the 3' -protected 

nucleoside 86, led to d mIxture of products AlI were tritylated From the colour of the TLC spots 

on spraying Wlth dilute perchloric aCld, It seemed that two of the threc products bore dimethoxytrityl 

groups (glVIng ri sc to bright orange spots), and one a monomethoxytntyl group (strong yellow spot). 

After column chromdtography, we were able 10 isolate the dcslfed 3',5' -Imked dimer (84) in only 

29% yield ThIS was IdenlIfïed by ils IH NMR The other producls were Identmed as the 3',3'- and 

5',5'-linked dlmers 82 and 83 (B=B'= thymllle, R = DMT, R' = phcnyl, R"=MMT), based on thm 

IH NMR. Attempts to deprotect the 3',5'-lmkcd dlmer 84 were unsucccssful Trcatment with 

ace tic acid, or 3% dichloro- or tnchloroacetlc aCld in methylene chloride undcr conditIOns wruch 

would lead to removal of the both the 3' -manomethoxytntyl and the 5' -dunethoxytrityl protecting 

groups led ta decomposillon and the production of thymIdine. ObvIOusly, bath our pro~oup 

strategy and reaction conditions would have to be changed. \ 

Fortunately, a multItude of hydroxyl protecting groups have been developed for nucleotide 

synthosis. We wished to rctain the dimethoxytrityl group at the S'-position since it proVldes a good 
--____________________ ~,-- c 

138. M. D. Matteucci, M. H. Caruthers, Tetrahedron Lett., 21, 3243 (1980). 
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marker on TLC, and is easily removed with mild acid. In addition, 5' -dimethoxytritylated 

nucleosides are easily synthesised in good yield. We required a good 3'-protecting group. A n1l1l}ber 

were ruled out due to incompatibility with our procedure. Most of the ether-type protecting groups 

are removed under conditions _~compatible with our silyllink, or are not stable under detritylation 

conditions. The use of silyl protectioo, such as t-butyldimethylsllyl or trüsopropylsilyl, was obviously 

also ruled out, since the deprotection conditions would certainly destroy the silyllink. We wanted a 

protecting group wbich was easily introduced, and stable to acid, but removed under mlld 

conditions. The levulinyl group139 satisfies these reqUirements. It is introduced by a simple 

estenficàt10n procedure, \lnd rcmoved rapldly using hydrazine in pyridinc:acetlC acid solution. The 

methyl moiety of tbis group provides a co~venient marker ln the IH NMR. We exposed compound 

84 to the delevulination (ondltions described in the literature, and fOllnd it was stable, provided the 

reaction was not a1lowed to run more than a few minutes. The reqUlred 3'-levulinylthymidine 871s 

easùy prepared from 85 by esterificatIon W1th levulinic aCld ID dloxane (Scheme 15), in the presence 
1 

of DCC and a catalytic amounl of N,N-dlmethylammopyridine No detritylatlon was observe d, 

either VlSUally (there was no orange colour to the reactlOn) or on TLC Removal of the 

dimethoxytrityl group W1th 80% aqueous acelic acid gIves the desired 87 in good (90% for the fmt 

step, 62% for the second) yteld after crystallisation from toluene. 

1. LvOH, DCC 

Scheme 15 . 

•• 

Th 

H~ 
OLv 

87 

We then turned to the problem of fmding new coupling conditions. We obyiously had a 

problem with the reaction of the nucleoside 3'-silylchloride (79, X=Cl) with the 3'-hydroxyl of 

another Molecule of 77 (Scheme 14). In other words, we wished to use conditions under which the 

free silylating agent was much more reactive than intermediate 79. We varied the temperature and 

solvent, using DMF (known to be li good solvent for silylation reactions, especially in the presence of ( 

l 
1 

(. 139. J. H. van Boom, P. M. J. Burgers, Tetrahedron Lett., 4875 (1976). 

l _#. * 
----------------------~~--------------
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imidazole,both for hydrox:yls in gencraI140 and nucleosidcs in particular141) and THF, at rQOm 

temperature and reduced temperature, with either pyridinc or imidazole as base, with or without 

silver nitrate assistance142. We used 87 as the second nucleoside, and the reactions werc carried 

out essentially as aIready descnbed, and monitored by TLC. We found our best results were 

obtained using THF as solvent and pyridine as base, and carrying out the reaction at -780C using an 

iSopropanol:Dry Ic~ bath. This gave us the desired 88b in 53% yield, aIong with 89b in 23% yield 

(Scheme 16). Th Th 

OMTo~Th PMTO~ + DMTO~' SiR, 

o 0 
i ,ii .. R-Si-R 1 

: ~h 
89 

Th 

OLv 

88 

+ -0'çJ SiR 2 

OLv 
2 i. SiC1z~, Ü. 87 

90 
R = a, Et; b, phenyl; c, t-Bu, phenyl; d, t-Bu, Me; e, l-Pr; f, Me; g, (C~)4; h, t-Bu. 

1 

Scheme 16. 

We followed the progress of the reacti,?n by TLC. This shows the appearance of two 

dimethoxytritylated matenaIs after the frrst nucleoside has been added. The faster of the two 

disappears on addition of the second nucleoside. The more polar materia! appears unchanged after 

the additIon of the second nucleoside. This more polar materia! was identlfied by 1 H NMR as tbe 

symmetrically linked 89b. On addition of the second nucleoslde, the faster-moving tritylated 

materiaI is coilsumed, and a new, more polar tritylated materia! appears. ThIs Îs the asymmetrically

linked dîmer 88b. There lS aIso a new, nontritylated materia!, close to the baseline. This is 

identified by its proton NMR as the 5',5'-lin.ked dîmer 90b. The recovered Yleld of this matena! is 

usually very low. Th~, chromatographlcally, we find that 89b is the least polar compound, followed 

by 88b, and 90b appears last Ob the Ttc. This order was followed in all but one of the syntheses in 

this chapter. Obviously, tlfts makes purification somewhat difficult as the desired compound is 

found between the two major byproducts. 

'140. A. R. BassindaIe, T. Stout, Tetraltedron Lett., 26, 3403 (1985). 
141. K K. OgilVle, A. L. Schifman, C. L. Penny, Cano J. ClIem., 57, 2230 (1978). 
142. G. H. Hakimelahi, Z. A. Proba, K. K. Ogilvie, Tetrahedron Lett., 22, 4'nS (1981). 
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Deprotection of the Dimer. 

We were able to rem ove the dimetho~tyl group of 88b in good (78%) yield using zinc 

bromide in anhydrous nitromethane (Scheme 17). This very mild procedure left the levulinyl group 

untouched, and there was no eVldence of decomposition of the diphenylsùyllink. We aIso attempted 

to detritylate using catalytic phase transfer hydrogenation143, which involves refluxing the ~ubstrate 
in an ethanol:cyclohexene mixture in the presence of a catalytic amount of palladium oxide. 

Cyclohexene acts as the hydrogen source. This procedure has been used in this laboratory for the 

removal of benzyl and dimethoxytrityl protectmg groups. In the present case, however, deFritylation 

was accompanied by degradatlon to thymidine and levulinyl thymidine, as eVldenced by TLC. There 
, , 

was no indication that the detritylation was any more rapid than the desilylation (i.e. the reactlon 

time was not the problem) 50 this procedure was abandoned. 

88--------

91 92 
• 

i. ZnBr2/N02CH3' ü.Hydrazine (pyridine:acetic acid, 3:2) ~. 
Soheme 17. R ~ a, Ec, b, phenyl; c, t-Bu, phe'nyl; d, t· Bu, Me; e, j-Pr; f, Me; li. (CHz).p b, t- ï· 

It was observed that treatment of t-butyldimethylsilyl-protected nucleèSÎdes ('16 and 71, 

B = uraetl) under these conditions led to desilylation. To our knowledge, this is the fust report of 

this reaction being used to remove the t-butyldimethylsilyl protecting group, although it is not likely 

that it would be of much synthetic utùity as fluoride ion is sufficiently mild and selective for most 

purposes. Hydrogenolysis of trimethylsilyl ethers is also knownl44. Detritylation of 3',5'-di-O

dùnethoxytritylt'lyn:.idine under these conditions showed no selectivity. 

143. (a) I. D. Entwio.:Je, R. A. W. Johnstone, T. J. Povall,J. Chem. Soc. Perkin l, 1300 (1975) (b) G. 
M. M'::..s1tharamaiah, K. M. Sivanandaiah" ibid., 490 ~1977). 

144. A. H"~l[, A. W, P. Jarvie, J. J. Mallabar,1. Organometalliq Chem., 59, 141 (1973). 
1 
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The levulinyl SI oup was removed (Scheme 17) to give 92b ip 67% yield by treatment of the 

partially protected dimer 9tb with hydrazine in pyridine:acetic acid (3:2)139. The reaction was clean 

if the time was kept short. After about 3 minutes, de protection was complete (TLC). Within one or 

two more minutes, degradation products began to appear on the TLC. Thus it was necessary to stop 

the reaction quickly, by addition of acetyl acetone to consume unreacted hydrazine, and aqueous 

workup. This showed the sensitivity of the diphenylsilyllink to basIc conditions. 

Use of Other Silylating Agents. 

We hoped to improve the yields by usmg a differentially functionahsed silylating agent 

(Scheme 18). We reasoned that if one of the chlorine atoms attached to silicon was replaced by 

some other good leaving group whlch eilher reacted at a dlfferent rate or under different conditions 

than do es the parent chlol"ide, we would gam some selectlVlty m the coupling reactlOn This IS to 

say, 88 would form 50 much more rapidly than 89, due 10 the dIfferent rates of substitution of t:he 

two leaving gy:oups, that we would greatly reduce or even eliminate the production of 89 (and th us of 

90). This would both enhance our ytelds, and ease purification. The reader Will note the sllllilarity y , 
betweên trus approach, and the phosphoramidite route of natura! oligonucleotide synthesis ~ 
mentioned in the genera! introduction. 

Th 

_
__ .....j ... DMT0-V0~ 

85 + Ph 2SiXY' ... "r---I 
94 ? 

X=CI, Y=N(Me)2 

Scheme 18. 

Ph-Si-Ph 
1 
Y .. 

87 1 
• ~8 

/ 

1 

./ 

/ 
/ 

To this end, we obtained the commercially available N,N-dimethylaminodiphenylsilyl 

l' 

\ 

chloride 94 (R = phenyl, X = Cl, Y = NMe2)' The addition of the fust nucIeoside 85 was carried out 

under basic conditions, using pyridine, triethylamine, or ,diisopropylethylamine as the base. It was 

hoped that the intermediate nucIeoside silylamine 93 (Y = NMe2) could be isolated. This was not 

/ 
/ 

the case. After basic workup, 1 H NMR showed no evidence of tb\s product. The us~ of the weak V 
acid lH-tetrazole to protonate the silylamine in situ, followed by addition of 87 in solution, led to 

\ 

\ 
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none of the desireq dimer. Rather, the ooly tritylated produd observed was the 3';3' -linked dimer 

89. It would seem that even under these basic conditions, the silylamine is a sufficiently stron~ base 

to be protonated and act as good leaving group. The reaction of silylamines with hydroxyl groups is 

knôwn to be promoted by both acidic and basic conditions145. On the othc;r hand, it is possible that 

protonation of the silylamine is foUowed by nucIeophilic displacement by ch10ride ion to form the 

nucleoside silyl chIoride, which would then react as in Scheme 14. We attempted without success to 

synthesise other dialkylaminosilyl chlorides, and 50 this area of the work was discontinued. 

We aIso wished to exanune the use of silylating agents with other alkyl or aryl substitutions 

at silicon. As mentioned above, there are many alkyl- and aryl-substituted dichlorosilanes 
, 

commerciallyavailabk. We felt that increasing the sterie bulk around the silicon atom might 

increase its stability to hydrolysis. In protecting group chemistry, varying the sae of the substituents 

at silicon has a large effect on the stability of the resulting silyl ethers. For example, it is weil known 

that trimethylsilyl ethers are cIeaved under fairly mild conditions, under which t-butyldimethylsuyl 

ethers are stable and t-butyldiphenylsilyl ethers are yet more stable. Thus we felt that we might 

, improve the stability of ,ur nUcIeotide analogues by the use of more hindered silylating agents. 

Further, we felt that more hindered silyl chlorides might react more selective1y; that is, 79 might 

show a sufficiently large propensity to react with the primary alcohol of 80 rather than with the 

secondary a/cohol of 77, 50 that our yields mlght be improved. 

We were able to obtain a range of dichlorosùanes bearing a variety of groups. We carried 

out the coupling reactlon using the same çonditions as before (Scheme 16), THF as solvent and 

pyridine as base, at Dry Ice temperatures, with these silylating agentS. The yields are collected in 

Table 6. :At the same time, we synthesised the symmetrically linked 89a-e and 90a-e, as standards . . 
for chromatography. It will be noted that the less hmdered reagent diethyldichlorosùane gave a very 

low yields of the desired products 88a. This seemed quite unstable to column purification. TLC of 

the attempted syntheses or'8sC,g showed traces of the desired product, but these could not be 

isolated by silica gel column chromatography. 

145. R. Fessenden, J. S. Fessenden, Cltem. Revs., 61, 361 (1961). 

________ ~ ______________________________ 1'dt dt 
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Table 5. Characteristics of3',5'-silyllinked thymidine dimers 88,91 and 92. - ' , 

• 
Compound Yield M.P. U.V. Rf 

(%) (oC) (,\max) 
.45a ,:nb ,.54c 88a 185 105·110 268 

88b 53 113-117 265 .45, .16, .28 
88c i. 61+ 90-93 266 .45, .31, .45 

ii. 103-110 266 .36~ .16, 32 
88d i. 68+ 103-108 268 .31, .27, .48 

Ü. 106-110 268 .45, .22, .32 
88e 37 foam 266 .48, .27, .47 
91b 78 91-93 264 38, .11,.14 
91c 47 106-109 266 .34, .11, .lS 
91e 75 foam 266 .20, .11, .19 
92b 67 106-109 265 .25, .03. 06 
92c 40 133-140 265 .11, .04, .09 
9~e 64 104-108 266 .07, .03,.08 

• + Yield for both TLC solvents: a, C~C~:MeOH, 9:1; b, ether:~~:EtOH, 71:26:3; c, EtOAc. 
mastereoisomers. . 

Table 6. Characteristics of3',3'-silyllinked thymidine dimers 89. 4f 

• Compound Yield M.P. U.V. Rf 
(%) (oC) (,\max) 

.60a,54b,.76c 89a 70 115-118 268 
89b 47 135-140 270 39, .46, .79 
89c 52 130-135 268 .49,57, .77 
89d 62 121-126 270 .63,53, .74 
8ge 36 112-115 268 .45,51, .75 
89r 22 115-122 268 .38, .46,.72 
89g 60 oi! 270 .46, .48,.36 

1 

• Same solvents as Table 5. 

1 .Ir, 
\ 
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Table 7. Characteristics of 5',5'-linked thymidine. dimers. 

Compound 

* 

908 
90b 
90c 
90d 
90e 
90f 
90g 

Yield 
(%) 
84 
8 
73 
31 
35 
30 
26 

Same solvents as Table 5. 

M.P. 
(oC) 
oil 
<90, 
<80, 
gum 
oil 
foam 
gum 

U.V. 
(Àmax) 
264 
270 
266 
266 
264 
266 
265 

• Rf . 

.53a,.09b,.20c 

.63, .53, .74 

.49, .11, .19 

.38, .10, .18 

.37, 11, .17 

.42, .11, .11 

.30, .07, .14 
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Some fu~ther ~omment o.n the synthesis of the symmetrically linked duners is probably In 

orde,. It will be noted that the )'lelds of 5',5'-linked dimers 90 are ~onsistently lower than those of 

the corresponding 3',3' -linked dimers 89. In all cases, the reaction mIXtures are c1ean by TLC, 

showing OIlJy the symmetncally linked dimer, and a trace of slightly faster-movmg material, 

presumably the nucleoside silanol resulting from the slight exccss of silylating agent used. We ~ 

specula te that the low yield is due to degradation on the column. Since the syrnmetncally-linked 

dîmers were not the focus of our research, no attempt was made to optimise their synthcsis. 

The most lundered reagent, di-t-butyldichlorosùane, gives none of the desired 3',5'-lmked 

dîmer, even at higher temperatures. In fact, even extended rcaction times and the use of silver 

nitrate to enh~ce reaction gave none of the product 88b It may be that the silylating agent is too 

hindered. The use of the more reactive stlyl triflate (in methylene cblonde, vlde mfra) did not gIve 

any better resuIt In both cases, TLC analysis sbowed the formation of a smgle faster-movmg 

tritylated material, apparently analogous to the fast-moving material formed in the stlylations 

described above. In these presént reactions, however, no new products formed on addition of the 

second nucleoside 87, nor did tbis second nucleoside appear to be consumed. This was , 
disappointing, since we had expected that the di-t-butylsilyl-linked analogue might show the greatesl 

resistance to hydrolysis, and had hoped that it might give more selectivity in the formation of the 

asymmetrically-linked dîmer 88. 

The yields of the analogues bearing t-butylphenyl and t-butylmethylsilyllinks (88e ànd r, 
respectively) were quite respectable (61 and 68%). On the other hand, they are produced as a pair 

of diastereoisomers, being differentially substituted at silicon. Unlike normal nucleotide synthesis, 

the present synthesis does not rem ove the diastereoÎsomerisnt'at the deprotection step. The 

diastereoÎsomers may be separated, as implied in Table 5. This Ieads to either a Joss of material (if 

the diaster~oisomers are separated and only one used in subsequent couplings) or difficulty in 

\ 

• 
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purification at later stages (if both 'diastereoisomers are used). We felt that tbis should be avoided. 

But we were unable to prepare the d1.-t-butylsilyl-linked dîmer (vide supra) and the diphenylsilyl

linked dîmer was somewhat sensitive to acid and base. _We felt that a diisopropylsilyl ether link 

would be a reasonable compromise between reactivity and stability. Unfortunately, the appropriate 

dicblorosilane is not commercially available. We were, however, able to fmd a commercial source 

for the corresponding triflate. 

We attempted to synthesise dîmer 88e using our usual reaction conditions and the silyl 

triflate 9S (bis(trifluoromethanesulphonyl)dlisopropylsilane). None of the desired product was 

round. We were somewhat baffled by this resuIt, sin ce we had expected that the triflate would be 

highly reachve, and that substitutiOn by hydroxyl would be rapid. TLC showed mainly starting 

mate rial after the usual workup. It was pointed out by a member of thls laboratory (Dr. J. P. 

Roduit) that very active sl~lating agents may act to cIcavc ethers l46, such as the THF which we had 

used as the solvent. SWltcrung to methylene cblonde as the solvent gave the desired reaction. We 

were able to lsolate the desired 3',5'-linked dîmer 88e in 47% ytcld. We later altered the ratio of 

reagents from 1:1.1'1 (8S:sùylating agent 87) to 1. 8' 5, increasmg the yield to 74%. The molecule 

was characterised b; UV and 1~ and 29Si NMR spectroscopy and low resolution fast atom 

bombardment (FAB) mass spectrometry. The UV s,pectrum is characteristic of an unmodified 

thymidine nucleoside. The most notable NMR characteristics are the presence of a single resonance 

at -7.5 in the 29Si NMR (using the iNEPT pulse sequence), and lH NMR signaIs corresponding to· 

the methyl and methylcne groups of the levulinyl protecting group, the methoxy groups of the 

dimethoxytrityl moiety, two incompletely resolved anomeric proton resonances, and the expected 

signal from the isopropyl groups attached to silicon. 

With the desired dinucleotide analogue in hand, we then carried out the stepwise 

deprotection of tbis molecule (Scheme 17). Detritylation with zinc bromide as above gave us the 

partially protected dimer 91e in good (75%) yield. Characterisation again involved the use of UV 

and I H NMR spectroscopy, both of which showed the expected features. The I H NMR is especially 

informative, showing the presence of the anomeric, and silyl protons, as weIl as the levulinyl group. 

This molecule could then he used in place of 87 (Scheme 19) in order to synthesise a trimer. At 

146. M. E. Jung, M. A. Lyster, J. Org. Chem., 42, 3761 (1977). 
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fust, however, we carried out the deprotection of the 3' -end to arrive at the fully deprotected 
, 

material. Delevulination with hydrazine gave us the dimer 92e in 64% yield after purification, the 

product being identified by 1~ NMR and UV spectroscopy. It is worth noting that no degradation 

of the silyllink was noted in this reaction even after several hours, pointing up the stability of the 
1 

diisopropylsilyl group as compared to the diphenylsilyl analogue. The complete deprotection of the 

phenyl-t-butylsilyl analogue 88c (the major diastereoisomer oruy) was also carried out via this same 

series of reactions, in somewhat lower yield (47% for the fust step, 40% for the second). 

) 
DMT~h ___ ~ _____ • DMT~h 

OH ~ 
85 

L Si(i-Pr)2Tf2, CH:zCIz, pyridine, iL 9fe. 

Tf = trifluoromethanesulphonyl 

Scheme 19. 

Synthesis of Diisopropyldichlorosilane 

1 
.·Pr-SI-.·P, 

if 

li 
• 

OM~h 
o 
1 

'-~-~h 

o 
1 

, pr-Si-,·Pr 
1 

OLv 

96 

At this point, we deClded that the greater stability of the diisopropylsilyllink would be an 

advantage, since It allowed us to consider more vigorous deprotection conditions, if these became , 
necesS'ary. In particular, we wished to extend the series of analogues to include deoxyadenosine , 
sIlylnucleotides. This most probably would r~quire the use of sorne sort of protection, likely an 

amide, for the exocyc;lic amine. ,We had no confidence i.u the ability of the diphenylsilyllink to stand 

up to the deprotecuon conditions called for in that case. We decided to synthesise the commercially 

unavailable diisopropyldichlorosilane (Scheme 20) and compare it as a silylatIng agent to the silyl 

triflate (95) which we had been using. We were able to do this by fust making diisopropylsilane 

after the procedure of West and Rocho~47. 

147. R. West, E. G. Rochow,1. 018. Olem., 18,303 (1953). 

" 1 
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Scheme 20. 

SO 

The ether solution of the Grignard reagent prepared from isopropyl bromide was placed 

in a three-necked flask Dichlorosi1ane was condensed into a graduated cylmder, then allowed 

to slowly evaporate through an inlet tube into the flask The flask was also fitted with a Dry Ice 

condenser to prevent escape of the silane (b. p SoC). Aqlleous workup and evaporatlOn of the 

solvent followed by c.hstIllation gave the desired dnsopropylsùanc III moderate )'leld (46%) The 

required dichlorostlane was prodllced by the palladIUm catalysed reductlOn of ei,ubon tetrachlonde 

in a steel bombl4S This is a very convenient reactlOn, as the byproducts may be removed by 

fùtration of the calaly~t and simple evaporation of the chloromethane products No attempt was 

made to identJfy the chlorocarbon byproducts, although Nagdl et al report cd the presence of both 

chloroform and methy1cne chlonde in the product mIXture, and accounted for the mass balance of 

the reaction by postulating the production of methyl chloride and mcthane Removal of the solvent 

followed by vacuum distillation gave the desired dilsopropyldIchlorosilane in 41 % yield, or 19% 

for the two steps. This cauld no doubt be improved upon, but was sufficlent for our purposes. The 

second reactlOn IS hlghly exothermic, with the reactIOn vesscI becoming very warm and the carbon 

tctrachlonde bOlling as soon as the catalyst (palladium (II) chi onde) IS added. 

Wc attempted to synthcsise 88e usmg thlS new reagent. Our usual THF jpyridine 

conditions gave ~nly very slow reactlOn, Wlth completion not being reached after 48 h. The use of 

DMF jimidazole or THF jsilver rutratejpyridine, even al -7SoC gave very poor results, the TLC 

showing mainly 8ge and 90e as the reaction products. We were able to use tbis silyJating agent later, 

as will be described below, for th~ deoxyadenosine analo~e case. 

Syntheliis of Longer Thymidine Nucleotide A,nalogues 
r 

We then went on to synthesise the trinucleotide analogue 96 (Scheme 19). We used the 

diisopropylsilyllink, with the silyl triflate as the silylating agent. Under our standard conditions, wt 

frrst formed the 5'-dimethoxytritylthymidine-3'-diisopropylsilyl triflate, then reacted it in situ with the 

partially deprotected dimer 91e. The course of tbis reaction as shown by TLC was the same as seen 

148. Y. Nagai, H. Matsumoto, T. Yagihara, K. Morishita, Kogyo Kagaku Zasshi, 71, 1112 (1968). 
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.dUMg the s thesis of 88e. The usuaI workup and silica gel column gave us the desired tr' er 96 in 

reasonable (5 %) yield. Changing the reagent ratio 8S:silylating agent:91 from 1:1.1:1 to 2: .6:1.3 

inçreased th yield to 68%. 96 was identified by its IH NMR characteristics, with the main eatures 

being the pr senee of the resonances for the melhyl group of the levulinyl moiety, the distin t signal 

due to the ethoxy groups of the dimethoxytrityl group, and the three anorneric signaIs, tw of 

wruch were overlapping, and one nearly cornplctely resolvcd frorn them. In addition, the 

appropriate 19nals due to the silyl group were seen. 29S1 NMR shows two c10sely separat d 

resonances, a -7.6 and -78 ppm, corresponding to the two silyl groups. 

FAB mass spectra also support the assigned structure. 

Wc also Wlshed to ~ynthesise a longer oligomer in trus senes 

be a reasonable target, sinc~ thi~ IS a large enough moIecule to exlubit sorne of the weIl-k own 

stacking and bindmg charactenstics of natura! nucIeotides, but 5till short enough to be m nageabIe 

, in a solution phase synthcsis. To thls end, wc decided 10 attcmpt a block condensatIOn 

appropriately protected tnmers. This would ehmmate two couplIng steps which would b required 

for a simllar stepwlsc synthesis. AccordmgIy, we detritylated (Scheme 21a) a sample of he fully 

proteeted trimer, u5mg tnchloroacetic acid. This reaction is more rapid and conVClllent than the 
, 

zinc bromide detntylation, and can be used here because of the greater stability of the 

düsopropylsùyl hnk. The desired partially protected rnolecule 97 was isolated in 73% . eld after 

cohunn chromatography 

The other building block was prepared (Scherne 21b) by delevulinatlOn of a ample of the 

fully protected tnmcr with hydrazine, as descnbed earlier. The reaction was allowe to proceed for 

ten mmutes, with no indication of degradation as monitored by TLC. The 5' -prote ted trimer 98 
---. 1 

was isolated in 88% yield after chromatography and precipitation from hexanes oth partially 

protected trimers were characterised by IH NMR and UV spectroscopy. 

et • 



o 

o 

H~h 
1 

•. pr-~h 

96 ----'~_. r 
1 

~·Pr-Sl-~ ·Pr 

~h 
97 

i. TCA/CH2C~, ü. Hydrazine (pyridme:acetic acd, 3:2) 

Scheme21. 

,. 

ii 98-----.-.. 

98 

We th en carried out the block coupling of the se two partially deprotected Molecules to 
1 

arrive' at the hexanucleotide analogue 99 (Scheme 22). This reaction was done on a particularly 

small Iscale (.17 mmol) due to the limited amount ofthe precursors which was available to us.' We 

again ~sed the tfinate as the silylating agent, and a much longer reaction time (1.5 h for the flfst 
, 
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reaction, 16 h for the second) was allowed to ensure complete reaction at bath steps. The reaction 

went quite smoothly, with TLC showmg complete reaction. The usual workup gave a three

component mixtUIe (TLC) as expected. In this case, the three products (two tritylated) were very 

dosely separated. Chromatographie separation was very difficult, requiring one column, and two 

preparative plate purifications. This no doubt contributed to the poor yield of the desired product . 
99 (12%). The initial TLC of the reaction showed that the actual yield was probably doser to 50%. 

However, removal of the symmetrically linked byproducts proved much 'more difficult than 

anticipated. The desired all-3',5'-l)Iùœd hexathymidylie acid analogue 99 was identilled by its IH 

NMR spectrum, which showed the presence of the appropriate protecting groups, and the correct 

ratio of anomeric to isopropyl protons. UV spectral analysis indicated that no base modifichtion had 

oecurred. 

\ 
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1. 95, CH2CI2, pyridine, iL 97. 

Scheme 22. 
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.99' 

.. 
" , '" DeprotectlOn was carried out In the same order as above. The dimethoxytrityl group at 

the S"'-end of the molecule was removecl usmgTCA In methyle~e chloride. After workup using 
f , 
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aqueous sodium bicarbonate, the organic layer was evaporated to yield a foam. TLe indicatea the 

presence of a relatively slow-mqvmg mate~lal, and atery fast spot which was assigneâ to the 

~f'!l~thôxytntanol byproduèt of this reachon. No t"tylat~d nucIeotIde analogu~ was detected by 

TLC. In order to preserve the compound, the crude material was noi punfied but Immediately 

delevulinated using ammonium hydroxide and methanol, with dioxane added to completely 

dissolve the material. After stirring overnight (16 h) at roem tempçrature, the solvents were 

removed by evaporatlon and t~e product purified 'on a slhca gel column to yield the final product 

(100, 14 mg) .. 

.-
100 

-v 
Again. this material was identifled by its 1 H ~R spectrum. s~oWing the appropriate 

• ratio of anomeric to isopr,?PYl' signais.' The UV spectium supported the assigned structure. 

o 
1) 
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• The deprotection yield was acceptable. but the ëifficulty ln putlfying the fully protected 
".. • ~ 1 

mat:rial pOints up one of the primary weaknesses m prepanng SlJch molecules b)C solution phase, 

synthesis.' Even though the actual couphng reactio~ may ~e r~asonably e,cIent. punficatlOn may 

be sutÎiclently diffieult tG sel iously h~mper the o~erall efficlency of the synthesls. Solid pha;e • 

Synthesisoffers\an advantage here. SInce it allows for highly selectIve couplmgs, partial 

deprot.ection on the sohd support, and purification only at the last step, mstead of at ~ac~ 

intermediate couphng, Certainly, for longer sequences, sohd phaSe synthesis would hava to be , , 

given senous consIderatIOn. 

DeoXyadenosfne'Nucleotlde Analogues 
\ ' . ' 

Il • .f " 

As mentlOned ln the mtroduction to this chapter, we wished to make silyl nucleotide .' ~ 
analogues-ufa representative purIne nnctl!oslde. To thIs end, we chose 2'-deoxyadenosine as that 

, ' 

substrate .. ThIs presents us WIth the common p'rotectmg group problems of nucleotlde chemistry, . , . 
and allows us to attempt the synthesis of a hexamer whIch jSo'cOmplemen"ary to the thymidine 

~ , 
oligomer deseribed above. Chronologlcally, this work was undertake~ afte( the thymidIne w.ork 

was weil underway. Thus, we kad a good idea of the best sdylati~g co~ditions and agents to use. 

We were faced WIth an extra protecting group problem. Deoxyadenosme contaiRs an exocycho 

amino group at the 6-I'ositlon of the base. It was possible that such a functIOnality might be 

sufficieri't1y reactlve to becoine mvolved in the silylation reactlOn. 'We had to deClde whether or .. 
not to protect thIs pOSItIOn. If it was protected, deprotection condItIOns would have to be such 

toot tqe ~I1yllink would be untouched. Normally, the amino group is protected as an amIde, 

usually with J>enzoyl. The deprotection of tJus positIOn is usually done WIth ammOnIum hydrOJade 
, . ~ 

ând methanol. at ambient or elevated temperatures. Clearly, as descnbed above, the dIphenylsilyl. 

link would not withstand these conQJtions. Thus, If we W1shed to use this link, the ammo group . .. -
would have to be unprotected. AlternatlVely, we could use a more stable sIlylllnk, and protect the . . 
amine group. At that time, we had not yet explored the stabihty of the diIsopropylsilyllInk. 

fi 

Synthesls an~ Stability or Dexoyadenosine Analogue$. 

Initially, we wished to synthcslse the deoxyadenosine analogue of compound 88 usmg the 

diphenylsIlyllink. Accordingly, we reacted ?'·dlmethoxytntyl-2'-deoxyadenosme (101) with 

diphenyldichlorosdane under the same conditions.used for the thymIdine case (TIIF-pyridme, - d , 
7SoC, Scheme 24). The reaction was a110wed to proceed for a time, then the second nucleoside, 

. " 
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3'-levulinyl-2'-éleoxyad'enosi~e ('102, pre'par~ as'for 87>. w~ added. After an appropriate tlme, 'as 

judged by TL~. the reaction was worked up. f • .. 

~. . Ad Ad 

D~T~.. ~ .HO~ 
HO ') ~Lv 

~. W2 

Ad '. Ad v 

D~T~ '" ii," .DMT0y'~ 
101------~.~ ~. --------•• ~ .. ~ 

Ph-~III-Ph 1 Ph-l.:Pb' 
.O-v.~ "{Ad 

CI' , \--1 
, OLv 

.. 
i. Dq,henyldichlorosilarte, pyridine, nIF, ü. 102, 

\ 

~Scheme 23 .. .. ./(_ 1 

v • 

nc showed that tbis reaction pr?ceeded iIJ the sa~e way as !he lhyrrildine reae~n. Two \ 

trityfated produets appeared after the fint nucleoslde was added, the faster of which was .. 

eonsumed after the seeond nuc\eoslde was allowed to reaet. ThIs dlsappearance coincided Wlth the - . , 

appe"arance of a new, slower-mo~ng tntylated matenal. A'very slow, nontntylated material was 0 0 

, " tIlîso,observed In the final product mIXture, Column chromatography gave the desired 3.:,5'-hnked 

----A dimer 104 in about 45% yleld. . . 

1 

'. . 
DeprptectlOn of tlus molecule (Scherne 24) was accof!1plished as before~ ZinC br<;,mlde 

detrjtylatlOn gave the partlally protected dlmer 105a m good (86%) yield. Delevulmation Wltn 

, hydr8.ZÎne, al~owed to reaet f~rkee min~tes. led to ;he .eompletelr deproteeted molecule 106~ In 

62% yleld as the only nU~le product. _ , '. 

/ '1' 

\ 

-' 



, , 

C 

.\ 
.;Mf .. 

\ 

';, 

B . 1 .. 

~ 
, 1 0 

• 1 

.. 

B 

H~p 
o 
1 

86 

101----.. ~ R-Sd ii 

R-~ 

. Olv HO .. 
105 106 

R, B= â, pheny~ aaenine; b, i-Pr~ ~-benzoylaaenine; C, i-Pr, adeninè. 
i. TCAf.~C~, ü. Hydrazine (pytidine:acetic acid, 3:2) for a and b, NH40H:MeOH for c. 

Scheme 24. 

• 
At Ithis time, we were hàviÎlg a degree of success wtth the diisopropyIsilyllink in the 

.... ~ 

. thymidine series. We had found, as described above, that it was significantly more stable·than the , . 
1 

dipheny1si1yllink., Thus, we applied this idea to the deoxyadenosine series. Using 5'-dimethoxytrityl-

2'-deoxyadenosine 101 as the tirst nucleosid~, we attempted to make the fully protected dimer 104c . , 

in the' same way,as for the thymidine dimer 88e, with the silyl triflate as the silylating agent. We 
• 1 

found, however, that no predominànt produc,t resulted. TLC analyslS of the reacllon showed a 

"" complex mixture of at least four major products and severa! minor ones. We therefore turned to 0 

diisopropyldichlorosilane, described above, as the silylating agent. We aIso decideeJ at this point that . 
it would be better safe than sorry as far as the amino protection was concemed, 50 we synthesised 

w ~-benzoyl-5'-dimethoxytrityl.2'-deoxyadenosine 107 by a literature procedure and from this, 

synthe.li~ed the appropnate 3'-levulinated benzoylated deoxyadenosine 108 by the same procedure 

as before, name1y, levfi1ination of the tritylated nucleosidè, followed by detritylation. 

AdBz AdBz 

DMT~ 0 HOç::) 
HO Olv 

.. 
1~7 108 

" 

, ) 

,. 
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Rea~on of the düsopropyldichlorosilane with 107 and 10~y-the usual reaction sequence 

(analogous ta Scheme 23), in anhydrous DMF, using imidazole as the base, led to isolation of the 

desired 3',5'-lin'ked dimer l04b in 47% yield. Changing the ratio l07:silylating agent:l08 from 

1:1.1:1 to 1:.8:.5 improved the yield of I04b to 60.5%. As usual, the dimer was idenufied from its IH 

NMR: SRe-~trum, whi~ showed signaIs for the levuliny~ dimethoxytntyl and' dusopropylsuyI groups, 

as ;ell ~ the twa anomeric protons. The INEPT 29Si NMR showed a smgle resonan'ce (at -7.1 

ppm), as expectwf. Low resolution F AB mass spectrometry and UV spectroscopy agree~f with the 

assigned structure. 

~ ,1,. Detritylation of this materia! ta giv~ the piutially protected dimer lOSb (Scheme 24) was' 

\ 

• a9complished with 3% TCA in Methylene chloride, with th~e product isolated ID 67% yield. It is 

worth noting here that ~-protected adenosines, and 2'-deoxyadenosines in particular, are highly 

susceptible to acid-pr~moted depurmation, as mentionctrd in the preceding chapter. Thus it is !.,w' 

nec~ary toJceep the reaction rime to a minimum. For t.hiS reason, we aVOIded the.use of acetic 
.. 

acid or zinc bromide to'carry out the detntylation. With the appropriate care, however, tlus reaction 

presents ~o problems. IH NMR showed the' appropnate signaIs, and the UV spectrum was 

characteristic ofJl benzoylated adenine nucleoslde. "'. 

l We exposed some of this mate na! to the standard hydrazine delevulination conditions for '<, 

the purpose of determIDmE its stàbility. After a few minutes, all the starting materiar hade been ' 

consumed, apparently converted to a slightly more polip" material, which was most probably the 

delevu1inated'comp~und l06b. This product was stable to these conditions for at least 28 h, 
. r 
underlining the stabiltty of this silyllink. "-

~ 
Ad8z Ad8z 

OMTU _____ .. ~ OMT~ 

HO 0 
~ 1 

.-Pl'-SI-. Pr 
1 

, CI 

i. Si(i-rr)2~' DMF, imidazole, Ü. lOSb. 

Scheme 25. 
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We thén procee~ed ta make the tnmer of this senes (109, Scheme 25). Tntylated nucleoside 107 

w~s coupled with detntylàted dimer 105b under the same condItIOns as,outhned above. The usual 
• (j 

w.ç>r1rup and sil Ica gel column punficatlOn Ylelded the deslred 3',5'-hnked tnmer 109 m 45% Yleld. 

Th~'Product was Identlfied by I H and (INEPT) 29S1 NMR and UV spectral analysls, as weil as low 

resolutlOn FAB mass spectromètry, The IH NMR resonances (FIg 11) were dJf~cult to completely 

asslgn, due to the extensIve overlap of the three nucleoslde SpIn systems However, the anomenc 

protons stand clear, wlth two overlapPIng completely, and one nearly resolved In addItIon, one 

.can easIly dlstmgUlsh the sharp sIgnai at 3 72 ppm due to the methoxy proton~ of the S' -protectmg ~ 

group, and the sIilglet correspondmg ta methyl mOIety of the levulmyl gr?up at? 17 ppm The . -
methylene protons of thls protectmg group (25 and 27 l'pm) glve sIgnais whlCh obscure those due 

1 to the 2' -pro,tons of the nucleosldes The sIgnaIs 'due to the Isopropyl groups attached ta sIlIcon 

,appear at about 1 ppm downfield from TMS, as expected, ànd the ratIO of '>Ignal IntegratIOns IS 

" correct. We also observe three sets of ?ase protons (H2, Cil '8 1 ppm, and H8, ca 85 ppm) due to 

the hydrogens at C-2 and C-8 of the heterocychc ademne bases. The 29S1 NMR shows two slg!1aLs 
, 

at -7.2 and -7 7 ppm. ,The UV spectrum eXlublts the expected absorptIon maxul'lum at 27G "m, 

mdlcatmg that the ~enzoyl protectmg groups remam mtact. 
, 
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At thls p(;m~t, we prepared the partIally deprotected tnmers 110 and 111, in OIder to 

proceed Wlth a block co_uphng as descnbed earher for the thymldme senes. Compound 110 W~Sl 

prepared by tnchloroacettc aCld detntylatlOn, keep\ng the reactlOn tnue as short as possIble (vide 
- • ,/ 1 • 

supra). The reachon proceeded qUlte cleanly, the product bemg ~solated as a wlute foam 10 67% 

Ylel~ after column chromatography The delevullOated tnmer 111 was prepared by reactlOn of 110 
r 

wlth hydrazme In pyndll1e'acetlc aCld, 3), dS usual, and Isolated, ag.?In as a whIte foam, In 81% 

yleld. Both products~~dentlflcd by thclr 1H NMR and UV spectra.> A small amount of 110 . , 

was completely deprotected wlth ammontum hydroxlde:methanol"dlOxane to gIVe 112, and ItS 1H 

spectrum IS sh,own (FIg 12). l' 
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WIth the réqUlred tnmer blocks 10 hand, we procéeded Wlth the synthesls of the " . ~ 

hexangdeottde ~nalogue 113. The re~ctlon was carned out 10 the same manner as for-the 
, . 

thymIdme h~xanudeotlde anal'oguc (Vide supra) ,We allowed a somèwhat longer reactlOn ttme 

than usual ai' bath steps ta ensure com];llete reactlon, m.vJew of the fanly labonous procedu:c for 

pie preparatIOn of the precursors TI1e deslred product was Isolated after two columns, one to 

remove the nontntylated product, a second to separate the two tntylatcd matenals 

The hexamer :vas Isolated In 115% yleld, and Identlfted as such from lts proton NMR 

'spectral data, wJth supportlllgotVJdence from the l.)V spectrum Although the NMR spectrum w s, .• 
, -not sUfpnsmgly, qUItc compllcated, several essentIal features could be dlstlpgUlshed. First~ the 

resonances for both hydIOxyl prote(tmg groups were clearly vIsIble. Second, the. ratIO of the 
. 

,IntegratIOn of the anomenc sIgnaIs ta that of the Isopropyl sIgnaIs was as expected. T1urd, the 

CQrrect number and mtenslty of base protons (C-2 and C.8) were obserl/ed. Interestmgly, the 
\ 

chromatographIe moblhty of the products from thIS expenment dlffered from thât found m ail our . . 
p'revIOus syntheses. In th~se cas~s, the product resultmg from 5',S'-couphng was the slowest-

movmg, Wlth the other symmetncàl product movmg the fastest, and the deslred 3',S'-lInked 

.' 
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matenal haVI~ ~n mtermedlate'mobllity. In this case, the desired producf was the s10west movmg, 

and the nontritylated, S',S'-hnked product the fastest NMR analysls, howev:er, eastI?f dl~tmgUlshed 

'the two tritylated matenals, by showmg the presence of the'levulmyl protedIng ?roup In the 

deslred hexamer , and trus group's absence ln th~ symmetncally Imked hexamer byproduct. 

In deprotecting thls rno[ecu[e, we enco~ntered a senous prob[ern In aU prevIO~s cases, m 

• both the thymldme and deoxyadenosme senes, we had carned ou\ the dctntylatlOn step first, 

folloy.red by removal of benzoy[ and [evu[myl groups as appropnate (Vide slIpra). In the present 
" 

case, detnty[atlOn as usual Wlth tnchloroacetlc aCld led to the prod.uctlOn of a smg[e nontntylated, 

, UV-absorbmg product. TLC and UV analysls mdltated that tfils matenal was the product of 

depunnatlon. Th'e lH NMR of thls mat~nal showed there were no signais assignable to sugar or 
/ 

stlyl protons. Only the base pro~ons showed resonances. Companson wlth the NMR speqf\lm of 

_ N6-benzoyl ademne.rroVIded by ~. Darnha'of thls laboratory, showed that the product of-the 

detntylation was tndeed the proteêted base, and that complete d~punnatlon had occurred. As 

mentloned above. N6;protected deoxyadenosmes are especlaHy susceptlbie to thls reactlOn, but 

our preVIOUS expenence had Ied us to beheve that our detntylatlon conditions were sufficlently 

IDlld t,o be safe, It was necessary to repeat the synthesls of the hexanucleotlde analogue. In thls 

case, we car:ned out the delevulinatIOn and debenzoylaUon in one step, usmg mçthanol'ammomum 

hydroxide:dloxane. Removal of the base protectIOn enhances th(t acld-stabllJty of 

deoxyadenosm<:s. We then carned out the detntylation successfully ~th tnchloroacetJc aCld In . 
methylene chlonde. The final deprotected hexamer 114 was Isolated In 35% yleld, after stllca gel 

column chrômatography and IdentIfied by ItS lH NMR spectrum, W1th the UV spectrum shoWlng 

the appropnate unmodlfied ademne nucleoslde absorptIOn. 

c " Physical Studies on the Hexamers. CD and HyPochromicity 

Glven the\.[ central role In the functlOn of blologlcal systems, It IS not lttrpnsIng that the 

pnyslcal properties of nucleotldes have been extenslvely studled. One of the most Important 
, ' > 

branches of this area haflbeen that of the study of the optlCai propertles of nucleohdes, both In the 

",?nomer form. ,and In oligomers and polymers." Nucleosides and mrcleotide~ by VIrtue of thelr 

heterocycltc bases, display u'v absorptIon spectra. Due to the clurality of thelr sugar ~olettes, 1" 

nuc1eosides and nuclèotides are a[so optlcally active. Bath the UV absorptIOn and the optlcal • .

actJVIty are sensitive to mteractIoQs wlthin and between nucleotldes. T1us Clrcumstance has been 

wide(yexploited in tlte study of nuclelc acids, and, in particular, in the study sf the spatial 
o • 

relationships be~een the consihtuent parts of nuc1eic acids . 
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Interactions between the chromophores Olay take place withiii a single strand of ribon~cleic 

or deoxynbonucleic acid. The heterocyclic base, which is a flat, aromatic structure, May. "stack" with 
• 

the base of the adjacent nucleotide. This stacking }nterâction is responsible for th'~ stabilisation of 

the strand in a specifie orientation;'It a1sô has an effeet on the optical properties of the molecu1e. 

The observed effect ~ to 10weJi the DY abs~rption of the whole molecule,4relative tQ its component 
1. J . 

mononucleotides. Thus, a measurement of the optica1 density of a giv~n solution of an 

oligonucleotide, for example, followed by the degradation of that material to the mononucleotide 

stage and measurement of the optical density of the degraded materia!, usually shows an increased 

opticaf àbsorption .. The difference between the llnal and initial rrieasurements, IS referred fa as the 
\ 

degree of hypochromicity of the original materia!, and is usually expressed'~ terms of a percentage 

of the absorption of the mononucleoude constituents. For example, if the absorptIon of the 'intact ., 
~ 

oligonuc1~otide is 90~ that of its mononucleotide components, a hypochromicity of 10% is said to 

exist. The degradalion is usually carried out enzymatical1y, although c.hemical degradâtion is also 

useq. The change in UV absorption with increasing temperature May also be used. Thi~, however, 

depends upon the assumption that the stacking interactron is completely eliminated at a sufficiently 

high temperature. .. 
• • 1 • 

It il> well known that when double-stranded DNA is heated, ilS UV absorption Îhcre~ès in 

intensity. When absorption is plotted'against temperature, a distinct S-shaped curve is observe'à. 

This--'1S due to the separation of the two strands from one another. Thus, the UV absorption of the .. 
duplex is less thaq that of the separatt s~ands from which'it is formed. The temperature range over 

which the largest 'part of. this transition takes place is often very narrow, frequently only a few 

degrees. The center point of t;be transition (tfle point at which the concavity of the temperat~e 

versus absorption curve changes) is cal1ed the melting témperature, Tm' Because the meltittg 

temperature is dependent upon the strength of the binding between the complementary strands, 

such data May be used ta de termine thermodynamic parameters. The s~ength.of bindmg is in large 

part due to the nucleotide coml?osition of the two strands, so that an approxunatlon of the ratio of 

G:C to A:T base pairs may be obtained. G:C base pruring is significantly stronger than A:T pairing. . ~ 

Since wc Wished to compare our nucleotidé anàlogues ta their natura! countcrparts, wc 

examined them for eviclence of this hypochromicity, ~d also fçr duplex formatIon with natural 

nucleotid~ and with one another. We studied the hypochromicity by mçasuring the UV absorbance 

of a sam~e of the nucleotide analogue,' then degrading the sample with concentrate,d ammoDium 

hydro~de: ethan6l"at 60°C overnight. These conditions are suffiClently vigorous to degrade the 

diisoprppy ilyllink completely. The sam pie was tyophollsed, then the resi-due was dissol~ed in th~ 
same vol~e of water as before. The absorbance was then measured again, on the same instrument . 
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aild in the same UV cell. We found that there was indeed an increase in at:sorb~~ on the latter 

measurement. In the case of the thymidine hexamer, dUs amountéd to 9.7% (as compared to 10.4 
< ' • 

% for the natural héxanucleotide )133, while the deoxyâd~nosine hexamer displayed no 
Q.J • 

h~Omi~~,~thin the limits 'of this measur,emen~. The error in trus measurement is P~Ob;b~y 
fauly high, Wlilio t)te volume measurement probably bemg accurate to ~o better. than 1% at each 

. ~tep. Both values given here, are the result of two measureme~ts. The results indicated to us that 

the thymidin~ hexanucleotid; analogue was able t~ assume a confocmation' in solution wluch 

allpwed base:base interactions, as in the case of the natura! nucleotldes. _The.lack of observe~ 

hypochromiCity in the 2' -deoxyadenosme hexanllclr.otide analogue led us to believd that the 

base:base interactions were probably of low magnitude. 

We aIso wished to examine the interaction between complementary strands of our ' 

analogues, and berween the analogues and their natural counterpa.rts. Unfortunately, we were not 

able to ~olve our analogues in water in sufficiently high concentrations to achieve binding. The' .. 
maximum abso;bance we were able to obtain with the thymidine he~ucleotide analo~e in pure 

water was ca. M, which corresponds to a concentration of .06 mM. For. the 2' -deoxyadenosine 

hexanucleotide, we could only get so~ns of .71 absorbance, -a co~cen~ation qf about .01 mM .. In 

retrospec~ this.Aspect of the work would have been better served.had we synthesised oligomers of 

deoxygue-osine and de~xycytidine. Thymidine and 2' -deoxy~eDoslDe were chosén as the subjects 

of this study due to the SÎmpliClty of their h'Vldling, presentmg minimal protecLÎllg group problems 

for a pyrinudine and a purine, respective1y. Each is aIso the Jeast e~e~IVe of its c1ass. But 1:1as~ 

pàiring between 2' -deoxycytidine and 2' -deoxyguanosme sequences 15 substanuallt'stronger than 

between thymidine and 2' -deoxyade~~sme sequences. 

As ~ar as the solubility problem is concernefl, the neutral _charac~er of the internucleotide 

link is clearly not the only factor which cornes mto play. Many other uncharged nucleotide 
, 

analogues have been succes$lly studted for their bmding properties. In particular, the 

methylphosphonates (see Geqeral Introùuction) hlWe shown quite good water solubility. 

, The interaction of two or more adjacent bases also may give a clue as to their spatial "-

arrangement. If the)chromophores are related ID sorne asymmetrical way , then they may. display a 

cirt:ular diqu-OIC (CD) spectrum. A very,lucid desèription of the opticaI properties of nu~eic acids 

~as been gIven by Bush149. The following ouùine is largely detived from chis source. If we consider , 
:y,eam of plane polansed light as being composed of ~o circularly polarised components (El étnd 

Er)' it is entirely possible that the indices of refraction for these two components in a given sample 

149. C. A Bush. Basic Pnncip/es in Nue/elc ACld Qlemlstry, P. O. P. Ts'o, ed_, Academie Press, New 
Y~rk, New York, 1974, p. 92. '-
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may be different. Thewo co,mpOnents El and Er m~be envisage~ as describing two helices of 

opposite bandedness. If we con~ider the two enantiomers o~ an ~ti~y a~ve compound as also . . 
-being opposite-handed helices, tten the fact that tho two 'c'omponents ~ve élifferent inter~Ctions 

.. with à given enantiomer is not surprising. The emergitig beam. wo~d then display a rotation, of the . . 
plane 'Of polarisation. This is optical rotation, a very colllInon and well-studied phenomenon in 

'chemisl:.fY. The indi~s of refractiot;l are different, and optica1 activity is cSbserved. If the indices of 

, refractibn for El and Er are different, then we may also .expect to find that their ixtinction . 

coeffiçients May also be different. This is, m fact, 'the case. The difference in ex&ction coefficients 

"between the two circulaily polarised components is cai1ed circular dichroism. It is generally 

reported in terms of molar .ellipticity [8]. The"origin of this term is in the fad that the emerging 

light is no longer plane polarised, but rather elliptically pOlarised 'due t<1 the unequal absorption of 

the two cir~mponents, In practice, the semple is qposed altemately to right- and left-handed 
(' .. '\ ' 

circularly polarised light and the difference in absorptions measured. A CD band is çften called a 

Cotton effect, after A. Cotton, who ~t described the phenomenon. The CDèfmôno-, oligo- and . . 
polynucleotides has been extensiv~y studied. and may be used to detcrmiae the e~tence and nature 

of various interactions along and between strands. 

It is important to note that the chromophores (bases) of nucleotides are not in themselves . 

! 

optically active. The opti~ activity of nucleôtides .arises from the asymmetry of the sugar portion of ' 
, . 

") the molecujes. This places tb ~0D!0phores in an asymmetrica1 envir~rQnent, Thus even 

mononucleotides display we~ CD a.ctivi'ty. There is another effect due to the tact that adjacent 

" 

-, -. 

/ 

bases in a nucleotide sequénce may be held in close proximity. Two chromophores ,held close to one 

another will interact via their electric fields. This imeraction gives rise to' a splitting or"their 

absotption bands. ThisÏs called e~citon splitting. It is not readily ~ppareI)t in the UV absorption of 

nucleic acids, bU,t may be seen in their CD (and optica1 rotatory dispersion, ORo}spectra. In this 

case, the split bands give Collon effec,ts of opposite sign. Because the sign (that ~ positive fIrst and 

negative second Cotton effect or vice versa) of the double çotton effect depends upon the spatial , 

oriebtation between the c::hromophores (specilically the alignment of the transition moment vectors), . 
'" '. 

the CD spec~ may be used to 
~ 
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assign the sense of helicity of an oligonucleotide, if only one type of base is involved. If mo,e than 

one type of base is present (that is, if the polynucleoJide is not a. hOlnopolymer) then the 

" interpretation is more difficult, but information about the helix may still be obtained. In sucb a case, 

however, it is often necessary to calculate the theoretical CD spectrum for the expected ,) 1 

configuration, then comp~~4 to the empirieally deter'mmed spectrum. . '- . . 
In order to further com pare our analogues to their natural counterparts, we examint;d the 

circular dichfoism spectra. The CD spectra of nucleotides are quite sensitive to their secondary 
, .' 

arrangement, and are' frequently affected by tempetature and ionic strength variations. Because of 

the solubility problems mentioned above, our CD studies were carried out in pure water, as opposed 

to buffer or salt solutions. We were gratUied to see that our analogues exhibited a positive !.lI'st 

Cotton effect, ana a negauve second Cotton effectr The thymidine hexanucleotide analogue 100 

exhibited a molar ellipticity [8] of 3.63 x 103 0 cm- l M- l at 268 nm and -3.63 x 103 at 425 nm, as 

compared to 9.03 le lü-3,and -7.08 le 103 at tie maximum and ~um for the natural ,. 
hexanucleotide (Fig. 13). The CD spectrum of the natural hexathymidylic acid is aJso presented in 

• • 1 

the same figure. The 2' -deoxyadenosine analogue 114 bas [8] = 2.36 x 103 at 270 nm and [8] = 2.40 x 

103at 250 nm. Again the natural hexaadenylic acid CD spectrum is shown for comparison. In this 1 

case, [8],..5.28 x 103 at 270~, and -1.68\ 104 at 250 Dm (Fig. 14). . 

In homo-oligonucleotides, this CD spectralline shape is characteristic of a right-handed 

helix. The CD spectra of the two hexamers 100 and 114 were not appreciably changed on heating to 

7sOC. This indicates thai me onentauon. of the bases with respect to one another is not seriously 

affected<'by heaUng to this temperll.ture. This complements the observation mentioned above that . . 
heating to a similar température does not affect the UV spectra of these two compounds. The . , 
intensity of tHe CD spectra of our analogues is lower than for the natural oligonucleotid~s, but of 

sunilar shape. This wo~d indicate. that the geometry of the silyl nucleotide ~alogues is similar to 

that of the natural nucleotides, but not identical. 

Instrumental Techniques. 
• • • The characterisatio.n of the products described in this chapter was carried out using several 

instrumental techniques. Foremost among these was proton NMR. This allowed us to distinguish 

betweeu the various pOSSIble coupling products. We could easily dctermine which was the product 

of symmetricalS',S' coupling simply by exposing the TLC of the reaction mixture to acid. The 

characteristic orange colout of the.dimethoxytrityl cation showed whlch products were tritylated. 

Differentiating the tritylated proqucts was more difficult. The purified materiaIs could he examined 

by lH NMR. The anomeric proton (Hl') signais of deoxynucleosides Fe 

.t * 

.. 
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characteristically in the 6.0-6.8 ppm'regIon, and are usually uncomphcated.by other resonances. ' 

The ratio of anomenc protons to those of the sIlyl group showed whether there were one or twd 

nucleoslde~ presen;. In t~e case o~ dinucleotide à'nalogud, the two anorneric signaIs were usually 

partly resolve~, one from another. The reso~nces of the vanous protecti~g groups were also used 

diagnostlcally. The methoxy) groups of the dlmethoxytntyl mOleties glve nse' to sha9' smglets. ; 

Interestmgly, although two methoxy groups are present, only one signaI was observed m ail cases. 

The methyl group o,f the levulmyl protection also gIVes nse to a sharp smglet. The methyl~ne 

resonances of this protectmg group partly obscure the slgnâls due to H2' and HZ". The presence . . . 
• or absenee of the levuhnyL.protectmg group, aswell as the ratio' of methoxy to anomenc protons 

dlfferentiated the 3',5'·hnked products from the 3',3'·lmked materials. Two spectra, one of a fully 
. 

protected dmucleotlde aIJalogue (109) and one of the same molecule after deprotectlon (112) have 

been presented as examples (Figs. 11 and 12). 

me uv spectra of nucleosldes and nudeotldes are fauly sensitive to the extent of base 

moditlcatlon. Thus, the simllanty of the UV spectra of our products to those of the starting 

materials allowed us to be reasonably confident that no reactlOn had occurred at the heterocychc 
t • 

baSes. In part)cular, It was c1ear that the benzoyl group had remained at the N6 pOSitIOn of the Z'
oa. 

dexoyadenosine denvatlves untIl we Wlshed to rem ove it. 

. Sorne of t~ products we{e also exammed by 29S1 NMR. SIlIcon NMR IS dlfficult and . ~ , 
. inconvrJlient due to the low natural aMndance of the observable 29SUsbtope (4.9%), ItS low and 

negatlve gyromagnetlc ratIO, and ItS typlcally Ibng spm-Iattlee relaxation tlmes. This inherent 

insensitlvity means that silicon NMR by the normal pulse sequences reqUlres large amounts of 

matenal and/or long acquisition times (for Founer transform instruments). Fortuna~ely, pulse 

sequences have b~e,!- developed ~hich improve this situation. We used the INEPT (Insensitive 

Nuclei Enhancement by pOlarlsatlO~anSfer) pùlse sequence150 for the Z9Si NMR data reported 

in this thesis. This technique takes adv~ge of the high natural abundance of hydrogen. , 

Magnetisation is transferred from the abundant, sensitive and rapidly relaxing hydrogen nucleus to 
\ ' 

the relatively rare and msensitlve SIlIcon nucleus of mterest. This both eJ1hances the deslred signal . . 
and allows the acquIsItion of more translents in a gIVen period of time. 

150. G. A. Morris, R. Freeman, J. Am. Chem. Soc., lOI, 760 (1979). / . 

.> 
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Fig. 15. INEPT pulse sequence. 
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In order to, take advantage of tlus pulse sequence, It is necessary to determme the 

. coupling constant JSI H for the system un~er exammatIOn, and also to determine the number of , , . 
hydrogen nuclei coupled to sIlIcon. Once these value3 have been determ'ned, they May be used to 

calculate the delay tlmes D2 and D3 (FIg. 15, n=number of coupled hydrogens, J=Si-H couplmg 
(# '4 

constant). The coupling constant JS1 H May m pnnclple be determined from the c'oupled proton , , 
spectrum by measunng the satelltte peaks of the sllyl protons. ThIs IS not usually practIcal, 

however, due to the ettreinely low mtenslty of these satellites. In practlce, one usually arnves at 
• 'f 

~he correct value~ for Df a~d D3. assumm~ a yalue for the coupling constant (and-t~s D3) a~d ~ 

varymg the number of coupled protons used t6 calçulate D2. Once the value of coupled . 

. hydrogcms glvmg maxm~um enhancement has been d..etermined, JSi,H is var~ed and D2 and D3 

recalculated to give the best signaI. In our case, we determmed the delay times and couphng 

constants for t,he t-b~txlphenylsIlyl and dlisopropylsIlyl groups. It \vas not pOSSIble to use the 

INEPT sequence for the dlphenylsIlyl group because the relaxation orne for the phenyl hydrogens 
/ 

is toI> short. We were aided in the parameter determmation by the careful work of Dr. S. Boisvert, 

~ho had previously established the optimal parameters(pr the t-butyldimethylsIlyl and 

triisopropylsilyl protecting groupsl51. j 

Using this technique, we were able to get 29S1 NMR spectra for the produéts in which we '-•. 
, . . 

were most mterested, namely the dllsopropylsilyl Imked nucleotIde analogues. In the case of both 

.. the dimers and trimers dt thymldme and 2'-deoxyadenosme, we saw the expected number of 

signals, one for the dimers, two for the tnmers. These sigrIals (and that for the t-butylphenyl" 

derivatives) appear slightly upfield (negatlve shift) from TMS.
o 

The number of signais allowed \1S to 

he confi~ent of the number of sIlyl groups in each molecule, and supported the conclusions drawn 

fr~m the IH NMR spectra Due ta the smalt amount of material av;Ulable ta us, we were not able 

ta obtain acceptable 29Si spectra for the two fully deprotected hexanuc1eotide analogues. 

• 151. S. Boisvert, Ph. D. Thesis, McGiIl UniVeI:,Slty, 1987, 
r. 
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. . 
. Because of the la~ of these molecules, the NMR spect,ra may not bê completely 

accept;ble as charactens(60n. We wished to have yet more evidence of the structures of our 

products. In spite of repeat&d attempts, It was not possiWe to obtam these m crystalline form, m 
~ -1 • • , 

most cases, so tha,t elemental analysls was~dublous value .to ~s. We therefore tumed our 

attention to mass spectrometry. In-reeent years, fast atom bombardment (FAB) mass 

s~ectrometryI5: has be~n apphed to the fi'eld of nucleosldes and nucleotIdes as a~ ald t<;> 

dtaractensation and as a possible means of sequencmg ohgonucleotIdes. Other forms of mass 

specteometry ha~e aise been apphed to tlus area 153. the large slze and typlCall; I~w volatlhty of 
o 

. nucleotldes ml\kes them less tran amenable to most pf the tradltlg,Ga1 forms of m,ass sp~ctral 

anaIY;ls. Sorne success ,has been had usmg the "softer" forms of IOniSatIOn, such as chemlcal. 

Ionisation (CI) and FAB. A pair of articles has recently been pubhshed descnbmg FAB MS of . . . 
nucleosides and nucleotIdes, and compansons 01 tlvs technique Wlth{electron impact (El) and CI 

methodsl54. The FAB technique does not depend Opon th6 volatIhsatlOn of the sample. Rather, 

a bearn Gf fast atoms (m our case, Xe) IS directed onto the surface of a hqUld m wluch IS dlssolved ' 

, tlie sarnple. The solvent (matrix) used here was elther dlethanolamme or triethanolamme. . " 
In examming our F AB mass spectra. one feature IS notlceable. Tlus is thal, m' the case Of .. / . , 

the thymidyhc aCld analogues 96 and 88b, the molecu~r IOn M~+ IS not seen, but rather one 

corre~pondmg to MH+ plus triethanolamme. ThIs IS a common charactenstlc ofFAB MS. 

Solvçnt adducts are freque~t1y seen, and tlus may comphcate the mterpretation of the spectrum. 

ln addition to these adducts, 'the inatnx may Itself produce ions coreespondihg to the molecular 

ion of the matrix. and mcreasmgly heavy adducts. Tlus may also comphcate the spectrurn. On the 

othee hand, moleculaf:lOns and other large fragments are usually seen, albeit sometlmes In the . . , . 
form of adducts. Tlus allows us to get more Information than IS proVlded for such molecules by 

J • 
the more common El and CI routes. The F AB method IS also relatlvely Simple to use, and the 

equlpment IS adaptable to most cômmon mass spectrometers. 
, \ 

Interestingly, in the Cas( of the 2"deoxyadenylic aCld analogue~ 104b and 109 descnbed 

herem. no solvent adducts to the molecular Ion were observed. We have no explanatlon for this 

fact. The mechamsms of solvent adduct form~tlOn are not c1early understood. ' ln both casts, , . 
however, we were able to Identify a fragment corresponding t.o the molecular welght expected for 

~ 
1~2. M. Barber, R. S, Bordoli, R. D. Sedgwick, A. N. Taylor, B. N. Green,J. Chem. Soc. Cnem.· 

Comm .• 325 (1981). , 
153. C J. McNeal. K. K. OgIlVle, N. Y.:fheriault. M. J. Nemer,J. Am. Chen. Soc:, 104, 981 (1982). 
154. (a) D. L. Slowikowski, K. H. Schram, NucleosIdes & Nucleotides, 4, 309 (1985). (b) ••••••••••••• 

ibid., 347 (1985). 
/ 
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the compounds. The read~r should note that the mass spectra were obtained in the low resolution 

mode ooly. 

tttempts to acquire the FAB mass spectra for the.fully deprotected bexamers.l00 and 114 

were unsuccessful. Vnder the same conditions as used for the fully protected trimers deséribed 
~ 

above, no molecular ion or Strllcturally significant fragments were observed. We also attempted to . 
acquire the mass spectrum of the fully protected oligonuc1eotide analogue 113. Using 

triethanolamine, glycerol:pyridine or glycerol:acetic acid as the matrix, no significant ions were seen, 

except for a small peak at 303 amu (glycerol:aceJ~ acid, glycerol:pyridine), which we assigned to the 

dimethoxytrityl cation. The absence of any other informative (non-matrix) ions argues neither for 

nor against the ~igned structure. We feel that this particu1ar metpod is simply not appropria te for 

. use with these larger analogues. Obviously we would have preferred tà get mass spectral , . 
confirmation of the structural assignment for the hexamers. On the other band, we feel that the . 

supporting eVidence, in partlcular, the characterisation of the smaller precursors, and the IH NMR 

evidence for the fully protected"'hexa.mers, is sufficiently strong for us t6 assign the structure with 

confidence. The IH NMR of the fully protected molecules 99 and 113 is particularly useful, showing 

that both required protectmg groups (levulinyl and dimethoxytrityl) are present. The absence of any 

indicati~n of degradation, the UV and IH NMR spectra of the fin~ products 114 and 100, the 

characterisation of the trimers, and the absence of conflicting mass spectral evidence (i,e., evidence "-
1 

of sborter oligomers) all support our conclusIOns with respect to compounds 100 and 114. 
• .l., , 

, In~ summary, we feel that the methods used to characterise these mole cules were adequat9 

to the task, providing corrobor;ativ~ evidence wben eompared one with another. 
'\ . 

Conclusions 
... 

, We have described the synthesis and characterisatioD of a novel class fif neutral nucieotide 

analogues, repl~cing phosphorus wîth silicon. Both the stepwise and bloclC condensation methods of 

synthesis have been used to make the analogues up to six units long. The circular dichroism spectra 

of the mole cules mdicate that they are able to assume a f~ly rlgid, right-handed helix in water 

solution. This is similar to the hehcal Conn assumed by natural nuc1eotides. The low s~lubility of 

these molecul~s prevented our studying their ability to forro duplexes with each other or wiçh n~.tural 
nucleotides. Dçgradation studies indicate that base-base interaction oceurs in the case of the 

,thymidine series, resulting in a measurable hypocliromlcity. This is also characteristic of naturaJ 

nucleotides. 
~ 

Clearly, we are disappointed that we were unable to carry out hybridisation studies against 

natural nucleotid~s. Although,our nuc1eotide ~ogues are neutral, we feltthat it was still 
L 'r ., 
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reasonable to expect that they would show appreciable solubility in water. Certainly this bas been 

observed in other cases of neuttal nucleotide analogues. Many of the previously synthcsised 

analogues have contained a carbonyl or carbonyl-like oxygen at the intèmucleotide link. The key to 

solubilising such Molecules May lie in the presence of this oxygen155. On the other hand, the ability 

of our analogues tOI form helical stoIctures in water solution is encouraging, as it indicates that they 

are capable of adopting conformations similar to those of their natural counterparts. For further 
, . 

studies to he useful, the solubility probl~m must be overcome. One method might be to attach 

solubilising groups to the Molecule. Thus a phosphate group might be attached to the 5'- or 3'-, . 
terminus of the Molecule. Alternatively, one or more phosphate or other groups could be inserted 

• t " _ 

in the body of the Molecule. A second method would be to change the nature of the substituents at 
(, 

'. sili~on. We haNe used alkyl and aryl groups. It May be useful to use sorne carbonyl-contaimng 
~( 1 .... 

groùp such as a ketone or ester. The former would Most likely be preferred as probably being more 
, '-, 

stable to the deprotection conditions. If such a solubi1ised silyi nucleotide analog could be 

synthesised, then hybridisation studies could be undertaken. 

If sequences longer than about six uruts were desired, solid phase synthètic techniques. 

would probably·have to be used. This allows one to avoid\he tedious and timé-cons'~ 
separàtions at every step, ~ch become progressively more difficult as the Molecule becomes 

longer. Coupling yields can be improved by the use of large reagent excesses. This Iroute can 

, / provide sufficiently large quantities fo~ hybridisation and optical~tudies. 
ln summary, then, we have dess:ibed a procedure fol' the synthesis and deprotection ~f 

neuttal th~dine and 2~d~~xyadeno'sme nucleotide analogues in whicJ:t a silicon atom replaces 
, 

phosphorus in the intemucleotide link. A variety of substituents at silicon have been examined, and 

-4 range of stability to both acidic and basic conditions noted. The diisopropylsilyl link offers the best 

combination of reactivity and stability. We have deprotected SGrne of the analoguesr.and showed that 

the diisopropylsilyl-linked members of the class forrn staple rigbt-handed helices in water solution, 
\ 

. and May e~bit hypochromicity. • 
.. 

, 
155. P. O. P. Ts'o, private communication. 
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Experimental Section. 

Matenals' and Methods. 

NucleosIdes were obtained from Boehnnger Mannheim Canada (Montreal. Ouebec) and 
1 

Sigma Chemleal Co. (St. LoUIS. Mo.). SJlylatmg agents and dlchlorosilane wer~ obtained from 

Petrarch Systems Ine. (Bertram'ia) with the exceptIOns of bls(tnfluoromethanesulphonyl)-

. dusopropylsIlane (F1uka Che mIe 1 CorP., Ronk~nkoma,N. Y.) and dlchiorodlphenyisilane and dl

t-butyrdlchlorostlane (Aldnch C mlcal Co., Milwaukee, WI.). These last two wère dlstilled before 
1 )-

use. Levulime aCld was obtamed :from Aldnch and dlstdled before use. Imldazole (Aldnch) was 

reqystalhsed from toluene. Methylene cblonde for eouphng reaetlOns was dlstIlled from 

phosphorus pentoXIde'and storeJ ~v~t actIvated (4500 C) 4A molecular sleves. 

Dimethylformamlde'was stmed over calcIUm hydnde and dlstJlled ln vacuo onto actIVated 4A 

molecular sleves. Tetrahydrofuran was predned oVeC these same molecular Sleves, before being 

refluxed WIth sodIUm metal and genzophenone untJi a VIolet col our perslsted. It was freshly 

distIlled from tlus system Just before use. Pyndme was dist!lled from phthaUfc anhydnde onto 

aetivated 4A molecular sleves. Carbon tetrachlonde was punfied by heatmg WIth alcoholic 

.' 

potassIUm hydroxide, followed by washmg Wlth water and dIstillatIon from phosphorus pentoXIde 

onto actIvated 4A moleeulanleves, Palladium (II) chI onde (Aldnch) was a gift from Dr. A. 

Shaver. Most other solvents were-obtamed from Anachemia ~ontreal, Quebec) as reagent grade . , ( 
and used as such. Most other reagents were obtamed frOID Aldrich. reagent grade. Deuterated -- ~ • solvents were purchased from Merck, Sharpe, Dohme (Montreal, Ouebec) or Aldric.h. 

Siliea gel used Ior column chromatography was KIeselgel 60 (Merck,.J1ontreal, Ouebec), 

and was used In the ratIo of 10-15 g per g of cru de matenal. PreparatIVe slhea gel l'Iates were 

prepared here usmg Kieselgel 60 GF, ZO)qO cm, about 2 mm thiek. and used with a maXImum 

loadmg of 100 mg erude compound plate-l. . Bands were scraped off and eluted Wlth ethyl . 
aeetate:ethanol, 7:3. Analytlcal TLC was done on KIeselgel.60 F254 plashe-backed plates, cut to 0 

about 8 CRI long. Solvent ~ IS diethyl ether:ÇHZCIz:EtOH, 71:26:3; solvent B IS 

EtOAc:CH20z=EtÇH. 5:4.5:0.5. Ali coupling reachohs were carried out m HYPOVIalS ~ontaming 
shrnng bars, oven-dried ( .. :d. 130°C) and cooled in a stream of argon. The vials were sealed with 

rubber septa A synnge eontammg Drientetm V(as used to equalise pressure. Ali reagents in . 
solutIOn were introduced via synnge. Such solutIons were prepared in sealed. Ar-filled, dry 

( 

HYPOVlalS. Polypropylene syringes (Aldrich) were used. and VIaiS and synnges were rinsed W1th 1 

or 2 ml of the solvent to complete the transfer. ChIoroform:Dry Iee baths Were used to attain -

.. ~ 

' . 

. , 
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60°C, and acetone or Isopropanol:Dry Jee baths for -78°C. IH and 29S1 NMR spectra were 

obtained USIng Varia,n XL-200 and -300 Instruments, UV spectra \Vere obtained with Cary 17 and 

Hewlett-Packard 8451A spectr~hbtometers, étrcular dtchrOlsm measurements were made on a 

JASCO J-500C Instrument. Mel\tog pomts were obtatoed usmg.a Flsher~Johns apparatus and are 

. uncorrecrèd. F AB mass spectra were .run on a ~~wlett-Packard 5984A mass spectrometer, usmg a 

diethanolamine or tnethanolamme matnx at 8 KV and 1 mA (Xe) and are report~d as m/z, 
1 

aSStgnment, relattve mtenslty. 

Attempted synthesis or and detritylation or 5'-O-dimethoxytrityl-3'-O-(5'-O-diphenylsily)-3'-O

monomethoxytritylthymidyl)thymidlne 81. 

5'-O-dlmethoxytntylthymtdl?te 85 (200 mg,.37 mmol, dtssolved 10 OMF, 5 mI) was added 

, dropWlse over 10 mto to a OMF (5. ml) solutIOn of dtphenyldtchlorostlane (84 ul, .40 mmol) and 

tmldazole-(120 mg, 2 mmol). The reactlon mIXture was stmed at room tempe rature 10 mm, and 
\ 

3'-O-monomethoxytntylthymldme 80, R""'MMT (190 mg, .37 mrrïol) was added, 10 DMF (5 ml). 

The reactI0if'as stIrred for 1 hOUT an~ worked up by pounng lOto water and extractIon Wlth 

CH2CI2. TLC !CH2CIiMeOH, 9.5'.5) showed three tntylate~ mater~als. Column 

~hromatography ytelded the demed 81 (R=DMT, R'=phenyl, R"=MMT) as a soft white foam (64 

mg, 29%), m. p. not defined. UV max 266 nm, IH NMR (COCI3) 6.3~-6.55 (m,2, Hl'), 3.72 (m, 

~ 9, -OCH3), and the 3',~'-Îinked <lImer 82 (R=DMT, R'=phenyl) (70 mg, 31%, VIde Infra) as the only 

dimethoxytfltylated products (as judged by the colour of the TLC on spraymg Wlth 15% aqueous 

perchlonc. aCld). 

~. 

Detntylation of 8! was attempted by the use of 3% dlchIoroacetIc aCld (DCA) and 3% 

triQüoroacettc aCld (TCA) in dlchIoroethane. A few mIlhgrams of the dlmerX were placed In 

each of two Viais. The aCld solutIons were added (1 ml) to the Vials, a~d the reachon momtored by 
, - . 

_ TLC ~CH2CliMeOH, 9:1). ThIs showed'the produc!ion ofseveral matenals Wlthm 1 mmute, 10 

both reachons. One of the products predominated, and comlgrated with thymidine on TLC. The 

use of acetic aCld (8~% in water) gave the sa~e result Wlthin 10 mm, while starting material was 

still present. Detritylatton of the 3/,3'-hnked dlmer 82 from the synthesis gave the same result. 

Synthesls or 3'-O-levullnylthymidine. 

,., 
5'-O-dimethoxytntylfhymldme 85 (544 mg, 1.0 MmDl) was dlssolved in anhyd~ous 1,4-

dioxane in a dry 25 ml round-bottom t1~k fitted with a stlrn~g bar. DlmethYlaminopytidine , 

(DMAP, 10 mg, .08 mmol), levulinic aCld (.15 ml: 1.5 mmol, 174 mg) and dicyclohexylcarbodiimièe 
a ) 

" ) 

\ 
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. t 
(DCC, .41 g, 2.0 mmol) were added and the reactron mixture allowed to stlr at room temperature , 1· ( .. 
for 2 h, gradually devtloping a fine white preclpltate. Water was added to destroy excess DCC and 

the mixture was filterçd. The preclpltate was washed Wlth CH2CI2 and the orgamc and aqueous • 

fayers were separated. The orgamc layer was dned Wlth NazS04 and concentrated. This caused 

the production of a finê white preclpltate, whIch was removed by filtratIOn. The, filtrate was taken 

up m mo~e CH2~12' concelltrated and filtered again. This step was repeated twJce more, at whlch 

time the ody product was preClpitatedjrom hexanes to give 600 mg (93%) of a whIte powder, 
\ ~ 

chromatographlcally pure, m. p. 74-76°e. 
" ' 

The products of several such syntheses were combmed for detntylatlon. Thus 5'-0-

dlmethoxytntyl-3'-0-levulmylthymidme (4.0!rg, 6.2 mmol) was dlssolved in acetic aCld (80% 

aqueous, 75 ml) ma 250 ml round-bottom tlask. After l, h at room temperature, n-butanol (50 

ml) was added to the or~ge·mIXture. The solvents were evaporated in vacuo, WIth coeva~oratlOn ; 

Wlth toluene bemg ~sed ta' remov~ the last traces of acetic aCld. The OIIY4esldue was punfied on a 

sIhca gel column (CHCl3:MeOH 1:0 to 9:1 gradIent) and recrystaJlised from toluene to glVe t~e 

desired product 87 as a white powder (1.30 g, 3.8 mmol, ,62%), m. p. 113-114°C, UV ~m~ 268 nm, 

1H NMR (CDCI3) 7.49 .(s, '1, H6), 6.24 (t,l, H1'), 5.34 (m, 1: H3'), 4.08 (m, 1, H4'), 3.88 (bs, 2.-

AS'), 2.76 (t, 2, -COCH2CH2), 2.56 (t, 2, -COCHtCH2)' 2.20-2.30 (m, 2, H2')2.18 (s, 3, -

COCH3), 1.89 (s, 3, CH3-5), RfCH2CliMeOH, 9:1, .38, solvent A, .20, EtOAc, .19 . 
.. 

, 

Synthesis or 5'-O-dfmetho,xytrityl-3'-O-(5'-O-diphenylsllyl-3'-O-levulinylthymidyl)thyplidine 88b. 

Prelimtnary attempts 

• Tl}e folloWIng reactIOns w~re compared by~. The success of the synthesls was judged 

both by the YIeld and by the apparent ratio of 88b to 89b on ne.. Reactions (a) through (d) were 

less successful by these stand~ds than reactlon (e). These conditions were then used as the 
"'hi 

standard reactlon conditIons for further syntheses . 
./ 

(a) .AgN03 (190 mg, 1.1 mmol) was dlssolved m TIIF (4 ml) and pyridme (.32 ml, 4.0 

mmoI) in a sealed HypoVlal. dlphenyldichlorosilane (84 ul, .40 mmol) was added. A whItè 
" 

precipitate formed. 85 (200 mg, .37 mmol) was dissolved in TIIF (1.5 ml) and added dropWlse 

over 1 h, Wlth rapld stimng. After the reactIon mIXture had stmed 1 h lt room temperature, 87 

, (113 mg, .33 mmol) was added, and the mIXture was stIrred overmght a1' room temperature. The 

solids were removed by filtratIOn and the solution concentrated and taken up in CH2C12, washed 
•• • ' t 

twice with water, dried (NazS04) and the solvent evaporated. 

(b) AgN03 (372 mg, 2.2 mm~) was dissolved in a solution ofTIIF (10 ml) and vyridine 

(.80 ml, 10 Elmol). Diphenyldichlorosdane (23l ul, 1.1 mmol) was added, with precipitation. 8S 
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(544 mg,' 1 mmol) was added as a solution ln THF (2.0 ml) dropWlse over 3() min, at _~oC, with 

rapid stirnng. Aft~r 1 h, 87 (30S mg, .9 mmol) was added m THF (2.0 ml) and the rea~tlOÎ1 

mJXtur~ left to stu at room témperature overmght. It was then worked up as before. TLC analysis 

showed that this reaction bad the same product dlstnbutlOn as the prevlOUS one, so they were ' 

combmed and punfied (sIl Ica gel column, CH2C1z:MeOH, 9.5:.5). to yteld the ~eslred 3',5'-hnked 
c 

ctmer 88b (417 mg, 31%) :nd 3',3'-hnked dlmer 89b (412 mg, 24%) as the tntylated produc~ 

- (c) DiphenyldlchIorosIlane (S4 ul,.40 mmol) and Imidazole (272 mg, 4.0 mmol) were 

dlss61ved in DMF (4 ml). 85 (300 mg, .3':1 mmol) dlssolved m DMF (1.5 ml) was added dropwise 

f • over 2 vat room temperature. The reactIon mIXture was stmed for 1 h, then 87 (113 mg, .33 

mino!), dlssolved m DMF (1.5 ml) ?Jas added, and th~ mIXfure stIrred at-the same temp~rature 

overnight. It was wol'ked up by pounng Into water and extraction Wlth CH2C12, then drying and 

evaporatIon. TLC showed a poo~er product dlstnbutlon than for the prevlous two reactIons. 

(d) The reactlOn described m the precedmg para~raph was repeaied, ex~ept tha! the 

reactlon Vial was placed m an lce bath unÙI the sècond nucleoslde was adde'd. 111e same product 

ratio was observed (TLC). 

(e) Dichlorodiphenylsilane (~52 u1, 1.2 mmol) ~as dlssolved m anhydrous TIIF (10 ml5 In 

a sealed HYPOVIaJ. Anhydrous pyndme (2.4 ml, 30 mlfiol) was added VIa synnge. The vial was 

cooled to -7SoC m a Dry Ice:acetone·bath. 5;~.O-dlmethoxytntylthymidlne 85 (.600 mg, 1.1 mmol) 

'was dlssolved in anhy'drous TIIF (S ml) in another Vlal"and added to the silylatmg m~ture VIa 

synnge dropWlse over a 1Jenod~ of one hour. The reactlOn wa~ allowed to stlr at -7SoC for a further 

two hours, with 'the' formatIOn of a fine white preclpltate. 3'-O-levulinylthymldme (87,340 mg, 1.0 " ' mmol) was added as a s.olution in anhydrous THF (S ml). 'Ille reactIOn mixture was then allowed 
... / <1 " 

to stir at roem teIl]perature overmght. t.vorlcup was accomplished by pounng the mixture into 

, water ap~xtractmg Wlth CH2C12. The orgamc layer was washed once Wlth water, ~hen dried with 

NazSO 4 and evaporatt:d. CoevaporatIOn with toluene removed traces of pyndine, Ieaving the 

product mixture as a soft whIte foam which was alssolved m CH2CI2 and apphed to a sihca gel 

column (CH2C1z:solvent A, 1:0 to 0:1 gradient). The desired compound was lsolated as éJ whi!e 

foam which was pteclpitated from petroleum ether to yleld a whIte powder (88b) (567 mg,'53%). 

hl, p. 113-1170 c, UVAmax 265 nm, lH NMR (CDCI3) 6.25~m .. 1: Hl'), 6.4S (m,l, Hl"), 3.77 (s, 

6, -O-CH3), 2.15 (s, 3~ ·~OCH3)' Rf CH2Clz:MeOH, 9:1, .45, solvent A, .16, E~Ac, .2S. co. 

De!lrotectlon of 88b. 

(a) Zinc Bromlde DetntYlation. 88b (950 mg, .89 mmol, prepared as described above) was 

added to a saturated solutlon of anhydrous ZnBr2 in anhydrous nitromethane (0.1 M, 85 ml, 

.. 
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contaimng sorne solid ZnBr2) m a dry 100 ml round-bott,om flask with a stirring bar, The 'Solution 

Immediately turned bnght orange. After stmmg at O~c. for 45 min, the mixture was poured mto 

NH40Ac(1 M) and extracted with C1hC12' The orgamc layer was washed with brine and dlled 

WIth Na2SO 4' The solvent was evaporated and the gum coevaporated \vith !oluene ta rem ove 
• ... • f 

mtromethane. SIl Ica gel column chromatography (CH2CIz=MeOH,1:0 to 19:1 gradIent) gave the 

compound 91b, as a wlute powder after precipitatIOn from hexanes, In 78% yteld (536 mg). M. p 

91-930 C, UVlmax 264, lH NMR 7.45 (tIl, 10, phenyl) 6.33 (q, 1, Hl');6.13 (t: 1, Hl"), 2.19 (s, 3, . ~ 

COCH3), Rf CHZCIz=MeOH, 9:1, .38, solvent A, .11, EtOAc, .14. 
, , 

(b) Attempted.Catalytic Det~Itylatlon. 88b (300 mg!.28 mmo!) was added to a suspension 

of palladIUm oXIde (30 mg) In cyclohelene (10 ml) and MeOH (ZO mh. After refluxmg 20 h, nc 
1 (CH20iMeOH, 9:1) showed a very falOt trace of 91b, along WIth two major products, ldentlcal by 

TLC to'thymidme and 3'-levulinylthymldme (87). The~ytwo products were isotated by 

chromat.ography and showed Identtcal 1H NMR c)taractenstIcs to thynlIdme and 3'-0-

levuhnylthymIdme. The reaction was repeated usmg 50 mg 88b and 5 mg catalyst. After 1 h, nc 
showed 3 major products ofequal mtensIty. These corresponded on TLC to the product of zmc 

. , 
bromIde detntylatlOn (9lb, above) arul--thymldme and 3'-O-levuhny1thymIdlIl .. e. ThIs approach wt1tfP. 

~.. .. r~ 
aban(1oned at ~hIs pomt. . • ' . 

(c) DelevulinatIOn. 9lb (536 mg, .70 mmol) was added to a solution of hydrazme hydrate . ~ 

~0.5 M in pyndme:acetlc aCId, 3:Z, 7 ml) JO a 50 ml round botto~ flask WIth à stIrnng bar. Ifter 

2.5 mItl stirring at room temperature, the reactIOn was quencnecAby asId,ItlOn of acetyl acetdpe (21 

ml). Thè reactionowas worked up by pounng into w~er and exti'actlOn of the product WI~h • 

CHZCI2' The organlc layer was washed with water and dned as above. The solvént was then 

evaporated and the ody residue coevaporated WIth toluene to remove traces of !'Indme and a~lc . .."... 
acid. Column chrom{J.tography (CHZCIZ:MeOH, 1:0 to 19:1 gradIent) gave the desIred praduct 

92b (314 mg; 67%) as a wlute glaSs. ThIs could not be crystalhsed--Addltion of achone an.d 

evaporatlOn transform,d the glass lOto a foam, whIch was stirred with ether to glve a fine whIte 

powder. M. p. 106-l09oC, UVi'max 265 nm, 1H NMR(DMSQ d-6) 7.50 (bm, 10, phenyl) 6.18-

6.26 (m, 2, Hl'), Rf CHZClz:MeOH, 9:1, .25, solvent A, .03, EtOAc, .06. 

. .. 
Catalytlc desilylaUon or 3';5'- and Z',5'-di-O-t-butyldlmethylsilylurÎdlne 70 and'l. • • 

70 and 71 (100 mg each) were placed in separate ftasks. To each was added cyclohexene 

(7 m!),. MeOH (13 ml) and pailadIùm oXIde (10 ~). "'After reflux for 9.5 h, TLC (CH2CIz:MeOH, 

9:1) showed comple~e conversion to the monosIlyl <ÎerIVative. Com~arison_ WIth standards shows 

that the pro~ucts ofboth reactIons move identically on ne to 2'- ;ut?'-O-t-

.t • 

'1 

• 



o 
" 

c 

butyldimethylsilyluridme (mdistmgulshable on TLC), and dlfferently frbm 5:-0-1-

butyldlmethylsilyluridine. 

Catalytlc detritylation of 3',5'-dl-0-dimethoxytritylthymidlne. 

109 

. 3',5'-DI-0-dlmethoxytntylthymidme (100 mg) was refluxed Wlth MeOH (20 ml), 

~clohexene (10 ml) and palla~hum ~Xlde (13 mg) for 35 mm. ILC ,(ci-I20iMeOH, 9:1) showed 

complete conversIOn to a nontt;ltylated matenal whIc~ migrated with a thymidine standard. 

Interrnediate ILCs run W1th 3'-O-dimethoxytritylthymidme and S'-O-dimethoxytntylthymidine 

st,andards s~O\yed no eVldence that on,)dimethoxytrityl group was removed more rapidly than the 

other. 

, -
, Synthèsis of S'-O-dimethoxytrityl-3'-O-(5'-Ô-dlethylsilyl-3'-O-levuHnylthymldyl)thymidlne 88a: 

11 , ' 

8iethyldichlorosIlane (83 ul, .S5 MmDI) was d'issolved in anhydrous THF (25 ml) and 

anhydrous pyridme (1.2 ml) in Cl septum-seaJed, Ar-filled dry Hypovial fitted Wlth a stlITÎng bar: S'-
• 

O-dimethoxytntylthymldme 85, dissolved in THF (2S ml) was added dropwise. The coupling 

reaction was cairied out at -7sdc, and 'the addItion took 1 hour, as a white precipitate slowly 

formed. After the reactlOn was allowed to snr at -7SoC for 1.5 h, 3' -O-lewlinylthymidine 37 was 
\ 

addèd in lHF solution (4 ~I). The reaction was allowed to proceed ovemight at room 

temperature, Wlth stlrnng. The same workup descnbed above, followed by a silica gel column, 

(G.H2Clisolvent A, 1:0 to 0:1 gradient) gave the dCiSlfed 3',S'-linked dirlter 888 in 18% yield (83' 

mg) a10ng wj!ll1he 3',3'-linked dimer 89b 10 24% YIeld (142 mg) as the only tritylated products. M. 

p. 105.110~C, UV,\max 268 nm, 1H NMR (CDCI3) 6~2S-6.35 (bm, 2, Hl'), 3.78 (s, 6, -OCH3), 

2.16 (s, 3, -COCH3), .89 (m, 6, ~CH3),.56 (m, 4, -Si-C~), Rf CH2ClZ:MeOH, 9:1, .45, solvent A, ' 

.27, EtOAc, .54. 

Synthesis or 5'-O-dimethoxytrityl-3·-O-(S'-O-(t-~utylmethylsilyl)-3'-O· 

levulinylthymldyl)thymldlne 88d. 
'- . 

Powdered silver nitrate (187 mg, 1.1 MmDl) was dissolved in anhydrous TIIF (5 ml) and 

pyridine (1.2 ml) in a dly, sealed Hypovial. This requlred heating with a hair dryer. t· 

Butylmethyldichlorosilane (9.4 mg, .55 mmol, tbis reagent is solid at room temperature) was added. 

A whIte precipitat~ imme~iately formed. 5'-O-dimethoxytritylthymidine 8S (272 mg,.50 MmDI) 

dissolved in THF (4'ml)..was added over 30 min, at room tçmperature. The reaction was allowed 

to sJir ~t room temperature for 2 h, at whIch time 3'-O-I~linylthymidine 87 (171 mg, .50 mmol) 
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dissolved in 2 mî'1-HF, was added, and the-reactton left to stir overnight at room temperature. '. 

1be usual ;orkup and sdica gel column (EtOAc) gave the desired Ifrbduct 88d as a p~r of 

diastereoisomers, 135 mg (28% yield) of the faster, ~d 204 mg (40%) of the slower 

... diister~oisomer as white foams, shghtly contaœinated (5-10% by TLC) with one another. A small 

amount of the 3',3'-linked product (89d) was also isolated. RepetitIon of trus synthesis at -7SoC 

gave a yield after purification of 55%.desired 88d (both diastereOlsomers) aM 221 mg (19%) 3',3'

Hnked dîmer 89d. Prbpertles: (1) M. p. 103-l08oC, UV~max 268 nm, rH NMR (CDCI3) 6.26-' 

6.34 (m, 2, Hl'), 3.77 (s, 6, -OCH3), Ù6 (s, 3, -COcH3), .90 (bs, 9, -CCH3), .09 (s, 3, -Sj-CH3), Rf 

CH2CIiMeOH, 9:1 • .31, sorvent A,.27, EtOAc, .48, (~m. p. lQ6-nOoe, uv I).lax.268 nm, ~H 
, , 

NMR~CD03) 6.25-0.35 (m, 2, Hl'), 3.78 (s, 6, -Ç>CH3), 2.14 (s, 3, -COtH3), .:83 (bs, 9. -CCJI3), 

.07 (s, 3, -Si-CH3), Rf CH2C12~MeOH, 9:1 • .45. solvent A, .n. EtOAc, .32. 

Synthests.or" ~ -O-dlmethoxytri tyl-~' -0-(5' -()-(PhenYl-t-{utylSnYl) -3'-0-

\ 

levullnylthyrni~yl)th~idine 88c. ~ 
ç. (9 

( 

l'owdered sIlver mtrate (374 mg. 2.2 mmol) was~issolved in anhydrous 1!IF (10~) and. 

pyridine (2.4 ml) In a sealed. dry HypoviaI. Agam, heatIfl~ required. t-
, ~ 

Butylphenyldichlorosilâne (232 ul, 1.10 mmol) was added. V{ith the formatIOn of a white , 
precipltate. \5'-O-dmiethoxytntylthymidine 85'(545 mg. 1.0 mmol) was dissolved in 'FHF (8.0 ml) 

and added over a period of 30 min at -7SoC. Wlth rapid shrnng. The~ooling bath was removed ,f 

and the reacti~Îl a1lowed. to StI~ at room temp~ature for 2 hours. At thi; point,'3'-O- " 

leVQlinylthyrnIdlOe 87 (342 mg. 1.0 mmol), d~olved in nIF (4 ml) was adéJed, and the reactlOn . 

a1lowed to stlr ovemlght at toom temperature. Wor~p and sllica gel column (CH2Clisolvent A, 

1:0 to 0:1 gradient) gave the desired 88c as two dlastereoisomers, 147 mg. (14%) of the faster, and 

496 mg. (47.5%) of the slower, slightlyco!"taminated Wlth one another. The sy~etrically-hnked_ 

89c was recovered in 22% yield (276 mg). Properties: (1) m. p. 9O-93°C. UV max 266 nm, lH 
• ~ • - - r 

1 NM~ (CD0 3) 6.23(m. 1.,HI'), 6.43 (m. 1. Hl"), 3:75 (s, 6, -OCH3); 2.16 (s. 3, -COCH3), .93 (bs, 

9,.-Cœ3), 29~i NMR (CDQ3) -19.50. Rf CH2CIiMeOH, 9:1, .45. solvent A, .31, EtOAc, .45ti(2) 

M. p. 103-1l0~C, UV Amax 266 nm, IH NMR (CD03) 6.32-6.39 (m,2, Hl'), 3.77 (s. 6, -OCH3), 

2.16 (s, 3, -COCR3), .91 (bs.9. -CCH3), 29~i NMR (CO03) -20.00, Rf CH20z:MeOH, 9:1, .36. 
& 

solvent J:." .16, EtOAc, .32. ,0 
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Deprotectlon of 88c (major dlastereolsomer). 

(a) Detntylatl0I:t. ~c (586 mg, .56 mmol) was added to a solution of ZnBr2 (.1 Min 

mtromethane, 30 ml, Wlth sorne suspended ZnBr 2) at oOe and the bnght "Ç)range mixture was 

stirred 1 h, In the ice bath. l'LC (solvent A) after workup showed the reactlOn to be only about 

111 

. 50% complete. Thus the reactjon was repeatell on trus matenal. Worlrup as descnbed (Vide supra) 

and sihca gel column chromatography (CH2CliM~OH, 1:0 to 19: 1 gradient) gave the desired 91 c 

as ai'ôam wruch was preclpltated from hexanes (198 mg, 47%). M. p. 106· 109°C, UV max 266 

nm, 1H NMR (CDCI3) 7.43 (rh, 5, phenyl), 6.35 (q, l, Hl'), 6.24 (t,!, Hl"), 2 18 (s, 3. -COCH3), 

.90 (m, 9, ·CCH3), Rf CH2CliMeOH, 9:1, .34, solvent A, .11, EtOAc, .15. A further 75 mg (18%) 

was recovered, shghtly contaminated wlth 88c (less than 5% by TLC). 

(bo) DelevulinatlOn. 91c, from the precedmg paragraph, (150 mg, .20 mmol) was added ta 

freshly prepared hydrazmè solutIon (vide supra) and the reactlon stlrred at room temperature 5 " 

mm. The reactlon was quenclled by addition of acetyl acetone (7 ml) and worked up as prevlously 

described. PrecIpItatIOn of the cru de material from hexane was unsuccessful, as was an attempt ta 

recrystallise from tOlueJ)e. The deslred product 92c was finally Isolated by slllca gel column 

chromatography (CH2CIz:MeOH, 1:q to 9:1 gradient) and preCipitatIOn from hexanes, as a whIte 

powder (52 mg, 40%). M. p. 133-140~C, UVAmax 265 nm, lH NMR (DMSO d·6) 7.45 (m. S, 

phenyl), 6.t8-6.30 (m, 2, Hl'), .92 (s, 9, ·CCH3), Rf CH2C1iMeOH, 9:1, .11, solvent A •. 04. 

EtOAc,.09. 

Attempts to syntheslse 5'-O·dlmet~oxYtrltyl-3'·O(S'-dl·t·blJtylsllyl·3'·O· 

levulinylthymldyl)thymidlne 88h: 

(a) Dr-t-butyldlchlorostlane (35 ul, .15' mmol), Imldazole (45 mg .. 60 mmol) and 3'·g· 

levulinylthymidine 87 (50 mg,.15 mmol) were dlssolved 10 DMF (2.0 mmol) in a seaJed ,dry 

~ Hypovial. The solution was stlrred àt room tempe rature for 48 h. S"O·dimethoxytritylthymidane 

. 85 (81 mg, .15 mmol) was added and the reactlon mIXtUre stlrred a further 20 h at room 

temperature. 11..C (CH20iMeOH, 9:1) andlcated a complex m1.Xturt of products. Dunng the 

usual workup, the appearance of an orange col our suggested detntylatlon during both the 

extraction and the attempt~d punficatlol\ on two sihca gel plates (same solvent). No pure matenal 

could be lsolated. " , 

(b) AgN03 (340 mi 2 mmol) was dlsiolved W1th heatmg ln pyndlJle (2.0 ml) and niF 
1 

(9.(\ ml) ln aj'laJ. Di-t-butyldlchlorosllane (232 ut, 1.1 mmol) wu added. and a white precipllate 

slowly formed. 85 (500 mg. .9 mmol) wu added as a solution ln niF (3.5 ml) and the reaction 

• 
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stirred at 60°C for 18 h. As TLC showed the startmg matenal 8S consumed, 87 (283 mg, .80 

mmol, solutIOn m TIlF, 3.5 ml) was added and the reactlOn stirred at room tempèrature overmght3 

then at 600C overmght. ne indlcated that no turther reactlon had occurred. 

(c) 8S (272 mg,.50 mmol) was added to a mIXtUre of AgN03 (190 mg, 1.1 mmol), pyndme 

E.40 ml, 5 mmol),'dl-t-butyldlchlorosIlane (116 ul, .50 mmol) and THF (5 ml). A wlute preclpltate 

formed. The mIXtUre was stlrred overmght at 700 e, when TI...C (eH2elz:MeOH,~:1) showed the 

·start1Og matenal 85 had been consumed. 3'-Q-dlmethoxytntylthymldme 87 (243 mg:.45 MmDI) 

was added, dlssolved m THF (lml), and the reactlon sttrred at 700 C for 48- h. At thts tlme"none 
" 

of the second nucleoslde 87 had been consumed, and the mtermediate noted on TLC was 

unchanged. ThIs matenaL":Yas not Isolated. 

Synthesis of diisopropyldichlorosilane. 

MagneSIUm turmngs (70 g, .29 mol) were pl'lced ,In a dry ~50 ml three-necked flask ' 

contaming a stlrnng bar. A few crystals of lodine and an~ydrous diethyl ether (15 ml) wtre added 

The flask was fitted wlth a drymg tube and a droPPJ,llg tunnel. 2-Bromopropane (24 ml, 31 g, 25 

nfol) dlssolved In anhydrous dlethyl ether (110 ml) was added dropWlse Via the droppmg tunnel, . 
with rapld stirnng, at a rate whtch was Just rapld enough to allow the solvent to reflux gently. The 

, mixture turned dark and cloudy. After the addItIOn was complete, the droPPIng tunnel was 

replaced with a condenser and the mIXture refluxed one hour, then filtered through glass wool mto 

a 500 ml three-necked flask.- MeanwhIle, dlchlorosIlane (12 ml, 14.6 g, .15 mol) was condensed ) 

Into a graduated cyhnder. ThIs cylinder was sealed ~th a septum plerced bya Pasteur pIpette 
, -

whtch was connected by Tygon tublOg to the dichiorosIlane cyhndec. The graduatedcylmder was 

fttted Wlth a dry10g synnge 'and placed In a Dry Ice:acetone bath. The dlchlorosllane was allowed 

to flow through the tube-and lOto the graduated cylmder, where It condensed. The lygon tubmg 
, 

was then dlsconnected from the tube and connected to a gas mlet tube fitted to the 500 ml f1ask 

contaimng the Gngnard reagent. This flask was also fitted Wlth a stlrring bar and a Dry Ice 

condenser. The coohng bath around the graduated cyhnder was removed and the di~h1orosIlane 

allowed to dlstIlI gently Into the rapldly stmed Gngnard solution. The addition took about 3.5 h, 

tlunng whIch tlme the addItIon had to be stopped briefly several tlmes to c1ear a thick preClpltate 

from the gas mlet tube. During these InterruptIOns, the cooling bath around the graduated 

cylmder was replaced to aVOld loss of the reagent. The mIXture was refluxed for 1 h, then poured , . 
slowly lOto cold 10% aqueous acetlc aCld The organic layer was washed 5 times with water, at 

which ume the washIngs were neutral to htmus paper. The solvent volu~e was reduced by 

o 

c ..... 
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evaporation 10 a stream of Ar. then th~ product was distilled at atm0spheric pressure. The deslred 

product. dlisopropylsIlane, was Isolated as a c\ear colourless hquld, ln 46% yleld (6.76 g, b.!.? 98-

1OOoe, lit. b. p. 98.s°c156 ). 

TIus product waS placed ln a steel bomb Wlth carbon tetrachlonde (23 ml; .24 mol). 

Palladium (II) chlonde (106 mg, 0.6 mmol) was added. This addition was accompaOled by very • 

rapld heatmg and bubbhng of the reactlOn mIXtUre. The bomb was sealed and hea~ed a,t 140°C fOI 

~ ~ 8 h, then allowed to cool overOight. The .actlon mlXture was removed by Pasteur pIpette as a 

c10udy brown miXtUre. The bomb was r.msed Wlth anhydrous ether, and the mIXture and wa'ihrng' 

combmed. Sohds were removed by centnfugatlon, and the solvent evaporaled ln a stream of Ar 

The OIly resldue was distilled ln vacuo, to yletd the desm:d product dl)sopropyldlChlorosllane (445 .... . . 
g. 41%, b. P 50-5SoC at 5 mm Hg, ht. b. p. 67-690 C at II mm Hg 157) aS<>3 clear colourless hquld' 

29Si NMR (CDCI3) 38.15 (no ht value aV311abte, corre~pondmg value for dl-(-butyldlChloro~llane 
9.J9.101S8;V \ . . 

Synthesis and deprotection or S'-O-dimetb,oxytrityl-3'-O-(S'-dlls'opropylsllyl-3'-O

levullnylthymldyl)thymldlne 88e. 

.. 
(a) S'-O-dlm,ethoxytntylthymldme 8S (816 mg, 1.50 mmol) was dl~olved 10 CB2C12 (z"4 

ml), and addéd dropWlse vIa synnge to a solutIOn of the sllylatmg agent 

bis(trifluoromethanesulphonyl)dllsopropylsllane 95 (486ul, 165 mmol) and pyrldme 0.6 ml) ln 

CH20 2 (5 ml). The addition took place over 30 mm al -7SoC wllh rapld sllrnng Th~ rcallion 

mJXture was allowed to stlf at -7HoC for 30 mm, then al room temperatur~ for an addllionai }O 
~. 

mm. 3'-O-lcvuhnylthymldlOe 87 (513 mg, 150 mmol) Was added as.a sohd. and thé rcactlOn 

allowed to sUr 1 h at room temperature. The usual workup .. nd !llhca gel column (CJt2(J2 ... olvent 

A, 1:0 to 0: 1 gradient) Ylelded the'deSIred product 88e as a soft whIte foam (679 mg, 47%) M Il 

not defined, UV ~max 266 nm, 1H NMR (CD03) 624-640 (m, 2, HI'), 377 (s, 6, -OeIl3), 2 14 

(~. 3, -COCH3), .99 (m, 14, -SI-CH(CH 3)2)' 29S1 NMR (CDCl3) -7.52, Rf C1I2(12 MeOlf, 9 t, 

.48, solvent A, 27, EtOAc, 47 'Mass spectral data (Inelhanolammc malrIX) mil 1146 S, Mlf· • 

tnethanolamme, rel. mt.]OO The symmetncally hnked 8ge Wb also lsolaled (202 m).", ]%) , 

(b) 85 (2.31 g, 4.23 mmol) wu dlMOlved ln CH20 2 (50 ml) and added drorwt~ over JO 

/ mm af -78°C 10 a CH2aZ 00 ml) solution ofbls(tnnuoromethane5Ulphonyl)dulOpropylsdane-9S 

(1.()O ml. 3.39 mmol) and PYT.ldmc (8.0 ml) The rractlon mIXture wu sflrred at -7SoC 30 _un and 

1,5(.. R. West. E. G. Rochow. J. 0". Chnn .. 18,303 (1953), 
ISi. CD. Hurd, W. A. YarnaJl.J. Am Chnn. S« . 7-1. 7S5 (1949). 
158. T. A. Blinka. B. J. Hclmcr,~ West. Adv Orranomtl Clum .. 2J (1984) 
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room temperature 30 mm. 87 (724 mg, 2.12 mmol) was added in CH2CI2 (10 ml) and the reactlon 

mixture left to stir Qvermght at room temperature. Worlrup and chromatography gave the d('!sired 

dilner 88e in 74% )'leld . 

Detntylation was accomphshed by addmg the product 88e (679 mg, .70 mmol) to 
~ 6 

tnchloroacetlc acid (3% w/v m CH2CI2, 20 ml) and allowmg the bnght orange soli mon to stlr at 

, roorn te~perature for 10 mm. Th? reactlOn mIXtUre was then poured mto 5% aqueous sodIUm 

bIcarbonate, the organlc layer dned Wlth NazS04 and concentrated zn vacuo. The de~lred product 

~le was punfied. on a slhca gel column (CH2CIz=MeOH 1:0 to 19:1 gradient) and Isolàted ln 85% 

j'leld (400 mg), agam ,as a whIte foam. A trace (ca. 20 mg) unreacted 88e was also recovered. M 

p. undetjned, UV,,\max 266 nm, IH NMR (CDCI3) 6.30 (q, 1, Hl'), 6.19 (t,l, Hl"), 2.19 (s, 3, -

COCH3), .90 ~m, 14, -SI-CH(CH3)2)' Rf CH2C1z=MeOH, 9:1, .20, solvent A, .11, EtOAc, .19. 

Dele~natlOn was accomphshed by additIOn of the detntylated dlmer 91e (170 mg, .24 

mmol) to hydrazme hydrate (.5 M m pyndme:acetlc aCld, 3.2if.5 ml). The reaction mIXture was 

stirred at room temperature for 6 mm, then acetyl acetone (8 ml) was added to consume . . 
unreacted hydrazme. The reactlOn mixture was poured mto water and extracted Wlth CH2CIZ' 

Th; orgamc layer was washed Wlth water and dned (NazSO 4)' The solvent was evapo!ated and 

the resldue coevaporated Wlth toh.lene. The gummy resldue was dlssolved ID CH2CI2 and apphed 

to two preparatlve slhca gel plates, which were developed ln CH2CI2.MeOH, 9:1. The product was 

removed from the plates, dlssolved ln CH20z:MeOH, 91 and preclpltated from hexanes, to yleld 

the fully deprotected dlmer 92e as an off-whIte powder In 64% }'Ield (93 mg). M. p. HM-108DC, 

UVJ\max 266 nm, 1H NMR (DMSO-d6) 6.19 (m, 2, Hl'), 1.01 (bs, 14, ,SI-CH(CH3)2)' Rf 

CH20z:MeOH, 9.1, .07, solve nt A, .03, EtOAc, .08. 

Synthesls of S'-O-dlmethoxytrityl-3'-0-«S'-Q-dllsopropylsilylthymidyl-3'-Q-(5'-0-

diisopropylsilyl-3'-O-levulinylthymidyl»thymidlne 96. 

(a) 5'-O-dimethoxytntylthymldme 85 (188 mg, .345 mmol) was dlssolved m CH2CI2 (3 ml) 

and added dropWlse Via syringe to a solutIOn of bis(tnfluoromethanesulfonyl)dllsopropylsdane 95 

(102 ul, .35 mmol) and pyndme (1.0 ml) m CH2CI2 (3 ml). The addItIOn took place over 30 mm at 

-7So C. Wlth rapld stJrnng. After 30 Il'l:ln at tlus temperature and 1 h at room temperature, 91e 

(240 mg, ~345 mmol) was added as a solutIOn m CH20 2 (5 mir The reachon wa'l allowed to stIr 

at room temperature overmght, turmng shghtly orange. The usual wo,rlrup and sihca gel column (0 

to 5% MeOH ln CHZ0 2) gave thé demed trimer 96 m 55% j'leld (235 mg) as a foam. 89b (151 

mg. 36%) was a1so lsolated. 96 m. p. 103-1060 C, UV hnax 266 nm, IH NMR (CO03) 6.19-6.39 

(bm. 3, Hl'), 3.76 (s, 6. -9CH3)' 2.19 (s, 3, -COCH3). 1.00 (m. 28. -SI-CH(CH3)2)' 29Si NMR 
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(CDCl3) -7.64, -7.81, ~f CH20iMeDH, 9:1, 38. solvent A, .07, EtOAc, .18. Mass spectral4ata 

(triethanolamine matrix11500.5, MH+ _+ triethanolamine, rel. int. 58.04. '\ 

(b) 85' (1.09 g, 2.0 mmol), dissolved m CH2C12 (25 ml) was added dropw\5e to a solutiQn 
1 

ofbls(tnfluoromethanesulphonyl)diisopropylsdane (470 ul: 1.6 mmol) and pyndine (.5 ml) in 
l '1\1 .. 

CH2C12 (5 ml). The addition tooK pla~e oveT 30 mm at -7S°C. The reactlon mIXture was allowed. 

to shr at Uus temperature for ~O mm, then at room temperature for 30 min. 9le (900 mg, 1.30 • 

p_ mmo\) was then added as a sohd, and the reachon mIXture stlfTed 1 h at room temperature. 
" , 

Workup and chromatography as OI;thned above'gave the deslred tnmer 96 in 68% yield. 

, t.. •• 

Partial deprotection or 96. Preparation of partially protecte4 trimer blocks. 
.. ' 

(a) Detnt}'lation. 96 (284 mg, .23 mmol) was treated wlth tnchloroacetlc aCld (3% 
~ . 

CH2C12 solution, 6.2 ml) for? mm at room~erature. NeutrahsatlOn wlth 5% aqueous s.odlum 

'bicarbona~e an~ryJng of the orgamc layer W1th Na2S0 4 was followed by,.stllCa gel column 

punficatlOn (:CH2CliMeOH, 1:0 ta 19:1 gradient) whlch Ylelded the partlally protected'tnmer 97 

as a foam (157 mg~ 73%). M. p. 96-100°C. UV~ max 270 nm, IH NMR (COCl3) ~24 (m., 2: Hl'). , 

6.13 (t, 1, Hl"), 2.17 (s, 3, -COCH3), 1.88 (bs, 9, -CH3), 1.03 (m, 28, -SI·CH(CH3)t), Rf 

CH2C1iMeO~, 9: 1, .34,. solvent A, .04, EtOAc, .11. ' 

(b) DelevuhnatlOn. 96 (284 mg, .23 mmol) was treated wlth hydrazme solution (.5 Min 

pyndme:acetlC aCld, 3.2, 2.3 ~) at room tempe rature for 10 mm, ~cetyl acetone (9 ml) was ad~ed 

and the reactlOn worked up by pounng lOto water and extraction with CH2C~2 The.orgaOlc layer 
, . 

was dned. concentrated and coevaporated wlth toluene before a slhca-gel column (same solve/lt a, , ' 

above) and preCiplJation from hexanes gave the deslred 98 10 88% yteld (231 mg) M. p. 110-, ~ 

113be, UV'\max 268 nm, 1H NMR (CD03) 6.22-&.36 (bm, 3, Hl'), 3.77 (s, 6, -OCH3). 1.87,184. 

1.51 (s. 3, -CH3) •. 98 (bm, 28, -ShCH(CH3)2h Rf CH20z:MeOtl, 9: t, .33, solve nt A •. 06, EtOAc, 

.18. 

Synthesls Ind(deprotediJn or the thymidine hexanucleotlde Inllol 99. 

Bis(trifiuoromethanesulfonyl)dlisopropyl~llallf, (55 ul. 19 mmol) wu dluolved in"CH2C'1 2 
(15 ml) and pyridme (.5 ml) 10 a dry, sealed Hypovial. S'·O-dlmethoxytntyl:3'-O-{S'-O

dusopropylsilylthynudyl-3'-O-(5'-O-dllsopropylsdylthymldyl»thymldane 98 (194 ma, .21 mmol), 

dlssc.l~ed m CH20 2 (3 ml) wu.added dropWlse over 30 mm, at -78°C. The reactlon mIXtUre WiU 

then allowed fo shr al' -7SoC for 75 mm, then al room temperature ror a turther 75 min. "lllni 

point.3'-O-«S'-O-<hoopropylsdYtthymldyl·3'-O-(S'-ü-dIlJOpropylltJ>1·)'-o· 

\ . 
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\ levulinylthymldyl))thYlmdme 97 (157 mg,.17 mmol), dissolved in CH2CI2 (5 ml) was added and 

the reactlon mixture left to stir overnight (16 h). The solutIon turned slightlyorange dunng Uus , ' 

tlme. The usuaJ workup was followed by purIfication on a sIlica gel column (CH2CI2:solvent B 1.0 

to 0:1 gradIent) and careful repuJ:lfication on two sihca gel plates (solvent B, 2 developments) to Ç' , . 
yield after elutlOn, 50 mg compound 99 as a gum. ThIs corresponds to 12% }'1eld. lLC of the 

reaction mIXture mdlcated that the deslred product.compnsed at least 50% pfthe tntylated 

products of the reactlOn. Mrp. not defined, UV max 268 nm, I H NMR (CDCI3) 6.4 (em, 6, 

Hl'), 3.78 (s, 6, -OCH3), 2.18 (s, ca. 3, -COCH3), 1.00 (bs, éa. 70, -SI-CH(CH3)2)' Rf 

CH2CliMeOH, 9:1/.4Z, solve~t A, .0:f,EtOAc, .12. 

DeprQt~ctlOn waS carned out Immedlately. D~trItylation was acc?mphshed by treatmg 

comp011nd 99 (50 mg, .025 mmol) Wlth tnchlôroacetlc aCld (1 ml) for 10 mm, followed by the usual 

wgrIcup. The cru de ~aterIal was delevulinated ViIth NH40H:MeOH, 4:1 (5 ml, mIXed Wlth 3 ml 

, dioxane for s~ubIllty) for 16 h at room temperature. The mIXture of solvents was evaporated, and 

the crude compound was punfied on a sihca gel column (CH2CliMeOH, 9: 1) to yleld the deslred 

fully deprotected product 100 as the only nucleosldic product (14 mg, 35%) m the form of a 

slIghtly yellow ml UV ~max, 26g nm, lH NMR (CDCl3) 6.10-6.31 (bm, 6, Hl'), 1.06 (m, ca. 70, - \ 

SI-CH(CH3)Z)' RfC!fzClz:MeOH, 9:1 .. 07, solvent A, .03, EtOAc, .07. 

Reaction or N,N-dimethylaminodiphenylsilyl chloride with 85. 

o N,N-dlmethylammodlphenylsdyl chI onde (78 ul, .40 mmol) was dtssolved in anhydrous 

THF (5 ml~ and pyndme (0.4 ml) 10 a sealed, dry Ar-filled HYPOVlaJ. 85 (ZOO mg, .37 mmol) was 

"dded In one portton,·and the shghtly cloudy reactlon mixture allowed to shr at room temperature 

for Z.5 h. It was then poured lOto saturated aqueous sodIUm bIcarbonate solution and extracted 

with CHZOZ' The organic layer w~ washed once Wlth water, evaporated and coevaporated wlth 

o toluene. The resultmg whIte foam, nearly pure by lLC. comigrated Wlth symmetrical dimer 89b, 

and wàs IdentIcaJ to'89b In its 1H NMR. The reactlon was repeated usmg N,N-
o 

diisopropylethylamme as base (.65 ml, 3.7 mmol), Wlth the same result. The reaction was agam 

r~peated, this time WIth the addItIOn of sIlver mtrate (56 mg, .40 mmol, white preclpltate forms on 

_~ddition of the sdylatmg agent), again usmg dllsopropylethylamine as base. This tIme the 
". 

nucleoslde 85 was èlssolved 10 TIIF (1.5 ml) and added to the.S~lylatmg mixture dropW1se via 

syringe over 5 mm. The f<;actlon was allowed to stir at rbom temperature 1 h. before bemg filtered 

and worked up as before. Tlle same product was obtained. 

\ 
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Syntliesls or 3' ,3'-Unked symmetrfcal thymidine dlmers 89. 

fil 

lI7 

(a) R=ethyl. 85 (545 mg, 1.0 mmol) was dlssolved in anhydrous TI-IF (10 ntI) and pyridme 

(1.2 ml). Diethyldichlorosllane (83 ul • . 55 mmol) was added and the reactlon stlrred al'room 

temperature 1.5 h. as a white precipitate formed. The reactlon mIXture was poured Inla bnne and 

extr,acted W1th CHZClZ' 'The orgamc layer was dned wlth NaZS04' reduced in volume and 

coevaporated Wlth tolullne. Sil Ica gel column punficatlon (CH2C1iMeOH, 1'0 to 19:1 gradient) 

gave 89a In 70% YIeld (409 mg) as a whIte powder after preCipitatIOn from petroleum ether. M Il 
o \ c 1 < ' 

115-118 c.'UV" max 268 nm. H NMR (@Cl3) 6.37 (t. 2. Hl'), 3.75 (s. 12, -OCH3), 83 (m. 6,-

CH3) •. 47 (m. 4. -Sl-CH2-), Rf CH2C12 MeOH, 9: I. 60. s~ivent A, .54. EtOAc •. 76. , 
(b) R=cyclotetram,ethylene. The reachon above was repeated wlth 

cydotetrarnethylenedichlorosilane (72 ul, .55 mmol) as the sllylatmg agent. The-reactlon was 

Idenhcal In ail other respects. The chromatography solvent was CH2C12 EtOAc. 1'0 to 1:1 

gradIent. The product 89g was Isolated as a soft white foam (355 mg. 60 %) M p not defincd, 

UV~max 270 nm. lH (CDCl3) 636 (t. 2. Hl'), ~.75 (s, 12. -a-CH3), 1.50 (bs. 4, -CH!-). 45 (h~, 4, • 

-Si-CH2"). Rf CH2C1z:MeOH. 9 1. 46. $olvent A • .48. EtOAc • .36. 

(c) R=t-butyl. phenyl. Sllver nitrate (187 mg, 1.1 mmol) was dlssolved JO anhydrous 'l'III' .... . 
(10 ml) and pyndme (12 ml) 85 (545 mg. 1 mmol) \vas added. followed by'-

butylphenyldichlorosJlane (116 ul •. 55 mmol) A white preclpltate formed over a few minutes. and 

the sealed reactlon vial was placed ln a 50°C bath for 24 h. FIltratIOn. followed by the u'sual 

workup and slhca gel column (as ln (b» gave 89c (328 mg. 52%) as a white foal11. M ii 130-

135\ UV~268 nm. tH NMR (C003) 6.4Q(m. 2. Hl'). 3.75 (s. 12. -OCIl3) •. 88 (b'!. 9.

QCH3)3)' 29S1 NMR (CD03) -22.53. Rf CH2Cl2.MeOH. 9:11 49, solven! A. 57. EtOAc, 77 .• 

(d) R=methyl The synthe,sls of paragraph (a) was repeated wlth dlmelhyldlchlorosllan~ 

(67 ul,.55 mmol) as sJlylatmg agent. !Worlrup and column pUrification gave the prod~ct 89f JO 22 

% yteld as a f~am. M. p. 115-1220C. UV'max 268 nm. tH NMR (C~)a3)'6.40 (m. 2. Hl'). 3.75 

(5, 12. -OCH3). 0.00 (s. 6, -SI-CH3), Rf CH20iMeOH. 9:1 • .38. solvent A, .46. EtOAc, n. 
(e) R"phenyl. As for paragraph (a). usmg dlphcnyldichlorOl\llane (115 ul • .55 mmol), Tht' 

product 89b was lsolated ln 47% yleld (300 mg. wtute (oam). M. p. 13S-140oC. UVA max 270 nm. 

lH NMR (CD03) 6.50 (m. 2. Hf). 3.75 (s. 12. -OCH3), and large multiplet ca. 7.4 PP"' 

cnresolved from tt1tyl and base protons. Rf CH20iMeOH. 9:1. J9. solvent A •. 46. EtOAc •. 79. 
0-

(t) R-t-butyl, methyl. As (or paragraph (c). wuh '-butylmethytdlChlorosda.ne (94 m .. .55 
t) • .-

mm:>I),The product 89d was lsolatcd a white (oarn (3~S ma. 62 %). M, p. 121· 126°C. UV..\mu 
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270. IH NMR (CDa3) 6.36 (m. 2. Hl'), 3.75 (s. 12, -OCH3), .80 (s. 9. ~C(CH3)3)' 0.0 (s. 3, _SJ_
c 

CH3). Rf Œ20z=MeOH, 9:1, .63, solvent A, 53, EtOAc, .74. 

(g) R=isopropyl. As for (a) WIth bis(tritl~oromethanesulphonyl)dl1sopropylsilane (163 ul, 

.55 mmol). The product 8ge was lsolated In ~6% yield (217 mg) after chromatography and 

pr~Clpltation from hexanes. M. p. 112-1150 C, UV~ max 268, tH NMR (CD03) 6.37 (m, 2, Hl'), 

3.75-(s, 12, -OCH3), .90 (m, 14, ·Si-Œ(CH3)2)' Rf CH2C1z:MeOH, 9:1, .45, solvent A, 51, 

EtOAc, .57. 

Synthesis or 5' ,5'-Unked symmet;lcally'Unked thymidine dimers 90. 

(a) R=ethyl: Thé reactlOn of paragraph (a) above was repeated !-Ising 3'-0-

levuhnylthyrnidme 87 (342 mg, 1.0 mmol) as the nucIeoslde. The same workup and column 

punficatlOn Ylelded 90a as' a wlute gummy mâte;lal (267 mg, 75%). M. p. not defined, UV À max ' 
. 1 , 

264 nm, H NMR (CDCl3) 6.30 (m, 2, Hl ),2.17 (s, 6, -COCH3), 1.00 (t, 6, -CH3),.72 (m, 4, -SI" 

CH2-)· 

(b) R=cyclotetraméthylene. The reactIOn of paragraph (a) was repeated W1th 

'cyclotetramethylenedlchlorosllane (72 ul, .55 mmol) as the sllylatmg agent. The'product 90g was 

isolated m 26% Y1eld as a gum. M. p. nôt defined, UVlmax 265, 1H NMR (CDCI3) 6.33 (q, 2, • 

Hl'), 2.17 (5,6, -COCH3), 1.58 (bs, 4, -CH2-CH2-), .6()(l)s, 4, -SI-CHZ-)" 

(c) R=t-butyl, phenyl. The couphng descnbed above was camed out W1th t

butylphenyldlchlorosllane (116 ul, .55 mmol) and silver mtrate (187 mg, 1.1 mmol). A wlute 

precipltate formed. The reactlOn ttme was 21 h, at a tempe rature of 500C The product 90c was . . 
recovered as a white powder (310 mg, 73%) after chromatography and preCIpitatIon from he.xanes 

M. p.less than 800 C, UV~max 266 nm, IH NMR (CDCI3) 6.35 (m, 2, Hl'),'215 (s, 6, .COCR;), 
~ 29 

.90 (bs, 9, -C(CH3)3)' S. NMR (CDCt3) -17.99. 

(d) R=,methyl. The reactIOn descnbed m (a) was repeated usmg dlmethyldichlorosllane 

(67 ul, .55 rnplOl) as the sllylatmg agent. The same workup and purificatIon gave the desued 

compound 90r as a soft white foam m #30% Y1eld (108 mg). M. p. not de~ned, UV ~~ax 266 nm, 

IH NMR (COQ3) 6.3) (m, 2, Hl'), 2.19 (s. 6, -COCH3), (22 (2,6, -SI-CH3) . 

(e) R=phenyl. As for (a), usmg diphenyldlchlorosdane (115 ul • .55 mmol). The yield was 

only 15%' (64 mg) ~f a white gummy matenal (90b). M. p. not defined, UV~max 270 ml), 1 H 

NMR (m03) 7.4 (bm, 10, phenyl) 6}4 (q, 2, Hl'). 2.18 (s, 6. -COCH3). 
" ~ 

(0 R=t-butyl, methyl. The reactlon as described In (c) using t-butylmethyldichIorosIlane .. 
(94 mg, .55 rnmol) gaxe the p~oduct 90d In 62% yJeld (243 mg) as a whIte foam. M. p. not defined, 

UV~max 266 nm, IH NMR (COQ3) 632 (m, 2, Hl~). 2.18 (s, 6. -COCH3) •. 97 (bs, 9:-QCHj)3)' 

.. ~ 



.. 

ft • 

119 

\ 

(g) Ro:isopropyl. As for (a) with blS(trifluoromethanesulphonyl)diisopropylsilane (163 ut. , 
~ . 

.55 mmol), with the product 90t Îsolated in 35~ yic:ld p40 mg) of a wlut~ powdei after _ 

precipitation from hexanes. ThIs powder quickly softened to a gummy co'\!.ïstency. M. p. not 

, defined, uvA max 264 nm, IH NMR (CD03) 6.35 (m, 2" Hl J, 2.20 (s, 6, -COCH3), 1.10 (bs, 14, • 

SI-eH(C~3)2)' 

Attempts to syntheslse 5'-O-dlmethoxytrltyl-3'-O-(5'-dllsopropylsllyl·3'-O

'Ievullnylthymldyl)thymldlne 88e uslng dOsopropyldlchlorosllane. 

rosllane (98 ul, .55 mmol, 104 mg, prepared as descnled above) was 

dlssolved m anhydrous F (5 ml) and pyndme (1.2 ml) 10 a sealed HypoVlal contammg a stlrnng 

bar. 8S (300 mg, 55 mol) dlssolved m THF (4 "JI} was adl!led dropwl5e via synnge over a penod 

of 10 mm at oOe, W1th ~a d stlrnng. After 15 mm, the cool mg bath was removed and the reactlOn 

mIXture was left at room temperature for 1.5~. TLC (CH2C1iMeOH, 9.1) mdlcated that no " 

reactlOn had occurred. The VIal was placed 10 a 50°C bath for 24 h. TtC m the same solvent , . 
system showed only about 50% of the startmg matenal had been consumed. 

Th,e ab ove expenment was repeated usmg 87 as the nucleoslde. TLC mdlcated the s,lme 

result. with only about 50% reactlon after 24 h at elevated temperature. \ 

85 (81 mg,.15 mmol) was dlssolve~ m DMF (2 ml') and added dropwl5e ove~o mm 10 ,1 

solution of dusoprollYldlchlorosllane (26 ul, .15 mmol) and Imldazole (45 f!1g •. 60 mmol)m 

anhydrous DMF"(1 ml) at -78°C. The reactlOn mIXture wàs stlrred at t!lIS temperature for 30 mm. 

then the batt was removed and stlrnng contmued overmght. 87 (50 mg, .15 mmol) was added .1011 
o ' 

the reaction left at room temperature a further 24 h. The reactlon was worked up as usual The 

n...e showed malOly the symmetncal dlmers 8ge and 9Oe. w.th very httle of the demed. 3',5'-lmkcd 

88e. ' 
-' 

Silver mtrate (25 mg, 15 mmol) wa~ dlssolved m niF (2.0 ml) and pyndlne ( 5 ml) 1111\ 
'" 

was added drOpWl5e over a few mmutes to a vIal contammg dllsopropyldlchloro'lilane (26 ul, 15 

MmDI) at -7S°C. W1th rapld sUrnng. 8S (81 mg, .15 mmol) ln ntF (2 ml) was added droP'o"l5e mer 

1$ min at the same tempcrature. ~ thls t1me, a white preClpltate had forméd. The reacUon • 

f\1lX'tUre was stlrred 15 mm. then the bath was removed and the surnng contmued 14 h af room 

temperature. 87 (50 mg. .15 MmDI) was added a5 a sohd. alO"l Wlth IIlIver nitrate (25 mg. .15 

mmol). After 2 ha turther 25 mg sllver mtrate Wa5 addet The 'reacUon wu filtered and worked 

up as usual 2 h later. ne (solvent A) showed mainly 8ge and 9Oe. as abOve. . 

This expenment Wa5 repèated. this Ume dlssotVln& the S1lvet nitrate wtth the tint . . 
nudeoside 85: and addInI dropwue to the solutIon of sdytah"l -aenr and pyridi~ ln nif (j mJ) 

. 
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The reactlon was worked up 24 h after the second nucleoside 87 was added. No improvement 

(TLC) was noted. 

• , [Al . 
Synthesls or 2'-deoxy-3'-O-levulinyladenoslne 102. 

, 

5'-O-Jlmethoxytntyl-2'-deoxyadenosme 101159 (1.95 g, 3.5 mmol)'was dlssolved in 

'anhydrous 1,4-dioxaÎle (20 ml), In a dry round botrom flask containing a stlrnng bar. Levuhmc aCld 

(4.0 ml,.45 g, 3.9 mmol) and DMAP (47 mg, .35 mmol) were added, followed by DCC F.2 g, 105 

mm~l): The reactIOn. was stmed for 2 h, W1th formation of a whIte preclpltate, when TLC ' 

(CHzOiMeOH, 9:1) showed' ail startmg ~aterjal had been consumed. Water was added, and the 

reaction mIXture stmed a few mInutes before filtratIon and worked up as usual. DCU was 

removed by chromatography on a short slhca gel column (CH20 Z:MeOH, 1:0 to 19:1 gradIent). 

\.nt~ gummy yellow praduct was treated with acetlc aCld (80%) for 1 h, at room, temperature, Wlth -

stimng. n-Butanol was added to the bnght orange solution-untIl the colothad faded, then , 
'iOlvents were evaporated at redùced pressure. The residue was coevaporated Wlth toluene to 

rem ove aceUc acid, and crystalhsed f~om toluene to Yleld 102 (852 mg, 70% overall Yleld) fS a 

white powder, m. p. 147"1500 C, UV.\max260 nm, 1H.NMR (CDCI3) 8.32, 8.16 (s, 2, HZ, H8), 646 

(t,l, Hl'), 5.49 (m, 1, H3'), 4.20 (bs; 1, H4'), 4.03 (bd, 2, lli', HS"), 2.56-2.80 (m, 6, H2', H2", -

CH2-CH2), 2.18 (s,_ 3, -COCH3), Rf CH2CIz:MeOH, 9: 1, .35, solvent A, .00, EtOAc, ,04, 
, 

Attempted synthesls or 5'-O-dlmethoxytrityl-2'-deo~-3'-O-(5'-O-diisopropylsilyl-2t-deoxy-3'-0-

levulinyladenylyl)adenoslne 104c uslng bls(trtnuorometh,lmesulphonyl)diisopropylsllane. 

5'-O:dimethoxytntyl-2'-d.eoxyadenosme 101 (227 mg,.50 mmol) was dissolved ln 

anhydrous CH20 2 (8 ml) and added dropWlse, over 1 h, to a solution of the sllylating a~ent (95, 

162 ul, .55 mmol) in CH20 2 (5 mI) and.pyridm'e (1.2 ml), at -78°C. The reactIOn mIXture was 

allowed to stir at room temperature 2 h. 3'-Q-levuhnyl-2'-deoxyadenosine 102 (154 mg,.50 MmDl) 
\ ' , 

was added as a sohd and the reaction left to sor overmght at room temperature. The usual 

workup "'as carried out. nc (CH2CliMeOH, 9: 1) showed a complex mIXture of products, none 

ofwhich predominafed. Attempts·to punCy this mixture on a sihca gel column (CH20iMeOH, 
<: • 

1:0 to 19:1 gradIent) were unsuccessful, resultmg in mIXtUres ofproducts. 

c' 

159. G. S. Ti, B. 1.. GatIney, R. A. Jones, J. Am. Chem. Soc •• 104 , 1316 (1982). 

, 
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Synthesls or N6-benzoyl-2'-deoXY-3'-O:levull.nYladenosln~ 108. 

5'-O-dimethoxytrityl-N6.benzoyl-2'-deoxyadenosme 107 (2.0 g, 3.04 mmol) was dlssolved 

, , ln anhydrous 1,4-dl()xane (30 ml) In a dry round-bottom flask fitted with a\tirring bar. Levulinic 

acid (.40 ml, 45 mg, 3.9 mmol) and ~ few milligrams of DMAP were added, followed by DCC (1.40 

-' 

? 

• At 

g,6.7 almol). A whIte precipitate formed as the reaction mixture stirred at room temperature for 

1 h. Water was'added and the reactJon mixture filtered and worked up as usuaI. The crude 

produ~t was treated Wlth tnchloroacetlc aCld (3% w/v In CH2CI2, 1~00 ml) for 5 min. The bnght 

orange, so.lutlon was po~red lOto 5% aqueous sodIum bIcarbonate and extracted Wlth CH20 2. 

After dry10g (N~~O 4) and evaporatr.on of the solvent, the desired product 108 was crystalhsed 

from toluene as a whIte powder, pure by TLC. 10 69% yleld (946 mg). M. p. softens 105-1100 C, 
• - \ j 

melts 145-147oC. UV 284 nm, 1H NMR (CDa3) 8.79, 8.09 (s, 1, H2. 1j8) 6.37 (q.1, H1'r, 5.56 

(dd, •• h3'), 4.30 (bs, 1, H4'). 3.95 (bs,}. H5'), 3.19 (m, 1, H2'). 2.82 (t. 2. ·CH2-), 2.47-2.64 (m,4. 

H2". -CH2-), 2.22 (s, 3. -COQ~H3)' Rf CH20iMeOH. 9:1 •. 47. solvent A, .07. EtOAc •. 09. 

Synthesls of bis (5' -O-dlmethoxytrltyl-2' -deoxyadenoslne) d IphenyJs Il ane. . \ . 

\ 

101 (200 mg • .36 mmol) was dlssolved in'rnF (5.0 ml)'and pyridme (0.9 ml). 

Dlphenyldlchiorosilane (42 ul, .20 mmol) was added and the reacti"n stlrred at room temperature 

3 h. The usual workup and slhca gel column (CH20z:MeOH, 1:0 to 19:1 gradient) gave the 

deslred product as ~ wrute (oam (105 mg, 46 % Yleld). M. p. 105-1080 C, UV 262 nm, 1H NMR 

(CDCI3) 6.44 (t, 2. Hl'), 3.74 (s. ~2. -OCH3). Rf CH20 2:MeOH, 9:1 • .14. solvent A, .00, EtOAc, 

.Ol 

Synthesls of 2'-deoxy-S'-O-dlmethoxytrltyl-3'-O-(S'-dlphenylsllyl-l'-deoxy-3'-0-

- levullnyladenylyl)adenoslne 1048. 

Diphenyldichlorosdane (252 ul, 1.2 mmol) was dissolved In TI-IF (10 n\1) and pYTld10e (2.4 

ml). 101 (609 mg. 1.1 mmol) was dissolved In TIlF (8 ml) and added to the sllylating mIXture -

dropwise via syn'nge over 30 min at -78°C. Wlth rapld st!rnng. After the rcactaon had been 

a1lowed to run 2 ho 102 (350 mg, 1.0 mmol) was added as asolution 10 nIF (8 ml). The cooling 

bath was removed and the reattIon allowed to sur at room temperature overnight. The usual , 

worlrup and column (CH'z0iMeOH. 1:0 to 9:1 gradient) gave the desircd product 1041 ln 45 % 

yièld (490 mg) as a foam. M. p. 82-850 C. UV).max 262 nm, 1 H NM R (CO03) 7.4 (m, unrcsolved 
• 

frOI':'- trityi and base resonances). 6.55 (t, 1: H1'), 6.41 (q"1. Hl"), 3.75 (a, 6, -OCH3), 2.16 (s, 3.-
o 

J 

r , .. 
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COCH3), Rf CH2CliMeOI-t 9: 1 •. 09. solvent A~ .00. EtOAc •. 00. The expected sym~etncallY 

Iinked dimers were also Û;olated. 

122 

Deprotection o~ S'-O-dimethoxytrityl-3'-O-(5'-diphenylsIlyl-3'-O-levulinyladenylyl)adenosine ( 

l04a. 

(a) Detritylatiôn. 104a (4/0 mg. 39 mmoi) was add~d to a solutIon of ZInC bromlde j 
(saturated, ln mtromethane, 25 ml) at OOC and allowed to react for 75 mm. At the end of Hus 

penod, the bright orange reactIOn mIXture was poured mto lM ammomùm ace tare and worked up 

as usual. The deslred productJ05a was Isolated by~recIPltatlOn from hexanes as a wlute powder 
'1' tif (260 mg, 86%). H NMR (CDCI3) 8.28. 8.26,8.01, 90 (s, 4, H2, H8), 74-7.6 (bm,10phenyl), 

• 
6.40 (m, 2, Hl'), 2.20 (s, 3, -COCH3), Rf CH2CI2' Me OH, 9: l, .Q7, solvent A, 00, EtOAc, .00. 

" ' 

(b) DelevuhnatlOn. The product (105a) of the prevlOus reachon w~,;> ae1ded to hydrazme 

solution (3.5 ml) and allowed to react at room temperature for 3 mm. Acetyl acetone (2.5 ml:)-was 

added, and the reactIOn worked up as usual. Slhca gel column c.hromatography (CH2CIiMeOH, 
)" 

19:Lto 9:1 gradient) ,gave the deslred p,roduct 106a as a chrpmatographIcally t'ure wlute foam (141 

lJlg, 62%). M. p. 96-99°C, UV..\max 262 nm, lH NMR (DMSO-d~) 8.29, 821,8.09,8.05 (s, 4,- H2, 

H8), 7.3-7.6 (bm, 10, p~enyl), 6.45 (m,l, Hl'), 6.34 (Hl"), Rf CH2CliMeOH, 9:1, .16, selvent A, 

.00, EtOAc, .00. 

\ , 

Synthesi~ of N6 -benzoyl-2' .deoxy-5'-O·~imethoxytrityl-3'-O- (S'-O-diisopropylsilyl-N6-benzoYI -2'-

deoxy-3'-O-levullnyladenylyl)adenosftle 104!l. 

(a) N6~benzoyl-5'-O-dimethoxytntyl-2'-deoxyadenoslOe (107,737 mg, 1.12 mmol) was 

dlssolved in anhydrous DMF (8.5 ml) and added dropWIse over 30 mm to a solution of 

diIsopropyldlchIorosilane (216 ul, 1.24 mmol) and imldazole (763 mg, 11.2 mmol) In DMF (4.3 ml) 

ID a sealed dry HypOVIal contaimng a shrnng bar. The addItIon took place at -600C, with rapid 

stimng. The reaction mIXture was stlrred at tlus temperature for 30 mm, then at room 

temperature fdt an addittonal3Ô mm. N6-benzoyl-2'-deoxy-3'-O-levuhnyladenosme 108 (500 mg, 

1~0 mmol, coevaporated 3 tlmes Wlth anhydrous pyndine) was then added m DMF (5 rrl'l), and 

~he reaction allowed to stir at room temperature for 1 h. It was then poured mto water and 

extracted with CHZCl2. TIre orgamc layer waswash~d WIth water, dried (sodium sulfate) ~d 

evaporated to dryness. A sllica gel column Ylelded the desired 3',5'-linked l04b as a pure whIte 

foam (679 m~, .53 mmol, 47%) along wlth the e~ected symmetrlcally Iinked dimers. M. p. less 

than 90°, UV 280 nm, IH N'MR (eD03) 6.50 (m, 2, Hl'), 3.72 (s, 6, -oCH3), 2.15 (s, 3, -

'" .. . 
.' 
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COCH3), 1.02 (bs.14. -Si-CH(CH3)Z): 29Si NMR (C003) -7.06, RfCH20iMeOH, 9:1, .49, 

solvent A, .10, EtOAc, .13. Mass spectral data, (triethanolamine matrix) mlz 1223.5, MH+, rel. ant. 

28.13, mlz 984.3, MH+ -AdBZ, rel. mt. 17.20. . , 
(b) N6-benzoyl-5'-O-dimethoxvtntyl-2'-deoxyadenosme 107 (1.1 g, 2.59 mmol) was 

1 < 

"dlssolved In anhydrous DMF (20 ml). This solution was added dropwjse over 30 min to a solùtlon 

oJ dllsopropyldlChlorostlane (382 ul. 2.2 mmol) and imldazole (1;6 g, 8.8 mmol) in DMF (6 ]111). 

The addition ta ok place at -60oC W1th rapld stirring. The reactlon mixrure was kept at ~hls 
ft _ 

temperature for 30 mm after completlon of the addition, then at room temperature for 30 man. 

N6-benzoyl-2'-deoxy-3'levuhnyladeno~me 11)8 (582 mg, 1.29 fmol) was then added. as a sol~tion 
in OMF (5 ml). ThIs nucleG'Slde had been coevaporated tl)ree times with anhydrou~ pyridme; The 

, , 
reactlon mlXtUre was allowét1 to stir at room temperature 1 h, then ,sub]ected ta the usual workup . 

and chromatography (CH2CI2:solvent B, 1:0 to 0:1 gradient). The desired product l04b was 
- ~ . 

isolated m 60.5% yteld (1.01 g, .78 mmi:l) a white foam id~ntical in ail respetts t'Ô that Isotated 

in the preVlOUS paragraph. Also isolate waS a mIXture of the 3',3'-symmetrically Iinked dlmer and 

a faster-mo~i~'g matenal, c·hromatogr prucally identical ta the first addition pr~duct which is later .. 
consumed on addition of the second nudeosldè. This is presumably the nucleoslde silyl chloride, 

now hydrolysed to the nucleosiae 3'-silanol. 

~etrltylatlon of l04b. 

l04b (928 mg, .74 mmol) was dissolved in trichloroacetiC acid solutton (3% w/V ln , 

çH2a~, 30 ml) and the bright orange solution was stlrred 5 min at room temperarure. After the 

reaction mixture was poured into aqueous sodium bicarbonate, t~e organic layer was separated. 
. . 

dried (NazS04) an~ concentrated. The Soluti~n was applied to a silica gel column 

(CH20 2:MeOH, 1:0 to 19:1 gradIent), wluchytelded the partially deprotectcd dimer lOSb as a 

, 'white (oam (574 mg, .58 mmol, 79% yteld). M. p. 90-950 C. Jt, ~ax 282 nm, IH NMR (CDC~) . 
6.50 (m, 1, Hl'), 6.42 (m, 1. H'l"). 2.20 (s, 3, -COCH3), 1.08 (bs, 14, :'Si-CH(CH3)2)' Rr 

i , 

CH2(h:MeOH, 9:1, .33, solvent A, .01. EtOAc, .00. 

Syntbesls of N6-benZOYlo2'~deoxyo~-OodJme~hox,ytrltylo3'oOo(5'.O-dllIOProPYI.IIYI-N6.bénzoyl·5-
deoxy,adenylylo3'.Oo(S'oO-dllsoproPysllyl-N6-benzqylo2'-deoxy-3'-O·levuUnylldenylyl»ldenollne 

l '. (J .' 

109. 

( fi 

N6.benzoyJoS'-dlmethoxytntyl.2'-deoxyadenosinc 107 (169 mg, 1.15 mmol) wàS1Jfssolveâ 
'\ 

in anhydrous DMF (IO-ml) and added dro~ to a solution of diiJopropyldichlof95Îlane (164 ul, 

, 

-:':>1::, , . 
~. 
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.94 mmot) and irnidazole (718 mg, 10.5 ~ol, in OMF (3 ml) kept at -600 C, W1th rapld stirrmg: 

• 4, ~~ addition took 30 mm. The reactlon mlXt1Jre was' kept at low tempera~re' for 30 min, then at 

ambient temperatUre another 30 min, belore addition of the partlally deprotected dimer lOSb (574 

mg, .58 mmol, coevaporated 3 times W1th anhydrous pyndme) dissolved in DMF (5 ml). The 

reaction mixture ~as stirred at room temperature overmght (18 h) then worked up as usual. Slhca\ 
~" 

gel column chromatography (CHZCl-z:solvent B, 1:0 to 0:1 gradient) Ylelded the desued fully " 

protected trmucleotlde analog.109 m ~4% Y1eld (540 m~ white foam), along W1th the expected 

3',3'-hnked dimer and nucleoslde sIlanol mIXturedescnbed above. M. p.oundefined (less th an 

90°C), UV~max 282 nm, IH' NMR (C003) 6.50 (m, 3, Hl'), 3.73 (s, 6, -O-CH3), 2.17 (s, 3, -

COCH3). 1.06 (m, ca 28, -Si-CH(CH3)2)' 29S1 NMR (CDCI3) -7.17, -7.69, RfCH20iMeOH, 

9:1, .39, sol~ent A, .01, EtOAc, .04. Mass spectral data (diethanolamme matrix) mJz 1~90.8, MH+. 

Partial deprotections or the trinucleotide analog 109. 

(a) Detntylatlon. 109 (275 mg, .18 mmol) was treated W1th trichloroacetic acid (3% w/v In 

CH20 2, 10 ml) for 5 min at room temperature. The usual workup and silica gel column .-

", (CH20iMeOH, 1:0 to 19:1 gradient) gave the detntylated tnmer 110 as a white foam m 73% 

yield (131 mg). M. p. 88-910 C, UV,\max 278 nm, 1H ~R (C003) 6.30-6.58 (bm, 3, H1'), 2.19 

(s, 3, -COCH3), 1.09 (m, 2,8,,:SI-CH(CH3)2)' Rf C~2CliMeOH, 9:1, .35, solvent A, .00, EtOAc, 

.00. 

,'. 

(b) DelevulinatIOn. 109 (275 mg, .18 mmol) was treated with'hydrazme solutIOn (5 mi) for 

20 mm. The usual workup and chromatography (as abov..e) gave the de5ired delevulinatetl 

compound 111 as a wlute glassy m1fenal (199 mg, 76% yield). M. pC. 94~960C, UV max 286 nm, 
." 

NMR (CO03) 8.80, 8.20 (m, 3, H2, H8), 6.44 (m, 3, Hl'), 3.71 (5, 6, -Oœ3), 1.02 (ni, 14, -Si-

CH(CH3)2)' Rf C1l20z:MeOH, 9:1, .36, solvent A, .00, EtOAc, .00. 

Syntbesis of the 2'-deoxyadenosine ~exanucleotide analog 113. -- \ 
111 (229 mg, .13 mmol) was dissolved in anhydrous OMF (5 ml) and added dropWlse to a 

solution of düsoprop.yldlch1orosilan~ (23 ut, .13 mmol) and imidazole (40 mg, .60 mmo!) in DMF 

(1 ml). Theoaddition took place over 30 min at -600 C, with rapid stirring. After the reactlOn 

mixture was altowed to stir at this temperature for 1 h, the cooling bath was removed and stIrpng 

coptfnued 2 h at ambient temperature. 110 (200 mg, .13 mmo!), dissolved m DMF (5 ml~ 

added and the reaction mixture stirred ,at room temperature ovemight The usual workup was . 

followed by two column5. The first, run in a CH20 2 to CH20iMeOH 19:1 gradient. removed a 

1 
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\ 
nontritY'Îated material, which was the fastest spot on ne The second column. run in a C!:H20 2 
to solvent A' gradient, separated the two tnfylated products. The faster of the two was idenufied 

as the 3',3'-hnked hexamer by its lH NMR, wl;lich showed the absence of the lewlinyt group, and 

the appropnate ratio of sllyl to ano~enc protons. The other tntylated matenal, lsolated as 46 mg 

(11 . .5% yield) of a wlute foamy sohd, was identtfied as the hexamer 113 by Its tH NMR spectrum. 

especially the ~resence of the levulinyl and dlmethoxytntyl signais. and the ratio of stlyl to } 

anomenc'sign~~. M. p. not de~ned, UV.\max 270 nm, 1 H NMR (COa3) 625-650 (bm, 6. HI'). 

3.71 (s, 6, -OCH3), 2,16 (s. 3. ·COCH3). 1.00 (bm, ca. 70-73, ,SI-CI-!(CII3)2)' Rf CH2C1z:MeOII. 

9:1 •. 44. solvent A •. 00. E~OAc .. 00, 

The mltlal attempt at deprotectton of thlS molecule was unsuccessful. Treatment of the 

hexanucleotlde aoalog W1th TCA as descnbed pre;'10u5ly led to a smgle UV -~sorbmg produd 
l' -

(other th an dlmethoxytntanol) whose chromatographlc moblhty was IdentlcaJ m several solvent 

systems to that of N6-benzoyladenme. The 1 H NMR of tlus matenal was ~Iso IdentJcal to the 
. . \ 

protected free base. Thus the order of deprotectlon was altered. The hexasner (75 mg •. 024 mmdt. 

~ared as above) was delevuhnated and de~nzoylated by treatment wlth NH40H:MeOH (3 1. 

4 ml) In 1,4-dJOxane (5 ml) fI1 a small. sealed flask for 6 h. The solvenls were removed by 

lyophohsatl6n. n.C (CH20iMeOH, 8:2) mdlcaled a small amount of unreacled mafenal The 

treatment was repeated for an additional 6 h. followed agam ~y Iyopholisatlon The producl w .. \ 
\ 1 

purified on a small slhca gel column (CHzOiMcOH:' 1'0108.5: 1 5 gradient) 10 yleld 28 mg (4'1t;( l 
114 (Rf CH20iMeOH, 9:1 •. 04. solvent A •. 00. EtOAc •. (0) of whlch 25 mg (,01 l 'mmol) wa~/ 

~ 

Immedlatcly detntylated (TCA, 3% w/v ln CH2Ch. 5 ml) over 5 mmJColumn punficatlon " 

(CH20iMeOH. 1:0 to 8:2 gradient) Ylclded the tully deprolccted product as ,a waxy soltd (10 mg. 
l ' ~ 

46%). UV'\max 260 nm. H NMR (DMSO-d~ 8.25, 8.24,8.08,8.07 (m. 6, H2. H8). 6.35 (m. 6, 
" ,Hl'), .95 (bs, ca. 70, -Sl-CH(CH3)2)' __ 

" ., 
Hypoc:hromldty Studles. 

For the hypochromlClty studlès, the UV absorbante of a 2 ml sample of the compound 10 
1 QI., 

water was measured. The sample was placed in a 5 ml polypropylene tube. The cell wu washed . 
twJ.ce W1th 1 ml of water and the wash10gs were added to the tube, The water was removed by 

Iyopholisatton ln the Speed-Vactm. NH40H:McOH (4:1,4 ml) wu added co the tube and the 

---tU~ wu sealed Wlth a rubber septum and hghtly taped. After standlna le tli'c overnaaht. the"' 

tubè wU placed 10 Dry lee,and then the solvent. were Iyophoh.ed off. 't'he reaidue walthen 

rediuolved in 2 ml water and the UV ~rbance rneuured. HypochromKlIy wu c.kuJ.~ Il 

H-(AnnarAinitlal)/Annal' -1' 
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, CD studles. 

• .II-

CD spectra were measured in water on a JASCO J-500c instrument fh a 1 cm path length 

cell. For 100 and 114, the inst~mcmt was set at a ~an rate of 5 nm min -l, and a sensitivity of .2 

mO cm -1 ofthe chart paper. For the natural nucleotides, a setting of 2 ma cm-1'was used. The 

UV absorbance of the sample was measured Immediately before the CD spectrum was measured. 

Molar elhpticity was calculated as 

, l6.f =ff/33 x mO,lar concentratiOn x path length \. 

" [8]= 3300 X~t 
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CONTRIBUTIONS TO KNOWLEDGE 

A generaJ procedure for the synthesis of a~ablOo- and xylonucleosides wu devetoped. 

This route is IOdependent of the nature of the base (purine or pynmidlne) and uses the fead ily - ' 

127 

available nucleosldes as the startina matenal. ehmlnatmg the necesslty of couphng the base to the 

sugar. The reactlon scheme IS stralghrforward. and IS compatible wlth protectlng groups 

commonly encountered ln nudelc aCld chemlstry. 

A novel c1ass of nucleo.tlde analogues was developed ln these molewle'\. sIlicon rep~.'l"l·' 

phosphorus ln the mternucleotldedlnk. It was shown that a vanety of alkyl or aryl substltuent~ , 

may be used at silicon. The CD speetra of the sil yi hexanucleotlde anak>gues Inlhcates th,11 they 

may form a stable nght-handed hellX 11\ water solution Synthe~ls and depr:'ltectlon of the~ 

molecules IS reaso,nablY stralghtforward. althOU~re sh~uld be exerelscd ln the chOlee.of non· 

nucleoslde substJtuents at sIlicon Bulkler alkyl substltuents such a~ Isopropyl seem to provlde the 

greatest stablllty The thymldme hexanucleottde ,analogue shows a hypochromlClty close (Cil that 01 

natural hexathymldyhc aCld. Sorne suggestions for Improvmg the .m.dogues· solutnhry were m,lIJlo 
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