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• ABSTRACT

Thymidine dimers 16 and 18, connected by amide or N-methylamide linkages, have

been prepared. The dimers were incorporated into normal strands ofDNA by solid phase

synthesis. Thermal denaturation studies, using complementary single-stranded RNA.

indicated that these modifications caused no destabilization ofthe DNA-RNA duplex.

The block synthesis ofamide-linked homotetramer 30 is described. The synthesis

of the corresponding oetamer could not be verified because oflack of solubility. One by

one homologation was found to be a suitable method for the preparation of N­

methylamide analog1.les.

Poly(ethylene glycol), covalently attached to the 3' or S'end of amide-backbone

thymidine homopolymers, was found to greatly increase their solubility. The poly(ethylene

glycol) simultaneously served as a soluble solid support for the homologation reactions.

•

16R=H
18R-Me

30

1
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RESUME

Nous avons synthétisé les dimères de thymidine 16 and 18, connectés par une

liaison amide ou N-méthylamide. Ces dimères ont été incorporés dans un brin d'ADN par

synthèse en phase solide. Les études de dénaturation thermique, utilisant un brin simple

d'ARN complémentaire. ont montré que ces modifications ne provoquaient aucune

déstabilisation du duplexe DNA-RNA correspondant.

La synthèse d'un homotétramère 30 connecté par des liens amides est descrite. La

synthèse de l'oetamère correspondant n'a pu ètre effectuée pour des raisons de solubilité.

Nous avons montré qu'une homologation mon'lmère par monomère était la méthode de

choix pour la préparation des analogues N-méthylamides.

La polyéthylène glycol, lié de façon covalente au terminus 3' ou 5' des

homopolymères de thymidine ayant des jonctions amides, augmente de beaucoup leur

solubilité. Simultanément, nous avons utilisé le polyéthylène glycol comme support solide

soluble pour les réactions d'homologation.

V
OH

1IR-H
18R-Me
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• GLOSSARY OF ABBREVIAT10NS

A

A

ADH

AIBN

AIDS

APT

B

BOP

adenine

angslfom

alcohol dehydrogenase

2.2'-azobisisobutyronitrile

aquired i","Tluno-deficiency syndrome

attached proton test

base

benzotriazol-I-yloxy-tris(dimethylamino)phosphonium

hexafluorophosphate

Bn benzyl

Bu butyl

Bz benzoyl

C cytosine

oC Celsius

Cbz benzyloxycarbonyl

CI chemical ionization

COSY correlation spectroscopy

CPG controUed pore glass

d deoxy

DCC 1.3-dicyc1ohexylcarbodiimide

DMAP N.N-dimethylaminopy;idine

DMF N.N-dimethylformamide

DMSO dimethylsu\foxide

DMTr dimethoxytrityI

DNA deoxyn'bonucleic acid
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• EEDQ 2-ethoxy-I-ethoxycarbonyl-l.2-dihydroquinoline

Et ethyl

eq equivalems

FAB fast atom bombardment

Fmoc 9-fluorenylmethoxycarbonyl

g grarn(s)

G guanine

h hour(s)

HMQC heteronuclear correlation

HPLC high-pressure liquid chromatography

HRMS high-resolution mass spectrometry (spectrum)

Hz Hertz

imid imidazole

• i-pr isopropyl

IR infrared

liter(s)

LRMS low-resolution mass spectrometry (spectrum)

M molar(ity)

m meter(s)

m milli

I! micro

MALDITOF matrix-assisted laser desorption ionization time-of-flight

spectroscopy

Me methyl

MHz MegaHertz

min minute(s)

mol mole(s)
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• m.p. melting point

mPEG poly(ethylene glycol) methyl ether

rnRNA messenger ribonucleic acid

Ms mesyl or methanesulfonyl

n nana

NBA nitrobenzyl alcohol

MvIR nudear magnetic resonance

NOE nudear Overhauser effect

NOESY nuclear OverhausP' effect spectroscopy

00 optical density

P protecting group

p- para

poe pyridinium dichromate

• PEG poly(ethylene glycol)

Ph phenyl

PNA peptide nucleic acid

ppm parts per rmllion

py pyridine

Rf retardation factor

RNA nllonucleic acid

T thymine

t- tertiary

TaT amide-linked thymidine dimer

TBAF tetrabutylammonium fluoride

TBOMS tertiary-butyldimethy\silyl

TBOPS tertiary-butyldiphenylsilyl

TEA ttiethylamine
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TFA trifluoroacetic acid

THF tetrahydrofuran

TLC thin layer chromatography

T melting temperaturem

TmaT methylamide-linked tl:ymidine dimer

Ts tosyl orp-toluenesulfonyl

U uracil

UV ultraviolet

vol volume
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• 1. INTRODUCTION AND LITERATURE REVIEW

1.1 Structure and role of nucleic acids.

" It is a strange model and embodies st'veral unusual features. However. since

DNA is an unusual substance. we are not hesitant in being bold." 1 Since James Watson

wrote these words in 1953, an unprecedented amount ofresearch has been conducted into

the structure and the role of DNA No single molecule is more important in the cellular

processes of living organisrns. AlI genetic information is stored. as weil as expressed by

DNA.

DNA (R. H, R' .. CH3l
RNA (R" OH. R' • Hl

o

J.. guanosine

N NH2

R

adenosine

NH:z

H H

HO RH J::
-o-~-o l.,.- l c:ytidine

O-C~N""'o
H H

H H 0

o RRI'(:-o--J.=o NH uridine (R' =Hl
III thymidine (R' = CH3l

o-C~N~
H H

H H

o R
-o-~

1
o-CH:z

•

Figure 1. Schematic representation ofthe structure ofDNA ~.;'Id RNA

1Watson, J. The Double Helix, 1969, The New American Library ofCanada Ltd.,
Toronto, Canada.
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The chemical structure ofDNA reflects the multifunctional nature ofthis

biopolymer.(Figure 1) The ribose-phosphate backbone imparts flexibility and

hydrophilicity, while the four nucleoside bases, aderùne (A), guanine (G), thymine (T) and

cytosine (C) ensure the fide1ity of the genetic information transfer.

The familiar double he1ical shape ofDNA is due to horizontal and vertical

stabilizing forces, namely Watson-Crick hydrogen bonding in the plane ofthe bases

(Figure 2) and forces perpendicular tO the bases that are responsible for base stacking.

H

~ 'N-H--oW
/~N-H-t{ )

sugar N=! )-N,
o sugar

adenine-1hymine

,H

~ o-H-N

)=(~N-H---)~
sugar N=( ~

,N-H---O sugar
H
guanine-cytosine

Figure 2. Watson-Crick binding ofcomplementary nucleoside bases.

The stacking forces are the result ofdipole interactions caused. by the superimposition of

carbonyl and exocyclic amino groups over the 'It e1ectron system ofthe next base. These

attractive forces are additive, but decrease sharply with distance.

Watson-Crick binding oftwo strands ofDNA occurs only between the

complementary purine-pyrimidine base pairs, adenine-thymine (A-T) and guanine-cytosine

(G-C). For RNA the same principle applies, with the difference that uracil is substituted

for thymine. It is this specificity that guarantees the correct transfer ofinformation from

the DNA, and ultimately leads to the synthesis ofcharacteristic proteins, which affect

biological functions at allievels. Although this chain ofevents is higbly complex. it can be

summarized in a few paragrapbs.

Double stranded DNA, partially UDWOUDd by the action ofRNA polymerase at the

promotor region, serves as a template for the synthesis ofRNA.

2



• In eukaryotic cells. DNA is transcribed to preliminary RNA in the nllcleus. At this

stage the RNA contains regions ca\led introns. the function ofwhich is not known at this

time. The introns are excised from the newly-formed pre-me~senger RNA strand and the

resulting sections. the exons. are spliced together. The shortened me::senger RNA

(mRNA) then leaves the nucleus and enters the cytoplasm. In this part of the cell.

ribosomes recognize the leader regio~ at the 5' end and form complexes with the mRNA.

initiating protein synthesis in a process called translation. A schematic representalion of

these events by K. Kutterer2 is shown in Figure 3.

Splicing • mRNA 'n'anaport •­Nlllon-

•

Figure 3. Eukaryotic gene expression.

Prokaryotic ceIIs do not contain a nucleus. 80th, the transcription and the

translation take place in the cytoplasm.

The viral genome MaY contain DNA or RNA, which can both replieate.

2 Kutterer, K.M.K. Doctoral Thesis 1995, McGiII UDiversity.
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• Retroviruses use a host genetic material for their reproduction. This is achieved by

rt~verse tran·~riptase-mediated DNA synthesis from the viral RNA, followed by integration

of the DNA into the hosts' genome.

The viraI DNA is smaller than the prokaryotic DNA, which, in tum. is smaller than

eukaryotic DNA.

4



• 1.2 Antisense as a regulator of gene expression.

The search for new drugs has traditionally involved testing large numbers of

natura! and synthetic produCls for pharmacologica1 activity. Rational drug design is an

attractive alternative. but requires detailed understanding of the mode ofaction. as weil as

the targeted receptor sites. The shape and electronic environment ofdrug and receptor

must be exactly matched in order to result in binding. The design ofcompounds that

inhibit pathologica1 actions at the protein (enzyme) level has had litnited success thus far.

The control ofgene expression for therapeutic purposes bas cenain advantages

compared to intervention at the protein leve\. A single gene is transcnbed to multiple

copies ofrnRNA, each giving rise to large amounts ofproteins. Il should be more efficient

to prevent the production ofundesirable proteins. rather than inhibit their action.

Intervention at the genetie leve\ is not a new concept. Classica1 anti-caneer agents.

such as adriamycin and cisplatin, derive their cylotoxicity from interferenee at the DNA

leve\ by interca1ation. The litnited specificity ofthese drugs, however. leads to severe side

effects. The ability ofDNA and RNA to se\ective1y bind to their complements provides a

potential mechanism for artificiaI, specifie regulation ofgene expression. As early as 1978

Zamecnik and Stephenson3 reponed that a synthetie 13-mer strand ofDNA,

eomplementary to the terminal sequences ofthe Rous Sarcoma virus RNA, inhibited virus

production. RNA thus provided the receptor site for sequence specifie recognition. This

imponant finding eventua\ly generated a vast amount ofresearch ioto the short regulatory

strands ofoligonuc1eotides, now Iœown as antisense.

The antisense mode ofaction is based on the specificity ofWatson-Crick bioding

to a Iœown mRNA sequence. thus preventing translation to undesirable proteins.

Potentia\ly, antisense therapy could find application io the treatment C?fcancer, when the

pertinent oncogene bas been identified. Vual infections are obvious targets as they are

3Zamecnik, P.C.; Stephenson, ML. Proc. Nat/. Acad. Sei., 1978, 75,280.

5



difficult to treat by means of conventiona! drugs.

Figure 4 illustrates at which points an antisense strard might successfully interfere

with the genetic information transfer in eukaryotic cells2

mRNA

nucleua cytoplaan 1

mRNA

:r
:r

TraMai..... •

:r s
CNAdupla

Figure 4. Potentia! receptor sites for antisense binding in eukaryotic ce1Is..
Possible mode ofaction: (1) Attachment to the partially unwound DNA double helix
prevents RNA polymerase from binding. (2) and (3) Interference in the formation of
mRNA from pre-mRNA. (4) Impeding mRNA's transport through the nuc\ear membrane.
(5) and (6) InteIference in the translation process.4

The genetic materia! ofviroses is often stored in single-stranded RNA, an obvious

target for antisense therapy.

Antisense nuc\eotides, in order to be effective, must meet certain requirements.

The specificity ofantisense binding depends on the sequence, as weil as the length ofthe

strand. StatisticaJly, a specifie 17-mer:>ccurs only once in the human genome, while the

same principle applies for an Il-mer in prokaryotes and a 9-mer in viroses. It follows that

the size ofan antisense strand should be in the range of ten to twenty nuc\eoside bases,

4 (a) Uh1mann, E.; Peyman, A. Chem. Rev. lm, 90, 543. (and references therein)
(b) Hélène, C.; Toulmé, J,-J. Biochem. Biophys. Acta, 1990, 1049, 99.

6



•
depending on the target. There is no apparent advantage in the use oflarger sequences

To reach their target inside the cell. the antisense must be able to penetrate the cell

wall and. possibly. the nuc1ear membrane. il is therefore prudent to keep the antisense size

to a minimum.

Finally. the antisense halflife in vivo must be long enough to achieve the desired

effects. Natural oligonucleotide strands are subject to nuc1ease-mediated hydrolysis of the

phosphodiester backbone and thus are not suitable. ln order to acquire the necessary

nuc1ease resistance. they must be chemically modified . Also. the ionic nature of the

phosphate backbone may not be conducive to penetration ofthe lipophilic cell membrane.

Therefore, reducing the electronic charge on the backbone may be advantageous. Of

course, structural changes must not affect the strength and the specificity ofhybridization.

This need for stable, more Iipophilic nucleoside analogues gave rise to a variety of

modifications, a few ofwhich will be discussed here.

The earliest modifications inc1ude the replacement ofone ofthe phosphate non­

bridge oxygens with a suIfur atom.s The resulting phosphorothioate a (Figure 5) was

shown to have increased nuc1ease resistance. Miller and Ts'O replaced the natural

phosphate by a methylphosphonate, thus eliminating the ionic charge to improve cellular

uptake.6 A drawback ofthese modifications is that they introduce chirality, resulting in the

formation ofmultiple diastereomers., which in tum cause a decrease in binding aflinity.

Researchers initially concentrated on easily accessible modifications that did not

require a major synthetic effort. The first generation ofdesigner antisense molecules a, b,

e and d (shown in Figure 5) still retained a phophorus atom in the backbone. They ail

showed increased resistance to degradation by nuc1eases, but a decreased aflinity for the

target RNA.7 On the other band, phosphoramidate e, which was synthesized more

5Frey, P.A.; Sammons, RD. Seience 1985, 228, 541.
6 Ts'O, P.O.P.; Miller, P.S.; AureIian, L.; Murakami, A.; Agris, C.; Blake, K.R; Lin,
S.-B.; Lee, B.L.; Smith, C.C. Ann. N.Y. Acad. Sei. 1988,507,220.
7 De Mesmaeker, A.; ~er, R; Martin, P.; Moser, H.E. Ace. Chem. Res. 1995, 28, 366.

7



• recently, was reported to exhibit enhanced binding,s

The latest phosphorus-retaining backbone modification, f. was reported by Saba et

al. 9 A1though the introduction of a 5' methyl function resulted in the formation

diastereomers, tbis did not adversely affect the hybridization properties. These results are

in contrast to those reported for the phosphorotbioates a and the methylphosphonates b.

The second column in Figure 5 depicts a sa:nple of non-phosphorus backbones,

BOB
HO I-o-~ ~H

"\J - S' "\J ~

BOB

HO~~H"\J - CH,-"\J -b
BOB

HO I-o-~ ~H
"\J - NHR"\J ~

BOB
HO ~-o ~H

"\J - OR "\J d
B HO B

HOJ-~reH
BOB

HOMrr

B H 0 R B

HOr~Nr~

B 0 H H B

HO~N-er:

B ROB

H°J-~r:
B ROB

H°J-N-!Lor~
BOR B

HO~r~

Figure S. Structures ofa selection ofDNA backbone modifications.

wbich are more recent contributions to the field ofantisense research. Most ofthe

modifications g to 1involve other hetero bridging atoms and are ail non-ionic. These

syntheses are in general more demanding and are not easy to adapt for solid phase polymer

production. Rather. they are mostly prepared as dimer analogues, which are subsequently

incorporated into natura1 DNA strands. This approach resu\ts in a reduction

SGryamov. S.; Chen,J.K.J. Am. Chem. Soc. 1994, 116,3143.
9 Saba, A.K.; Caulfield, TJ.; Hobbs. C. Upson, DA; Waychunas, C.; Yawman, AM J.
Org. Chem. 1995, 60, 788.
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• in the ionic charge of the antisense strand, depending on the number of substitutions. while

still maintaining water solubility.

In 1985 Ogilvie and Cormier reported the synthesis of thymidine dimer g.

containing a diphenylsilyllinker. lO The acid-base lability was later improved by

substituting iso-propyl for the phenyl groups. 11The lack ofwater solubility of the silyl­

linked homopolymers precluded the conducting ofhybridization studies at that time.

The synthesis offormacetallinkages oftype b was independent1y reported in 1990

by Matteuccil2a and van Boom and co-workers.12b The formacetal substitutions did not

destabilize the RNA-DNA duplex, but led to lower melting temperatures for DNA-DNA

bybridization. The 3'-thioacetal analogue i a1so exhibited satisfaetory antisense properties,

but the inverse configuration, the 5'-thioacetal, sbowed reduced binding. 13 It was

proposed that steric interaction between the large sulfur atom at the 5' position and, either

the ribose oxygen, or the thymine H6 might be responsible for the destabilization.

Positional thioether isomers k, made in our laboratoryl4a, and j, prepared by

Benner's groupl4b exhibited decreased binding. Hyclroxylamine 1, on the other band. did

not destabilize duplex formatïon. ls

Another dass of backbones is shown in the rigbt-hand column ofFigure 5. They

ail contain various combinations of nitrogen and carbonyl groups. This type ofmoiety

introduces a reduced rotation in the backbone, which may he thermodynamically

advantageous for binding. A stiffer backbone 1eads to 1ess 10ss ofentropy in the process of

IOOgiIvie, K. K.; Cormier, J.F. Tetrahedron Lett. 1985,26,4159.
11 Cormier, J.F.; Ogi\vie, K.K. Nuc/eic Acids Res. 1988,16,4583.
12 (a) Matteucci, M Tetrahedron!.ett. 1990,31,2385.

(b) Veeneman, G.H.; van der Mare\, GA; van der Elst. ; van Boom, J.H. Reel Trav.
Chim. Pays-Bas 1990,109, 449.
13 Jones, RI.; Lin, K.-Y.; MiIligan, J.F.; Wadwani, S.; Matteucci, MD..!. Org. Chem.
1993,58,2983.
14 (a) Kawai, S.R.; Just, G. Nuc/eosides Nuc/eoûdes, 199110, 1485.

(b) Huang, Z.; Schneider, K.C.; Benner, SA.!. Org. Chem. 1991,56,3869.
IS Vasseur, J.J,; Debart; F.; Sanghvi, Y.S.; Cook, P;n..!. Am. Chem. Soc. 1992,114,
4006.

9



•

•

hybridization. The right geometry, of course, remains a prereqt:isite.

Amides m16, carbamates p and ureas r17 were prepared in our laboratory. The

amides m hybridized strongly to RNA and DNA, while the carbamates and the ureas

caused sorne destabilization of the duplexes, but less for DNA than RNA Researchers at

ISIS Pharmaceuticals and at CIBA-GEIGY independently synthesized the sarne

compounds. Their studies confirmed our results. Isosteric amides n and o. made at CIBA­

GEIGY, were found to have poor binding properties. 18

Finally, the total replacement of the ribose and phosphate moieties by suitably

spaced amides has been surprisingly successful. 19 The resulting compounds (Figure 6),

Figure 6. Nielsen's peptide nucleic acids.

referred to by the authors as peptide nucleic acids (PNA's) bind much stronger than

naturai DNA Molecular mode\ing predicted that a sequence of monomeric units with six

bonds, and a side chain spacer oftwo bonds carrying the base, should fuIfill the

requirernents for binding to DNA in the B form. Analogous investigations conducted by

Weiler and bis group led to the same conclusions.20

16 This study.
17 Kutterer, K.M.K.; Just, G. Bioorg. Med. Chem. Leu. 1994,4,435.
18 Lebreton, J.; de Mesmaeker, A; Waldner, A; Fritsch, V.;Wolf: RM.; Freier, S.M.
Tetrahedron Len. 1993,34,6383.
19E9holm, M.; Buchardt, O.; Nie\sen, P.E.; Berg, RH.J. Am. Chem. Soc. 1992, lU,
1895.
20 Weiler, D.D.; Daly, D.T.; Olsen, W.K.; Summerton, J.E.J. Org. Chem. 1991,56,6000.

10



• This ovelVicw ofchemically modified nucleosides provides only a sample of what

has been accomplished in this field of research

Clinical studies are currently under way to test the efficacy ofphosphorothioates

and methylphosphonates as anti-viral and anti-tumor agents.: 1 These studies \vill pro\~de

much needed information on the benefits and potential problems ofantisense therapy.

21(a) Ma, O.O.F.; Le Doan, T. Ann. Intem. Med. 1994, /20, 161.(and refer=ces tberein)
(b) Boado, R.J. Acfv. Drug De/ivery /œv. 1995, 15, 73.
(c) Brysch. W.; Scblingensiepen, K.-H. CelL Mol. Neurohiol. 1994, 14, 557.

11
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2. RESULTS AND DISCUSSION

2.1 Synthetic strategy.

When the work towards This tPesis was started. the elegant total 9-step synthesis of

3'-deoxy-3'-carbomethoxymethylthymidi:l\': 8 hadjust been accomplished by J.-F. Lavallée

in our laboratory.22 At that time our group's research was beginning to focus on the

synthesis ofbackbone-modified DNA and RNA as potential antisense reagents. J.-F.

Lavallée first introduced the cnr:cept ofsubstituting the DNA phosphate linkage by an

amide, keeping the number ofatorns that separate the sugars the sarne. The amide moiety

has the advantage that il is non-ionic and much less polar than the phosphate. This could

be an important factor in improving cell penetration. The amide linkage is also achirai and,

in contrast to methyl phosphonate and phosphorothioate modifications, it does not lead to

a complicated mixture ofdiastereomers.

Modified thymidine 8 presented itselfas a convenient precursor to homopolymer

SI, via monomeric unit S2. (Scheme RI) The preliminary work on the coupling ofthe

monomers held promise23 and thus it was decided to further investigate the possibilities

and scope ofamide-backbone modified DNA..

Our first goal was to test ifsome ofthe phosphate linkages in DNA could be

successfu1y substituted by amide linkages, without compromising DNA's selective

hybridization properties. ln order to achieve this we wanted to prepare amide-linked

nucleoside dimers that could be incorporated into natural DNA by solid phase synthesis.

We wanted to follow established protocol for the solid phase synthesis.24 This required the

preparation ofdimers with the 5' hydroxyl end group proteeted by the the dimethoxytrityl

22 Lavallée, J.-F.~ Just, G. Tetrahedron Len. 1991,32,3469.
23 Lavallée, J.-F.~ Unpublished results.
24 McBride, LJ.~ Caruthers, M.H. Tetrahedron Len. 1983,24,245.
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• group and the 3' hydroxyl end functionalized as a phosphoramidite. as shown in Scheme

R2.

Scheme RI.
o

'(NH
NÀc(P)H

0 0 0

....------ .. 'C~ '{NH '(NHH-N (P)H NÀc HO
o NÀco N

:> :>
0

'(NH
HO MeCNÀc S2 8

n=6

•
MeC

SI

We also wanted to decrease the number ofsteps that were required for the

synthesis ofthe 3' carboxylic acid monomer, by using commercially available thymidine as

starting material. Chu et af. had previously described the deoxygenation and radical

introduction ofan allyl group in the 3' position ofthymidine in order to obtain a possible

AZf anaiogue.2S Although this compound tested negative for AIDS virus inhibition, the

.synthetically versatile allyl group made it a potentially useful precursor for 3' carbon chain

nucleosides. The oxidation ofthe allylic double bond was expected to yie1d the desired

carboxylic aeid.
The amine component ofthe dimer is represented by S'-amino-S'-deoxythymidine,

2S Chu, C.K.; Doboszewski, B.; Schmidt, W.;U1Ias, G.Y.; Yan Roey, P.J. Org. Chem.
1989, 54,2767.
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Scheme R2

0 0

'(:NH
(PlO

'(NH
DMTrO

o NAo o NAc
0

0 '(:NHo .... NH HO
,/'

HO
~

o NAc,
0/H '(:NH0 1

0-1'''
o NAcNC/'v ~

-<
R=H.Me

a known compound, prepared in three steps from thymidine. We did not foresee any

need to protect the 3' hydroxyl group, as the primary amino group was expected to be far

more nucleopbilic than the secondary hydroxyl group.

As was mentioned, one ofthe reasons for amide backbone substitution was to

increase the lipopbilicity ofthe modified DNA strand in order to facilitate cell wall

penetration. For this purpose an alkyl-substituted tertiary amide should be even more

effective than a secondary amide. We did not want to introduce a large alkyl group in the

backbone for fear that its bulk would interfere with hybridizatiOD. It was therefore decided

to make a methylamide, as weil as an H-amide. This required the synthesis of 5'_

methylamino-S'-deoxythymidine, which was not expected to pose a problem.

A wide choice ofpeptide coupling reagents is available to mediate the condensation ofthe

acid and amino components. Mostly these are mild.reagents that are compatible with

nucleoside chemistry. Altematively, a 3' activated ester, such as a succinimidyl or

pentachlorophenyl ester, could be used as precursor.
14



• We were also interested in continuing the work on the homopolymer synthesis.

according to Scheme RI. In order to conduet significant binding studies. the homopolymer

would have to be at least eight units long. We found it an interesting concept that in

principle it should be possible to make use of solid phase peptide synthesis to prepare a

modified nucleotide. However, it probably would be easier to follow solution peptide

chenùstry methods.

15



• 2.2 Synthesis of the carboxylic acid monomer.

Our first objective was to design a short and direct route for the synthesis of the

carboxylic acid component of the targeted dimer. shown in Scheme R2.

3'-Allyl-3'-deoxythymidine was prepared according to the procedure described by Chu et

al. 2S, starting !Tom commercially obtained thymidine. (Scheme 1)

Scheme 1

HO

TBDMSCI or TBDPSCI

D~~id./

o

'CNH

NÀc

3 R=TBDMS
3a R=TBDPS

AIIylSn(Bul3
A1BN

tDIuene •

2 R~TBDMS

2a R=TBDPS

o

Pho)=s

Re

PhOC(S)C1
pyr
DMAP

•
OH

1 R-TBDMS
la R~TBDPS

The S' hydroxyl group was first protected as the t-butyldimethylsilyl ether,

following standard proœdures.26 Subsequent1y the 3'·phenylthionocarbonate was formed

in preparation for radical deoxygenation and introduction ofthe aDlyl group al the 3'

position.This reaetion is totally stereospecific and leads excIusively to the formation ofthe

:!6 Hakimelahi. G.H.; Proba, ZA; Ogilvie, K.K. Can. J. Chem. 1982. 60, 1106.
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• 3' a. product.

We tirst attempted to oxidize the double bond to the carboxylic acid in a one-step

reaction. The use of sodium periodate in conjunction with ruthenium tetraoxide under

Sharpless conditions27 led to a rnix1Ure of non-UV active products. It was since round that

attempts to make 5' carboxylic acid derivatives of nucleosides using the same conditions.

are successful only for the purines. but result in the complete loss ofthe chromophore in

the case ofthe pyrimidines.28 Similarly. the application ofpotassium permanganate with

sodium periodate in a IWo-phase system ofwater and ether29 proved to be too strong to

specifically react with the allyl double bond and resu1ted in the destruction ofthe

molecu1e. It was thus decided to do the oxidation in IWo steps. keeping conditions rnild.

For the synthesis ofaldehyde 4 we foUowed the literature procedure of Fiandor

and Tarn.30 3'-Allyl-3'-deoxythyrnidine 3 was reacted with sodium periodate and a

catalytic arnount ofosmium tetroxide in a two-phase system ofwater and ether.(Scheme

2) The reaetion was foUowed by TLe, with ethyl acetate 1hexanes, 3 12, as eluent. As

the reaetion progressed, IWO new spots appearecl, the more intense one having an Rfvaiue

of0.25, while the lesser spot showed just above the baseline. The intensity ofthis spot

was estimated to be approximately 20"10 ofthat ofthe main produet. The Rfvaiue ofthe

more polar compound was 1ater compared to that ofcarboxylic acid 6 and was found to

be identical. We were unabIe to iso1ate this compound ftom the reaetion mixture for

funher identification. The formation ofthe by-product accounted for the relativeIy poor

yield (60%) ofthis reaetion.

Aldehyde 4 was funher oxidized under mild neutra1 conditions, with pyridinium

27 CarIsen, P.ID.; KlltS'.Jki, T.; Martin, V.S.; SharpIess, K.B. J. Org. Chem. 1981, 19,
3938.
2S Sîngh, AK.; Vanna, R.S. Tettahedron Lett. 199Z, 33, 2307.
29 Wbitesell, JX; Nabona, K.; Deyo, D. J. Org. Chem. 1989. 54,2258.
JOFJaDdor,J.; Tam, S.Y. TetrahedronLelL 1990,31,597.
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•
dichromate in DMF. Only one reaction product was observed by TLC (Rf= 0.38.

Scheme2

3 R=TBDMS
3a R=TBDPS

RO

H

4 R=TBDMS
4a R=TBDPS

•
Methylene chloride 1Methanol, 5 Il). The work-up ofthis reaction, however, gave

problems. Chromatographic purification was unsuccessful, because the acid strongly

adhered to the silica gel and increasingly polar eluents fiuled to elute the desired

compound. Dilution ofthe reaction mixture with water resulted in an oily suspension,

ftom which the targeted product could not be cleanly extraeted with organic solvents. In

order to fàcilitate the work-up, it was decided to oxidize the aldehyde to the methyl ester

5 insteaci, foUowed by alkaline hydrolysis. (Scheme 3)

After foUowing literature proceclure31(simultaneous addition ofmethanol and

PDC to a solution ofaldehyde in DMF), pure methyl ester 5 was isoiated in 60 % yield.

However, ifa DMF solution of the aldehyde plus Methanol was stirred for 0.5 h before

the addition ofPIX', the yield ofthe methylester was increased to 95 - 98 %. This

ciifference in yield can be explained in terml: ofthe mechanism ofthis reaction, desaibed

by Corey el al. for the oxidative formation ofl-butyl esters ftom aldehydes.32 They

3t O'Connor, B.~ Just, G. Tetrahedron Lea. 1987,28,3235.
32Corey, EJ.~ Samudsson, B.J. Org. Chem. 1984,49,4735.
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•
proposed as the first. and rate determining. step in tbis oxidation reaction the nuc1eophilic

addition ofthe alcohol to the aldehyde carbonyl group to form the hemiacetal.(Equation 1)

Scheme3

0 POC/MeOH

'tNH / 5 R-TBOMS
SaR-TBOPS

NAc tl)UOHTHF/H.O

2) 0.1 MHCI

poe 0

H
~F '{J:o4 R-TBOMS

Ra

• 4aR-TBOPS

HO
6 R-TBOMS
6oR-TBOPS

Allowing suffieient lime for this type ofreaetion to reach an equihèrium minimizes the

direct oxidation from aldehyde to carboxylic aeid as a competing reaetion. Our results aise

suggest that the equihèrium ofthe reaetion lies to the right ofthe equation.

+ R'OH Equation 1

The work-up ofthis reaetion was very simple: the methyl ester was isolated by

diluting the reaetion mixture with ethyl acetate and fi1tering it through a pad ofsilica gel.

No further purification was necessary.
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•
It occurred to us that it would be very convenient if it were possible to oxidize

aldehyde 4 in the presence of N-hydroxysuccinimide and forrn an activated ester,

according to Scheme 4.

Sc:heme4

o
1

~o

'ltlDMS

H

'ltlDMSO

~nimide/PDC
At •

DMF

o

'(NH
N~

•
Probably, the N-hydroxysuccinimide was either not sufficiently nuc\eophilic, or too bulky

to forrn the necessary hemiacetal, for the sole produet ofthe reaction was the acid 6

instead ofthe activated ester.

In the meantime we subjected methyl ester 5 to alka1ine hydrolysis, under the

mildest poSSIble conditions ( lithium hydroxide, 0.5 Min water 1THF, 3 17), anü

subsequent acidification with O. 1 M HCI to pH -3. Unfortunately this reaction resulted in

the totalloss ofthe l-butyldimethylsilyl proteeting group. The charaeteristic smeU orthe

liberated silyl group was noticed even before acidification. It was thus necessary to decide

on a new, more stable, protecting group. Chu et al.2S had used the t-butyldimethylsilyl

group for the synthesis of3'-allyl-3'-deoxythymidine and we did not want to jeopardize the

outcome ofthe synthesis by making major changes. We therefore changed tbe protection

to the l-butyldiphenylsilyl group, which we expected to he sufiiciently stable under these

conditions. The reactions were done according to schemes 1,2, and 3. The conditions

were kept the sante as for the t-butyldimethylsilyl-protected compounds. The reaction

rimes and the yields were not significantly different.

20



• Unexpectedly, carboxylic acid 6a still suffered a partialloss of the

t-butyldiphenylsilyl group after the necessary hydrolysis of ester 5a. However. no silyl

group smell was noticed during treatment with lithium hydroxide.

A possible explanation for these phenomena is that the 3' carboxylic acid function

aets as an intramolecular catalyst for the aeid or base hydrolysis of the 5' silyl group. In

order to determine whether the 3' substituent indeed influenced the oulcome ofthe

hydrolysis reaerions ofesters 5 and 5a. we subjected 5'-0-TBDMS-thymidine 1 and 5'-0­

TBDPS-thymidine la to the same alkaline hydrolysis and acidification conditions.

Compound la was recovered unchanged after this treatment, while 1 lost its protecting

group ooly after being left at pH - 3 for 0.5 h. Thus our e.xperimental results do not

support a thymine-assisted loss ofthe silyI group. Rather, our findings establish the

involvement ofthe 3' carboxyl group of6 in the loss of the TBDMS under alkaline

conditions. They also show tbat the carboxyl group plays a role in the aeid-mediated

instability ofthe TBDPS group of6a. !fan 8-membered ring geometry exists between the

3' and the 5' carbons (Figure 1), the carboxylic aeid proton ofcompound 6a is in the right

position to destahilize the oxygen-silyl bond. Similarly, under a1kaIine conditions the

negative charge ofthe carboxylate ofcompound 6 may cause the TBDMS group to

migrate from the S' position, forming the unstable 3' silyl ester.

6a

FJglII'e 1. Intramolecu\arly assisted 1055 ofsilyI groups.
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• After these unsuccessful attempts to obtain the 5' protected carboxylic acid from

the methyl ester, we went back to our initial method ofPDC mediated one-step a1dehyde

to acid formation, but with t-butyldiphenylsilyl instead oft-butyldimethylsilyl protection.

The acid precipitated out as a beige-coloured solid upon dilution ofthe reaction mixture

with water. It was now possible to isolate the desired compound by simple filtration, in 80

% yield or better. We were not able to obtain a weil resolved NMR spectrum ofthe acid,

perhaps because of hydrogen bonding and, or, residual chromiurn contamination. The

mass spectrurn, however, confirmed the correct molecular mass.

In order to properly characterize the compound it was decided to derivatize the

carboxyl group to the corresponding methyl ester. This was easily accomplished using

Chan's method ( Scheme 5).33

SchemeS

6a

(CH31SlCl
•

MeO
Sa

+

HO

8

Methyl ester Sa was isolated in 50010 yiel~ the NMR data were identical to those

obtained from the ester made by the methanol-PDC aidehyde oxidation method,

desaibed above. A second, more polar compound was aIso formed during the reaction

and was identified as the corresponding S' desiIylated ester. This partial loss ofthe

33Brooks, MA; Chan. T.H. Synthesis, 1983,201.
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• 5' t-butyldiphenylsilyl group was to be e.xpected. given the acidic conditions of the

reaction.

23



• 2.3 Synthesis of the S'-amino building blocks•

The synthesis of S'-amino-S'-deoxythymidine Il was accornplished in three steps

ITorn cornrnercially obtained thymidine. partially following literature procedure.34

(Scherne 6)

Scheme6

11

We found that S'-tosylthymidine could he quickly and conveniently prepared in the

foUowing manner. A pyridine solution ofthymidine was treated at 0° e with a 4-fold to 6­

fold excess oftosyl chloride. wbich was added over a span often minutes. After halfan

hour the TLe indieated that - 95 % ofthe starting material had been consumed. The

reaction produet was mostly 5'-tosylthymidine. but a small amoumt of5',3'­

ditosylthymidine (- 5 %) was produced. There was no evidence ofthe formation or 3'­

tosylthymidine.

o

'(NH
o NAc

OH 10

UN3 •
DMF

OH 9

TsO

TsCI •
p~T

OH

HO

•

34Horwitz.. J.; Tomson, A.; Urbanski, J.; Chua, J. J. Org. Chem. 1962,27, 3045.
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• At that point the reaction mixture was poured into ether and stirred till the stick")'

precipitate hardened. The excess tosyl chlo!ide and the ditosylthymidine stayed in solution

The crude tosylthymidine was then recrystallized !Tom methanol. The convenience ofthis

method and the fact that it was the first step ofa longer synthesis compensated for the

relatively poor yield ( SO to 60 % after crystallization).

The tosyl group was subsequently displaced by the azide ion to give S'·azido-S'·

deoxythymidine 10, wlùch was hydrogenated in the presence ofplatinum(IV) oxide. Pure

S'·arnino-S'-deoxythymidîne Il was isolated after filtration of the catalyst.

We also needed S'-N-methylamino-S'-deoxythymidine 12 in order to make our

second target compound, the N-methyl amide thymidine dîmer. Since we had easy access

to the primary amine, we decided to subject it to reductive amination using sodium

cyanoborohydride and forrnaldehyde. (Scheme 7)

• Seheme7
0

'(NH
NAa

11

NaBH3C~~
0

fonnaldehyde
0

'(NH
H 'U1

TsO
NAa

MeNH2•
~O

9 12

2S



This reaetion resulted in an inseparable mixture of products. NMR data of the

crude product inJjcated a mixture of mono- and di-alk-ylated amine (two singlet signais for

the N-methyl protons around 2.4 ppm).

We abandoned this approach and instead directly displaced the tosyl group in 5'·

tosylthymidine with methylamine. Heating a solution of the tosyl thymidine in 40%

aqueous methylamine at 550 C in an open vesse! gave the tosylate salt ofthe desired

produet. Fina1ly, silicagel column chromatography yielded the 5'-N-methylamino-5'­

deoxythymidine 12. (Scheme 7)
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• 2.4 Attempts at dimer formation•

While we were still trying to find a suitable way to synthesize and isolate the 5'

protected carboxylic acid component of the projected dimer, we considered several other

options. We could, for instance, try and find a way to bypass the necessity of making the

troublesome acid. One attractive idea was the oxidative coupling of aldehyde 4a with

amine Il or 12, following the method reported by Marke and Mekhalfia.J5 They described

a two-step, onc-pot fonnation ofamides from the corresponding aldehydes and amines.

The aldehydes were first oxidized bj :/-bromosuccinimide to the acid bromides, with a

catalytic amount of AlBN to initiate the reaction. The acid bromide did not need to be

isolated, and was reacted ill si/II with the appropriate amine, to give the amide in good

yield. We felt that the neutral conditions oftbis radical oxidation reaction should be

Scheme8

14
OH

lBDPSO

13 }'tNH H-

NÀc

o

'{NH
o NÀclBDPSO

o

'èNH
NÀc

N-Ilromasuccini
IAlB~ Br

ACI.

H

lBDPSO

•

OH Il

35 Marke, I.E.; Mekba1fia, A. Tetrahedroll Len. 1990,31,7237.
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• compatible with our nucleosides. (Scheme 8)

We managed to isolate the targeted dimer 14. but the yield was very low (- 3 mg,

10 %). A reason for tbis poor result could be the moisture sensitivity of the acid bromide

intermediate. The reaction was done on a very small scale (0.04 mmol). While reasonable

care was taken to exclude moisture !Tom the f1ask, even a very small amount ofwater

would have a large influence on the outcome ofa reaction on this scale. It would have

been necessary to repeat tbis reaction on a much larger scale to get a conclusive result, but

we did not consider tbis praetical at that point.

After this rather unsatisfaetory reaetion, we looked at another way ofmaking the

dimer, foUowing Scheme 9.

Scheme9

o

o

'(NH
o NAo

OH 11

HO

OH
16

Figure 1 on page 21 shows an 8-mernbered ring formed by bringing the 3' and 5'

funetionalities in close proximity. This suggested to us the possibility offlrming a mixed

anhydride ofthe same geometry, starting with unproteeted carboxylic acid 15, by treating

it with triphosgene. Each molecule oftriphosgene, convenientiy and safe1y, provides three

carbonyl groups to conneet the hydroxyl and carboxyl funetions. A nucleophilic attaek by

28
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•

the amino group ofS'-amino-S'-deoxythymidine lion the carbonyl group closest to the 3'

carbon could be e."<Pected to open up the ring. and result in the formation of the desired

dimer 16. An attack on the carbonate carbonyl would be less favoured. because orthe

greater electron density around this site. caused by the resonance contribution of the two

neighbouring oxygen atoms. versus only one oxygen nex! to the other carbonyl.

This reaction yielded a small amount of dimer 16. as viewed on TLC (Rf= 0.18

with methylene chloride 1methanol. 100 IlS. as eluent). The RfValue was later compared

to that ofthe fully characterized dimer and found to be identical.

In the meantime we had managed to i50late the t-butyldiphenylsilyl protected aeid

6a clean\y and in good yie1d and 50 abandoned the atternpts at dimer formation that we

just described.
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2.5 Formation of the thymidine amide-linked dimers.

With the earboxylic acid 6a and amines Il and 12 in hand. we were now ready to

proceed with the amide coupling . An overwhelming amount ofliterature,describing

peptide chemistry methodology is available. Since we intended to ooly make a dipeptide.

we were interested in solution, rather tban solid phase chemistry, but we wanted to leave

open the possibility ofeventual solid phase synthesis oflonger homopolymers. For both

purposes., either the use ofone ofMany coupling reagents, or ofan activated ester would

he suitable.

Our anempts to make the activated N-hydroxysuccinimidyl ester in a one-step

a1dehyde to ester oxidation had failed. We decided to concentrate instead on reagent

mediated coupling. The use ofthe two reagents that we had on band,

dicyclohexylcarbodiimide ( DCC ) and 2-ethoxy-l-ethoxyearbonyl-l,2-dihydroquinoline

( EEDQ ), gave unsatisfaetory results. The reactions were slow and did not go to

completion. On the other band, the use of benzotriazol-l-yloxy­

tris(dimethy\amino)phospholÙum hexaf1uorophosphate ( BOP)36 was highly effective in

the coup1ing of carboxylie acid 6a with amine 11, or with methylamine 12. (Scheme 10)

The reactions were fàst and yidded dimers 14 and 17 consistently in 80 - 85% yie\d, after

chromatographie purification. As e)tpeeteci, no coupling between the carboxylie acid and

the 3' hydroxyl group ofthe amines was observed.

Subsequent removal ofthe silyl protecting group by tetra-n-butylammonium

tluoride in THF afforded amide-1inked nucleoside dimers TaT (H-amide-linked thymidine

dimer) 16 and TmaT (methylamide-linked thymidine dimer) 18. The TmaT NMR spectra

(Appendix 1.2) indiea:ed a small amount oftetra-n-butylammonium ion contamination,

which could only he separated with considerable 1055 ofthe main produet.

36Castr0. B.~ Dormoy. J.R.; Evin, G.; Selve, C. Tetrahedron Lett. 1975, 1219.

30



a

p ~
OH

Scheme 10• a

aY~ a

'{~
lBOPSO

y~ HO

a

lBOPSO"

11 R=H
12 R-Mc

14 R-H
17 R-Mc

16 R-H
18 R-Mc

31



• 2.6 Structure and conformationaJ analysis of the TaT and TmaT dimers•

The NMR analysis of the TmaT dîmer 18 structure was complicated by the fact

that the proton and the carbon spectra (Appendix 1.2) showed double signals for most of

the nuc1ei. It was verified by HPLC that this was not due to an impurity. We concluc.'ed

therefore that the TmaT dimer exiSlS in solution as a mixture oftwo rotamcrs. in a cis and

a trans conformation about the amide bond. (Figure 7)

O)-~R
o R'

)-~ \
"R R' "R R R'=

H:C'(YT R"= ~'(YT

1 1
OH ,CH:.

c

TaT R=H
-0 R -0 R'

)=~ )=~ TmaT R=CH3

• "R R' "R R

CIS TRANS

Figure 7. Amide cis - trans equilibrium.

It is weU known that the amide bond has a partial double bond character, due to its

mesomeric nature. This mises the rotation barrier to - 90 kJ per mole, wbich is sufficient1y

bigh to binder rotation al room temperatUre. The interconversion ofthis bond is slow

enough on the NMR time sca1e that, ifpresent, bath rotamers cao he detected on a

spectrum. Secondary amides strongly prefer a trans configuration for steric reasons. The

energy ofthe cis conformation is approximate1y 9 kJ bigher than the tIans, wbich

translates ioto a cis population ofonly 3 %.:rT

The pieture is oot asdear for tertiary amides. Much depends on the steric buIk of

1 :rT Dale, J. SIereochemistryandconfomrationaianaJysis. Universitetsvorlaget, Oslo,
1978.p.S2.
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•

the substituents. but electronic factors cao also play a role. The difference in energy for cis

and trans conformers ofN-dialb:yl substituted amides is dirninished. resulting in two more

equally populated states.

The TaT spectrum (Appendix 4) indicated the presence ofooly one isomer. Since

this compound is a N-monoalb:yl substituted amide, this was e:"aetly as expected. Even if

the theoretical 3 % ofcis conformer was present, it rnight not have been a sufficient

amount for detection by NMR.

As was mentioned above, the TmaT spectrum clearly showed two rotamers. The

integration ofnon-ambiguous. easily assigned proton NMR signais. such as the H6

characteristic fine doublets between 7 and S ppm, and the anomeric protons around 6

ppm, indieated a ratio oftwo to one.(Figure S) The equihorium constant ofthis system

6.30 6.20 6.l0 6.00 ppm

u ~ U V ~ ~ ~ppm

F'agure 8. Parts of1H NMR spectrum of N-methylamide-linked thymidine dimer 18,
showing H6 protons and Hl' protons (mset).
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thus bas a value of2. Calculated from ~G =-RT ln K, the energy difference between the

cis and trans rotamers equals only 1.7 kJ per mole.

Interestingly, the spectra of the 5' t-butyldiphenylsilyl and the 5' dimethoxytrityl

protected TmaT showed a rotamer ratio ofthree to one and four to one, respectively. This

could be the resu1t ofthe increased buIk ofthe ' top' unit. Another possibility is a stacking

interaction betwcen the amide carbonyl group and the 5' phenyl rings, which further

stabilizes the trans conformation.

In order to determine which ofthe TmaT conformations was predominant, we

decided to look for an NOE between the 3" bridge methylene protons and the N-methyl

protons. The trans rotamer can be expected to show such an effect for Ha, while the cis

should not, as is shown in Figure 9.

The N-methyl signais were easily recognizable as singlets al 2.98 ppm (minor) and

3.11 ppm (major), in a one to two ratio. A detailed anaIysis ofthe COSY spectrum

(Appendix 3), however, was required for the assignment ofthe 3" methylene protons.

Startîng from the four anomerie proton signais al 6.00 - 6.24 ppm we systematically

HR

o~0y"'Ha R= HO,?T
'Ha

N ,H

y'~~/ ~H \

fi HH R'= ~'(:rT

TransTmaT CisTmaT OH

F"JgUl'e 9. Position oftheN-methyl protons in relation to the 3" methylene bridge protons.

foUowed each correlation pattern. This led to the unambiguous assignment ofthe

3" signal. an ABX system al 2.49 - 2.64 ppm. It aIso enabled us to determine which ofthe

IWO nudeoside lDIits, the 5' or the 3' end residue gave rise to a particu1ar signal. The
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• superscripted numhers S or 3, before the R. are used to indicate to which unit the proton

belongs.

The NOESY spectrum indicated a NOE between the 3" methylene Ha signal and

the major N-methyl peak. No such relationship was found for the minor N-methyl signal.

This clearly established that the major TmaT conformation is trans about the amide bond.

The 2/1, trans / cis ratio reflects the difference in size of the N-substituents. The NOESY

spectrum further revealed a correlation hetween sH6 and sID' and also between sH6 and

sH2' for both rotamers. This finding is consistent with an anti position ofthe thymine base

and a C3' endo configuration ofthe deoxyribose ring. It was not possible to obtain all the

coupling constants needed for the sugar ring conformationai analysis. due to e.xtensive

overlap ofthe H2', ID' and the ID" bridge methylene protons.

A comparison between the TaT and the TmaT proton spectra showed greater

similarity ofchemical shifts and coupling constants for the TaT and the major (trans)

TmaT, than for the TaT and the minor (cis) TmaT. The H6 - H2' and H6 - ID' NOE

relationships were found to he the same for the TaT as for the TmaT. Since the solvent

used for the TaT spectra was either COJOO or 0 20, it was not possible to test for a NOE

between the 3" bridge methylene protons and the amide N-R. as this is an exchangeable

proton and thus not observed in protic solvents. CDJOO was used for the TmaT spectra.

It would have been prefi:rable to use~O to give a more realistic structural modeJ.. but

unfortunately TmaT was insoluble in~O. TaT was only slightly soluble in bath~O and

COJOO and easily precipitated out ot: even dilute, solution. The quality ofthe TaT

specttUm (Appendix 4), which is slightly out ofphase, reflects this.

Shortly after we published our TaT and TmaT synthesis and binding results, a

group ofCïba - Geigy scientists independently reported the sarne tindings.3S ln addition

they had performed molecuJar modeling studies, which were ofgreat interest to us.

3S De Mesmaeker, A.~ Waidner, A.~ LebretOD, J.~ Hoffinann, P.~ Fritsch, V.~ WoIt: R.~
Freier, S. Angew. Chem. /nt. Ed. EngL 1994, 33, 226.
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• They took an oetamer RNA-DNA duplex, r(G~G)-d(CTITaTITC), and allowed tbis

double helix to find its energy minimum. using an AMBER ail atom force

field. The TaT dimer structure was taken !Tom tbis optimized oetamer duplex and

analyzed. Their results basically confinned what we had observed. The base angle Xat

-\ 57° is consistent with the anti position, wbile the sugar ring exhibited C3' endo

puckering, indicative ofDNA in an A fonn helix.
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•
2.7 Protection and functionalization of tbe TaT and TmaT dimers•

Witb the synthesis of the TaT 16 and TmaT 18 dimers completed. we now needed

to protect the S' hydroxyl groups and functionalize th~ 3' hydrox)'1 groups (Scheme Il) in

preparation for the solid phase synthesis of the modified DNA sequence.

Scheme Il

•

o

NH

OH

l'R-H
IIR-CH)

o

'(NH

NAc

o

NH

OH

%lR-H
19R-Ol,

UR-II
lOR-CH,

The protocols for these reactions, involving unmodified nllc1eoside monomers. are

weil established. We initia11y followed the literature procedure39 for the S'

dimethoxytritylation ofTmaT 18 (DMTrCl, pyridine, room temperature, after co­

evaporation from pyridine) and found this reaction to be extreme\y slow. Whi1e the same

reaction for thymidine was complete in 0.5 h, the TmaT reaction needed two days. We

found. however, that wc could speed up the reaction by the addition ofa eatalytic amount

ofdimethylaminopyridine and at the same time optimize our yie\d ofDMTrTmaT 19 to 90

%. The time required for this reaction to go to completion varied from one to three

39 Gail, MJ., Ed. OIigonucJeoûde Synthesis. A PracticalApproach; IRL~ Oxford.
1984.

37



•

•

•

hours.

The sarne strategy did not work as well for the TaT dimer 16, but iftriethylamine

was substituted for the dimethylaminopyridine, the reaetion time for the formation of

DMTrTaT 21 was shortened to one hour and the yield was also optimized to 90 %.

The 3' funetionalization ofthe DMTrTmaT 19 with 2-cyanoethyl-N.N­

diisopropylchlorophosphoramidite went smoothly and yielded the desired product 20 in

94 % yield as a SO - SO mixture ofdiastereomers. The 31P NMR spectrum indicated that,

in solution, th~ diasteromers were further split into two rotamers each, in a ratio ofthree

to one. The FAB mass spectrum showed a molecular ion ofthe expected molecu\ar

weight. In addition it indicated the presence ofa complex of phosphoramidite 20 with

triethylamine. This sarne phenomenon was previously observed in our laboratory for a

similarly protected and functionalized suIfur-linked thymidine dimer.

The 3' phosphitylation ofthe DMTrTaT dimer 21 proved to he a temperamental

reaction. We initialIy made TaTphosphoramidite 22 in 94 % yield. The presence ofthe

phosphoramidite funetion was confirmed by the 31p NMR spectrum which showed two

peaks at 1SO.6 and IS1.0 ppm, the expected frequencies for phosphoramidites. The FAB

mass spectrum confirmed the moleeu\ar weight ofcompound 22, and aIso that ofthe

triethylamine complex, in anaIogy with the TmaTphosphoramidite 20. The

TaTphosphoramidite 22 was subsequently used for solid phase DNA synthesis with

excellent resuIts. However, when we tried to repeat this reaetion severa! months Iater, only

phosphorus peaks, characteristic ofphosphonates, were observed from the 31p NMR

spectrum, at 14.3 and 14.4 ppm. The only difference in the reaction conditions appeared

to he sorne contamination ofthe DMTrTaT by triethyIamine salt, which co-eIuted with the

DMTrTaT during chromatographie purification. This Iike\y was due to annospheric

moisture which may have condensed on the e1uents. The acidity ofthe triethyIamine salt,
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plus traces of residual moisture could account for this unwanted reaction.~ll Afterwards

we were extra cautious to exclude moisture !Tom this reaction. but we still sometimes

obtained the undesired phosphonate.

Fortunately we were able to partially regenerate the DMTrTaT by !Teeing the 3'­

hydroxy funetion !Tom the cyanoethyl-H-phosphonate group. following the method

described by Brill.41(Scheme 12) This was basica11y a transesterification reaction in

methanol, catalyzed by imidazole. After a110wing this solution to stand for a week. we

managed to recover 60 % ofthe DMTrTaT.

Scbeme 12

o

lX
OH

MeoH 1imidazole
•

o

'(NH
oÀH-N

40 a) Marugg, J.E.; Burik, A; Tromp, M.; van der Mare!, GA; van Boom, JA
Tetrahedron !.etr. 1;;;0, 2ï,2271.

b) FronerIJaIl, M; Modro, TA Synthesis 1991, 201.
41 Bri11, W.K.-D. Tetrahedron Lea. 1994, 35, 3041.
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2.8 Solid phase synthesis of amide-modilied DNA sequences.

The DNA sequence that we proposed to synthesize was designed to test binding,

rather than a :lesire to inhibit a particular gene expression. At tlùs stage of our research we

were merely interested in determining the physi~ effects of replacement ofthe phosphate

moiely by anùdes. Most importantly, we wanted to know if the anùde substitution would

cause a destabilization ofthe DNA-RNA or DNA-DNA duplex formation. Thus we

decided to synthesize the same dodecamer sequence for our binding studies as the one that

was previously used in our laboratory to test suIfide backbone-modified antisense, but

with three anùde instead ofsulfide insertiODS.42

The solid phase synthesis ofthe methylanùdc-modified DNA strand 20a and the

binding studies were performed at Erindale College ofthe University ofToronto, under

the guidance of Dr. MR. Damha.(Table 1) Mr. PA Giannaris prepared the required

normal DNA and RNA sequences A, B, C and D and gathered the hybridization data for

20a. The H-anùde DNA sequence 22a was prepared at a later time by Mr. R. Hudson,

also at Erindale College. Complementary RNA strand D contains one mîsmatched base

Table 1. Synthesized oligonucleotide strands.

Oligomer Sequence

20a d(S'-GpCpGpTmaTpTmaTpTmaTpGpCpT-3')

na d(S'-GpCpGpTaTpTaTpTaTpGpCpT-3')

A d(S'-GpCpGpTpTpTpTpTpTpGpCpT-3')

B d(3'-CpGpCpApApApApApApCpGpA-S')

C (3'-CpGpCpApApApApApApCpGpA-S')

D (3'-CpGpCpApApApllPApApCpGpA-S')

42 Kawai, S.R.; Wang, D.; Giannaris, PA; Damba, MJ.; Just, G. NucIeic AcitfsRes.
1993,21, 1493.
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• (uridine) in the middle. We designed this sequence to test the specificity of the binding.

Before we anempted the solid phase synthesis of20a and 22a, we had made sure

th',~ the amide bond was stable to the base deprotecting conditions. We incubated the non­

phosphitylated TaT and TmaT dimers for six hours at 55° C in a 29 % ammonium

hydroxyde solution and found no evidence ofhydrolysis.

Oligonuc1eotides 20a and 22a were prepared on a 0.2 J.lITIol sca1e, using an

Applied Biosystems DNA / RNA synthesizer, mode! 381 ft... following standard solid

support methodology. A few minor modifications were made to the protocols. A fifth

bonle, containing 0.15 M ofthe protected and phosphitylated dimer 20 or 22 solution in

acetonitri1e, was attached to the system. Also, the coupling time was increased to 70

seconds, from the normal 60 seconds, for the couplings that involved the dimers.

Deoxyribonucleosides with exocyclic dimethylfcrmamidine protecting groups were

used in preference over benzoyl-protected ones, as the deprotection time for amidine

groups is considerably less than for benzoyl groups (6 hours, versus 12 - 18 hours in

concentrated aqueous ammonia at 55° C). We did not want to expose our nuc1eotides to

unnecessa:ily harsh conditions.

The coupling etliciencies were monitored by measuring the UV absorption ofthe

highly coloured dimethoxytrityl ion after it was h"berated from the growing nucleotide

chain. It was found that the coupling efficiency ofthe dimers, at greater than 98 %, was on

par with that ofthe monomer units.

The final c1eavage of the oligomers from the controlled pore glass supports was

effected by treatment withaqueous concentrated ammonia for six hours at 55° C, which at

the sametime removed the exocyclic protecting groups.

We used the convenient 'trityl on' method ofsolid phase synthesis, meaning that

the last dimethoxytrityl group on the completed sequence was left in place. This filcilitated

the final purification of the oligomers by makingthe completed strands less polar and thus

aIlowing them to be separated chromatographical1y from any incomplete sequences, which
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had been capped as S'-acetates, and therefore were present as free a1cohols after the

ammonia treatment. After reverse phase chromatography and the removal of the

dimethoxytrityl end group, using oligonucleotide purification canridges. the purity of the

dodecamers was proven by subjecting them to electrophoresis on 16 % non-denaturing

polyacrylamide gel. Both sequences. H-amide DNA 22a in lane 4 and methylamide D~A

20a in lane 6, showed a single band.(Figure 10)

It is interesting to note that the normal DNA sequences A and B (Ianes 8 and 10,

respectively) traveled faster on the gel than the modified strands 20a and 22a. This retlects

the difference in the ionic nature ofthe backbones.
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1 :z 3 4 5 6 7 8 9 10 11 12

Fagure 10. Polyacrylamide gel e1ectrophoresis ofmodified oligomers 20.. 22a, and
normal DNA A and B. Lanes 1, Il and 12: Bromophenol blue dye; lane 4:~ lane 6:
20a; lane 8: A; lane 10: B.
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2.9 Hybridization studies.

Duplex formation between complementary strands ofDNA. or DNA and

complementary RNA is routine1y detennined from the change in V.Y. absorption as the

temperature is varied. A duplex structure has a lower e.'CtÎnction coefficient than the single

oligomer strands, due to hydrogen bonding between the complementary bases. lncreasing

temperature causes the strands to separate.. resulting in higher UV absorbance. The

stability ofthe duplex is expresse<! as its melting temperature (Tm), defined as the

temperature at which halfthe duplex bas unwound into single strands.

For our binding studies wc prepared solutions ofequimolar amounts ofmodified

DNA and normal, complementary DNA or RNA in a 10 mM phosphate butTer, containing

1.0 M NaCI, at a pH of6.9. The extinction coefficients were calculated using the nearest

neighbour approximation as described by Tinoco et al.43 These values were used to

prepare the nucleotide solutions at concentrations of2.5 IJ,M for each strand.

The solutions were allowed to equùibrate at 4oo C for 10 minutes, before being

cooled down 10 2oo C over a period of20 minutes. The temperature was then increased to

900 C at a rate of0.5° C per minute. Absorbance versus temperature readings were

recorded every minute. The thennal denaturation curves, depieted in Figure Il, are

derived from these data. The strongly sigmoidal, steep slopes, as weil as the high

hypochromicity, which varied from 14 % to 18 %, are indicative of weIl-defined binding.

The points ofintlection ofthe thennal denaturation curves represent the melting

temperatures, which are shown in Table 2.

The results ofthese studies clearly estab1ish that modified dodecamer sequence

na. c:ontaining three TaT dimers, binds to c:omp1ementary RNA as strongly as does

normal DNA. Methylamide sequence 20. also anneaIs weil with RNA. The three

43pug1isi, ID.; Tmoc:o, LMethods in En:ymology 1989, 180,304-324.
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Figure 11. Melting curves of (1) A (normal DNA)- C (RNA);
(II) 20. (TmaT)- C (RNA); (III) 20a (TmaT)- B (DNA);
(IV) 22a (TaT)- C (RNA); (V) 22a (TaT)- B (DNA) hybrids.
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methylamide insertions caused a lowering ofthe Tm by ooly 20 C. This slight

destabilization by the methyl groups is not significant in view ofthe lipophilicity they are

expected to impart. 80th. H-amide sequence 208, and methylamide sequence na, were

found to be capable offomùng duplexes with complementary DNA at only slightly lower

temperatures than the nonnal DNA sequence A.

Single strands of 20a or 22a showed no hypocbromicity under identical

denaturation conditions. 80th curves were linear with less than a 1 % rise over a 2()O to

900C temperature range.

As was mentioned previously, we also wanted to test whether the amide

substitutions alfected the Watson-Criclc base pair specificlty. Complementary RNA

•
sequence D, containing one uridine instead ofadenosine in the middle, was used to

detClmine the extent ofdestabilization callsed by the miS!T!lltch. We observed a 1()O C

lowering ofthe melting tClDPClature for the DOnnai DNA-RNA dup1ex, which was as
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expccted. The decrease in melting ternperature for the TaT-modified sequence was 7° C,

while the TmaT oligomer was destabilized by 5° C. The pertinent Tm values are shown in

Table 2.

Table 2. Hybridization data.

Sequences Tm (oq_ Tm (oq_ Tm (oq_

(DNAB) (RNAq (mismatched RNA D)

A (normal DNA) 74.2 67.9 57.1

:ZOa (TmaT) 62.8 65.8 60.4

na (TaT) 65.7 66.8 60.0

a) experimental error is :l: 0.5° C.

Both sequences :ZOa, and na exhibited stronger binding to RNA than to DNA and

this i5 consistent with the results ofthe modeling SlUdies that were performed at Ciba­

Geigy (Scction 2.6). They had found the lowest energy conformation ofthe amide-linked

fragment, taken ftom the DNA-RNA duplex, to be in the A form. It is well known that

RNA in DNA-RNA hybrids exist in the right-lutn.:ed helical A form, due to

conformational restrictions imposed by the 2' hydroxyl group. It foUows that the simi1arity

in geometry between RNA and the amide sequences should be conducive to binding. The

smallioss in hybridization strength to DNA is harder to explain. The interplay between

base staeking, hydrogen bonding and conformational mobility is complieated. Given the

relative stiftÏ1ess of the amide hackbone, the onus is on the sugar and the base to adopt

the right geomeay for binding to DNA Any deviation could negatively affect the stability

ofthe duplex.

The planned mignatch does not destabilize the modified duplexes quite to the same

extent as the normal one. This may be C'l1Jsed by the rigidity ofthe amide bond, which
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• prevents the effects of the mismatch from funher contoning the backbone. To determine

whether hybridization specificity is affected. it would be necessary to conduct funher

binding studies with longer RNA oligomers. containing the right sequence. as well as the

mismatch.

Concerning the structure ofthe TmaT oligomer. the same. previously mentioned.

Ciba-Geigy study indicated that there was indeed sufficient room around the backbone to

accomodate the methyl group. or even the bulkier isopropyl group. without changing the

shape ofthe helix. It is not known at this time whether the methylarnides are totally in the

trans conformation when they are pan oh RNA-DNA duple.'C. Our crude modeling results

suggest that the cis conformation also leads to the right binding geometry. lt is also

conceivable that the free energy change due to the base stacking interactions is enough to

overcome the energy difference between the cis and trans rotamers.44

44Chen, S.-M.; Mohan, V.; Kiely, J.S.; Griffith, M.C.; Griff'ey, R.H. Tetrahedron Len.
1994,35,5105.
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• 2.10 Preparation of amide-linked DNA bomopolymers.

BnO

J~"=o THF

y~

HO

After establishing the excellent hybridization properties exhibited by mixed

phosphate- and amide-linked DNA, we were interested in the synthesis of amide-linked

thymidine homopolymers. The preliminary work on the synthesis ofa homo thymidine

dimer had been done by J.-F. Lavallée in our laboratory and is shown in Figure 12. The

momomeric units were prepared by total synthesis.2:! We intended to synthesize the

monomer precursors according to Schemes 1, 2 and 3, outlined in Section 2.2.
o

'(NH
NAc

•

Figure 12. Lavallée synthesis ofamide-linked thymidine dimer.

Before we started the homopolymer synthesis, we earefully examined our goals

and options. Although we were planning to make a DNA analogue, the coupling and

protection methods involved fàIl in the realm ofpeptide chemistty. It was not

unreasonable to consider making an amide-linked DNA polymer by solid phase peptide

synthesis.4S The advantages oftbis method, such as the ease ofpurifieation and higher

yields. are weil knOWD. Solution chemistty on the other band is often pIefeued for smaller
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peptides. It was previously determined that a minimum of an octamer was needed to

conduct significant binding studies.46 Since this was a relatively small polymer. we felt it

did not warrent the use of solid phase synthesis. Instead. we decided that the shortest.

most convenient way. shown in Scheme \3. would be a block synthesis. going from

monomer to dimer. couple tlte dimers to make the tetrarner. etc.

Sc:heme 13
T

(P) L.u 0

{

R-N~-lLoH } (~)T ~:;~ T -:0
R- ' H;z.;Jl-o(P)

-- l ,

R-~ LJ...o(p) -- ~- n'" -..Ln

~ n"3
n"7

This approach required the use of S' amino and 3' carboxyl protecting groups that could

be se\ectively removed. For the preparation ofthe H-amide sequence the S'-azido-3'­

carbomethoxymethyl-S'-3'-dideoxythymidine 24 (Scherne 14) was a suitable monomeric

unit. The azide moiety can be se\ectively reduced to the amine and is not afTected by

alkaline hydrolysis. The synthesis ofthe methylamide monomer and the choice of

protecting groups proved to be more complicated. and will be discussed later.

As starting material for the H-amide we could make use of S' silyl-protected 3'­

carbomethoxymethyl-3'-deoxythymidine 5a. made according to the methods described in

Section 2.2, and further derivatize the S' position by partially foUowing J.-F. Laval1ée's

methods. The first step, as depieted in scheme 14, was the removaI ofthe S' silyl group

from compound Sa by tetrabutylammonium fluoride in THF, which yidded 3'­

carbomethoxymethyl-3'-deoxythymidine 8. This was foUowed by the mesylation ofthe

4SMerrifidd, B. Science 1985, 232, 341.
46 Sugimoto, N.; Sasaki, M Nucleosides Nucleotides 1992, n, SIS.
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• !Teed 5' hydroxyl group, in preparation for displacement by the azide ion, giving monomer

24 in excellent yield47

Scbeme 14

HO Z6

--{OH
/H~è/THF

MIO 24

UN,
•DMF

MIO 25

Azide ester 24 was hydrogenated in methanol solution at atmospheric pressure in

the presence ofLindlar eatalyst. giving amine 2S in quantitative yie\d. An equal amount of

compound 24 was subjected to aIka1ine hydrolysis in a mixture of 10 % aqueous KOH

and THF. Acid 26 was obtained by extraction with methylene chIoride, after the reaction

mixture was aciclified to pH-3.

The attempted octamer synthesis is shown in full in Scileme 15.

The condensation ofacid 26 and amine 2S was effected with BOP coupling

reagent in DMF. The same procedure was followed as for the formation ofthe TaT 16

and TmaT 18 dimers. Homo dimer 27 was isolated after chromatographie purification in

87%yield.

The hydrogenation and hydrolysis steps were repeated for dimer 27. The

47 Compounds 23, 24 and 2S were prepared by J.-F. LavaDée's methods.
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Scbeme 15

hydrogeœtion conditions and reaction rime were exacùy the same as for the monomer.

The reaction was monitored by TLe for the disappearence ofthe starting rnaterial and the

formation ofa new, more polar spot which tested positive to ninhydrin.

Dimer acid 28, which was generated the same way as monomer acid 26, could not

be extraeted from the aqueous hydrolysis solution. Therefore, after adjusting the pH to

approximately 6, the reaction mixture was evaporated to dryness and the dîmer acid was

used withOllt further purification for the Dext coupling step.

The reaction conditions for the tetramer formation were the same as those for the

dimer synthesïs. The extra salt concentration from the crude dîmer acid did not adverse/y

affect the coupling. Tettamer 30 could be chromatographically purified, although it was
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evident !Tom the NMR spectrum that a small amount oftriethylamine salt co-eluted with

the tetramer.

The monomer, dimer and tetramer were ail characterized by la 13c and HMQC

500 MHz NMR experiments. Depieted in Figure 13 are the low-field regions ofthe proton

spectra. They c1early show the presence ofsingle, double and quadruple signais for the

monomer, dimer and tetramer H6 protons, respectively. The number of anomeric protons

is also easily determined from the spectra. There is a difference in slùft between the Hl',

belonging to the 'bottom' unit and the 'top' Hl' protons. The 'bottom' one is more

deshielded than the other ones, which completely overlap for the tetramer. The integration

ofthe anomerie protons is consistent with the proposed structures. The very crowded

high-field region shows overlapping signais for the sugar protons, unfortunately

preventing us from analyzing the sugar conformations. An absolute comparison ofthe

chemical sIùfts was also not possible because ofthe necessity to use different solvents.

lnterestingly, the solvent mixture used for the tetramer (methylene chIoride 1methanol,

5 1 1) was one !hat was often effective in dissolving very polar nuc1eoside analogues, !hat

were neither soluble in methylene chloride, nor in methanol, but only in bigh-boiling

solvents, such as DMF and DMSO.

Unlike monomer 24 and dimer 27, tetramer 30, as we mentioned, was not soluble

in methanol, so a ditrerent solvent was required for the hydrogenation oftbis compound.

A mixture ofwater and methanol (11 1) was found to be a suitable solvent system for the

dissolution and the hydrogenation ofthe tetramer, but the produet oftbis reaetion

precipitated out ofsolution, which made separation from the catalyst impossible. We felt

that protonation ofthe S' amino group would make tbis compound more soluble.

However, the addition ofan equimolar amount of0.1 M HCl after the hydrogenation was

finished., resulted in the decomposition ofthe calcium carbonate based Lindlar eatalyst.

This complieated the work-u'p ofthe reaetion.
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The solution to this problem was a change ofcatalyst, which, in tum, necessitatee!

a change in the other hydrogenation conditions. The tetramer solution was thus shaken

with platinum(lV) oxide, uncler 40 lbs hydrogen pressure, for two hours, while the

reaction was monitored by TLC, in the same way as for the dimer hydrogenation reaction.

The subsequent acidification brought the tetramer amine 31 into solution.. and it could then

be cleanly separatee! from the catalyst.

The hydrolysis procedure for the tetramer was similar to that for the dimer, with a

few minor modifications. Methanol was sustituted for nIF to help bring the tetramer in

solution and, furthermore, the reaction required a substantially longer time to go to

completion. Like the dimer acid. tetramer acid 32 could also not be extraetee! from

aqueous solution and was usee! for coupling without further purification.

The reaction conditions for the final condensation oftetramer amine 31 with

tetramer acid 32 were the same as for the previously describee! monomer and àimer amide­

couplings. The possible formation ofthe desiree! oetamer was observee! on TLC, but could

not be confirmee! spectroscopically, as this compound proved to be insoluble in a wide

range ofsolvents. The lack ofsolubility unfortunate1y precludee! us from conducting

binding studies.

Simultaneously we had workee! on designing a scheme for the synthesis ofthe

methylamide-linkee! thymidine homopolymer. We wantee! to foUow the same dimer to

tetramer to oetamer strategy, since that was the shortest synthetic pathway. As mentionee!

before, this required us to find protecting groups for the amino and carboxylic acid

functionalities that could be selective1y ~ovee! under conditions that were compan"ble

with nucleosides. Our first choice was benzyloxycarbonyl (Cbz) protection for the amino

group, frequently used in peptide synthesis. The Cbz protecting group is removable by

eatalytic hydrogenation and resistant to alkaIine hydrolysis. This laS! property would

enable us to selective1y hydrolyze the methyl ester in the 3' position.
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• Before Vie considered protection. however. we needed to introduce the

methylamino group in the 5' position. The easiest way would be a direct displacement of

the 5' mesyl group ofcompound 23. which we had in hand. with methylamine. in analogy

to the method we used for the preparation ofS'-methylamino-S'-deoxythymidine 12. We

were not really surprised when this reaction tumed out to be the aminolysis of the 3'

methyl ester instead of the desired 5' mesyl displacement. (Scherne 16)

Sclteme 16
0

H 'CNH
1

N~

0

X:NHM.O oAc ~ MeO..,0

• 0

Y'J:oMs

MeC 23

H-N
'CH,
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It was obvi'Jus that the S' methylamino group had to be in place before the

introduction ofthe 3' methyl ester functionality. That meant going baek to 3'-a\lyl-3'­

deoxythymidine 3b as starting material. (Scheme 17)

The mesylation ofthe S' hydroxyl group ofcompound 3b was a c\ean reaction and

pure S' mesylate 34 was obtained in 94 % yield. Heating the mesylate in 40 % aqueous

methylamine for six hours gave 5'-methylamino-3'-allyl-5',3'-dideoxythymidme 3S after

chromatographie purification.
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Scheme 17
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The reaetion time was considerably longer than for the formation ofS'-methylamino-S'.

deoxythymidir.e 12,

Methylamine 3S was then reacted with benzyl clùoroforrnate under Schotten­

Baumann conditions to give Cbz-protected methylamine 36. Tiùs reaetion was followed

by oxidation ofthe aIlyl moiety to the aldehyde by sodium periodate in the presence ofa

catalytic amount ofosmium tetraoxide in a two-phase system. This reaetion was similar to

•

the oxidation of5'-0-TBDPS-3'-aIlyl-3'-deoxythymidine 3a, but required a different

solvent system, since methylamine 36 was not soluble in ether. lHF 1water was

successfully substituted for ether 1water. Tiùs reaetion was five times faster than the one

wiùch involved compound 3a and also gave a iùgher yie\d. A better contact between the

reaeting species could be the reason for this improvement. Aldehyde 37 was further

oxidize.:! to methyl ester 38, under the same conditions used for the preparation of

methylester S,

Cbz-protected compounds 36, 37 and 38 aIl existed in solution as a three to one

mixture ofrotamers. due to the hindered rotation ofthe St carbamate bond.
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With the synthesis of methyl ester 38 completed. we had in hand the protected

monomeric unit from which we thought to make the targeted methylarnide-linked DNA

octamer.

The next two steps were the alkaline hydrolysis of the ester function. while an

equal amount ofcompound 38 was subjected to catalytic hydrogenation. The hydrolysis

and subsequent acidifkation with weakly acidic resin yielded acid 39 in quantitative yield.

The palladium catalyzed hydrogenation. however. was not a c1ean reaction. The yield of

pure product was only 58 %. We did not find this acceptable in view ofthe fact that the

hydrogenation step would have to be repeated for the dimer and the tetramer.

Our search for more suitable protection for the amine group led us to consider the

9-fluorenylmethoxycarbonyl (Fmoc) group.48 It has the advantage that it is very easy to

remove under mild alkaline conditions. It is e.xten"'ively used in solid phase peptide

synthesis for that very reason, but also because the fluorene chromophore that is released

upon deprotection is highiy UV-active. This provides a means ofmonitoring peptide

coupling efficiencies.49

We expected the Fmoc chemistry to be compatible with our nuc1eosides, but we

also had to consider the deprotection ofthe 3' carboxylic acid functionality. The alkaline

hydrolysis ofthe 3' ester would likely result in partial or totalloss of the Fmoc

group.Therefore wc looked at alternative methods for the ester deprotection. Apart from

the alkaline lability ofthe Fmoc due to the acidic 9-fluorenyl proton, there was the

carbarnate functionaIity to consider. Most non-hydrolytic ester cleaving reagents, such as

trimethylsilyl iodideS0, are known to c1eave esters under non-aIkaline conditions, but they

also attack carbarnate bonds. Thus we needed a reager.t that was chemoselectiv,,: towuds

esters in the presence ofcarbamates.

Bis(tributyltin) oxide (BBTO) bas recently been successfully used to c1eave esters

48 Carpino, LA; Han, G.Y. J. Org. Chem. 1972,37,3404.
49 Angel1. Y.M; Garcia-Escheverria, C.; Rich, D.H. Tetrahedron /ett. 1994, 35, 5981.
SO Olah, GA; Narang, S.C. Tetrahedron 1982, 38, 2225.
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• and was reported to he tolerant of a wide range ofother reactive functional groups.s1

A1though carbamates were not mentioned. we felt that BBTO might be selective enough

10 suit our purpose.

Mata and Mascarelti proposed the following m~hanism for the ester c1eavage.52

(Figure 12)

o

JlOH

Figure 12. Mechanism for bis(tributyltin) oxide mediated ester c1eavage.

•
The oxygen, its nuc1eophilicity enhanced by the electron-rich tn"butyltin moieties, attacks

the ester carbonyl group to form the unstable organo-tin ester intermediate. The free

carboxylic acid is h"berated during the mildly acidic work-up. Addition ofAIBN did not

increase the reaction rate, therefore it was conc1uded that no radical mechanism was

involved.

o
~~~ 1\
~OH

41a
toluene

o
~~?C Il
~Et

41

FmocCl 1KOH
•

Nothing in this reaction mechanism contraindieated its use in connection with

nucleosides. We felt it looked promising enough to warrant a smali model study to

determine ifan ester could be selective1y deprotected in the presence cfa Fmoc group.

SchelDe 18

HO.'... Il
~Et

The ethyl ester ofglycine.HCl was first reacted with Fmoc chloride under

Scholten-BallmanD conditions, to yield the corresponding N-Fmoc-protected ethyl

SI Salomon, C.].; Mata, E.G.; Mascaretti, OA Tetrahedron Leu. 1991,32,4239.
52 Mata, E.G.; Mascaretti, OA Tetrahedron Leu. 1988,29,6893.

S6



•

•

glycinate 41. (Scheme 18) A toluene solution ofthis compound was subsequently heat~-d

under reflux with BBTO for 6 hours. Alter acidification with 0.5 M HCl and the usua!

extraction-purification procedures. the free carboxvlic acid 41a was isolated in 70°. vield.. .

This yield was not optimized. The reaction was monitored by TLC for the 10ss of the

Fmoc group. which. ifpresent. shows as an intense blue fluorescent spot. No 10ss of Fmoc

was observed.

After we obtained this positive result. we went ahead with the: synthesis of the

Fmoc protected monomer 44. This compound was generated under the sarne conditions as

the Cbz-proteeted monomer 38. (Scheme 1i) The syntheses of the N-Fmoc protected

aldehyde 43 and ofthe N-Fmoc ester 44 gave higher yieids than the corresponding Cbz­

protected compounds (75 % versus 80 %. and 87 % versus 98 %). Alter the introduction

ofthe Fmoc group, ail compounds e.'CÏsted in solution as rotamers in a !Wo to one ratio.

The ne.~ !wo steps were the removal ofthe Fmoc group and the selective ester

deprotection, followed by the formation ofthe targeted methylamide homo dimer.

(Scheme 19)

The usual reagents for the Fmoc deblocking reaction are unhindered secondary

amines, for instance piperidine, which can form an adduet with the initially generated

dibenzofulvene. This adduCl is soluble in a variety ofsolvents and easily removed during

the purification work-up ofthe reaction, whereas the dlbenzofu1vene by itse1fpolymerizes

easily and becomes insoluble.53

N-Fmoc ester was stirred for 10 minutes in a methylene ehloride 1piperidine (41 1)

mixture, after which the solvent and the piperidine were removed under reduced pressure.

Chromatographie purification yieided 80 % ofthe free methylamine 40, as a bard foam.

The 3' ester functionality could indeed he se\ective\y deprotected by reacting

53 Carpino, LA Ace. Chem. Res. 1987,20,401.
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Scheme 19•
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ester 44 with BBTO in toluene solution at 9()O C for 10 hours. The reaction mixture was

acidified with 0.5 M HCI, causing a white preciptate to form, whieh was subsequently

dissolved in ethyl acetate. This solution was extraeted with saturated sodium

bicarbonate, the aqueous layer was reacidified and the resulting white precipitate filtered

offto give carboxylie acid 46 in 50 % yield. The yield could be oprimized to 68 % by

tùrther extraeting the aqueous layer with ethyl acetate, but a small amount ofimpurities

was co-extraeted. No loss ofFmoe was observed.

The methylamide homodimer 47 was obtained from methylamine 40 and

carboxylie acid 46 in a BOP- mediated coupling reaction in a manner analogous to the

formation ofthe H-amide homo dimer 27. The lH NMR was highly complex with multiple

overlapping signais for the two anomerie protons. This indieated that there were the
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expected four rotamers in solution. The molecular weight was confirmed by high

resolution mass spectrometry.

At this stage of our work. the lack of solubility of the H-amide octamer had

become apparent and we decided to focus our attention on solving this problem. rather

than continue the synthesis of the methylamide homopolymer sequence.

S9



• 2.11 Increasing the bomopolymer solubility.

The poor solubility of cenain modified non-phosphate. non-ionic backbone

oligonucleosides was previously reponed by other research teams. ln 1988 Ogilvie and

Cormier had prepared a diisopropylsilyl-bridged thymidine hexamer.54 (Figure 14) lt was

not possible to determine the binding propenies of this hexamer because it was not

sufficiently soluble in water.

•

•

Figure 14. Stirchak's morpholino and Ogilvie's siloxane hexamers.

Similarly, the nove! cytidine morpholinocarbamate hexamer, also shown in Figure

14, which was synthesized by Stirchak and Summenon had a solubility ofonly 4 J,1M in a

pH 7.5 aqueous buffer.55 Solubility was increased by covalently attaching a poly(ethylene

glycol) tai!., M.W.lOOO, to the the hexamer.

Poly(ethylene glycol), usuaIly referred to as PEG, is a biocompan1>le polymer. It bas been

used extensive1y during the last 20 years, among other things, to modify biologica\ly

important molecules. PEG is known to enhance certain desirable pharmacological

propenies, 50ch as water solubility and cell wall penetration.

54 Ogilvie.. K.K.; Cormier, J.F. NucJeic Acids Res. 1988, /6,4583.
55 Stïrchak, E.P.; Summenon. J.E. NucJeic AcidsRes. 1989, 17, 6129.
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Tlûs was sufficient reason for us to further investigate the possibility of using PEG

to increase the solubility of the H-amide linked thymidine homopolymer. described in

section 2.10.
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2.12 An introduction to poly(ethylene glycol).

PEG is a polyether diol. commercially available in a wide range of molecular

weights. Its general formula is HOCH2CH2(OCH2CH2)nOH. The IWO hydroxyl end

groups provide convenient handles for chernical modification. In many instances. however.

it is preferable to have only one reactive site. in which case the monomethyl ether.

MeOCH2CH2(OCH2Cn2)nOH (mPEG) is a beuer choice. Both, PEG and mPEG are

prepared from ethylene oxide by anionic polymerization. The lower molecular weight

PEGs (M.W.<IOOO) are viscous liquids. As their molecular weight increases, the polymers

become waxy solids with increasing melting points that star! to level out at - 670 C.

PEG has many interesting physical propenies, which makes it very usefu1 for

industrial, as weil as biomedical and biotechnical purposes.S6 The most striking is PEG's

unique solubility behaviour. It is amphiphilic, meaning that it is soluble in water, as weU as

many organic solvents, such as toluene and methylene chloride. It is, however, totally

insoluble in diethyl ether and hexane.

The higher molecular weight PEGs exist in solution in a helical form, the oxygen

atorns pointing inwards, making a cavity, the size ofwhich is related to the length ofthe

molecule. PEG can thus selectively form complexes with cations, sitnilar to crown ethers,

and has found application as a transfer catalyst.51

PEG in aqueous solution is a highiy mobile, heavily hydrated molecule with a large

exclusion volume. It can form IWo-phase systems with aqueous solutions ofother

polymers, making il an extremely usefu1 tool for the purification ofbiopolymers. PEG

becomes insoluble, however, al higher temperatures. It possesses a lower consolute

temperature of- 1000 C, the exact temperature depending on factors, such as molecuiar

56 Harris, l-M, Ed., Po/y(ethy/ene glyrol) Chemistry: BiotechnicalandBiomedical
Applications 1992, Plenum Press, New York.
51 Harris, l-M; Hundley, N.H.; Shannon, T.G.; Struck, E.C.J. Org. Chem. 1982,47,
4789.
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weight, concentration and pH. The cloud point of a PEG solution can be lowered by the

addition ofelectrolytes.

PEG's physical properties, especially its behaviour in aqueous solution. have lead

to its rapidly gro·.ving pharmaceutical use.

It is non-toxic at molecular weights above 400. Lower molecular weight PEG (less

than 350 Dalton) were rcported. however, to be toxic due to oxidation by alcohol

dehydrogenase (ADH), leading to diacid and hyàroxyacid metabolitesS8 The authors

funher suggested that ethanol would appear to be an e:'tce1lent antidote, because of its

potential as a competitive ADH inhibitor.

The larger PEG molecules are not metabolized by living organisms and are readily

excreted. unchanged.59

PEG has been extensive1y used for conjugation to a variety ofbiologica11y

important substrates, ranging &om small molecules, such as aspirin and antibioties, to

large peptides and proteins. The PEG conjugation is responsible for altered

pharrnacokinetics; for instance, the increase in bulk reduces the rate at which a drug is

cleared through the kidneys. The following exarnple, which involves the enzyme

superoxide disrnutase as an effective scavenger ofsuperoxide ions, illustrates this

phenomenon. Superoxide ions have been implicated in pathogenic states associated with

inflammation, burns, and kidney transplants. The use ofsuperoxide dismutase as a

therapeutic agent is, however, severely linùted by its rapid clearance &om the body. The

attachrnent of 18 molecules ofmPEG, molecular weight 5000, per enzyme molecule,

resulted in an increase ofthe enzyme's ha1f-1ife in the blood ofrats from 6 min to 2S h,

with a proportional rise in antiintlammatory activity.6C

PEG is known to impart increased water solubility to its conjugales. For instance,

58 Herold. D.A.; Keil, K.; Bruns, D.E. Biochem. Phann. 1989,38,73.
59 Yarnaoka, T.; Tabata, Y.; Ikada, Y. J. Phann. Sei. 1994,83,601.
60 Fuentges, F.; Abuchowski, A J. ControUedRe/ease 1990, JJ, 139.
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taxol. a natural product shown to be effective in the treatment ofcertain cancers, is poorly

soluble in water. In order to solve tbis problem, mPEGs. molecular weights ranging from

350 to 5000, were covalently attached by urethane or carbonate linkages to the taxol

molecule6 \ The solubilities of the conjugates (1.8 x 1O-~ I.,f for the lower molecular

weight to 0.1 M for the bigher weight) were found to be greatly increased in comparison

to that of unmodified taxol. The PEG conjugation did not affect the cytotoxicity of the

taxol.

PEG's well-documented ability to interaet with cell membranes may be due to its

lipopbilic character and is ofgreat importance for facilitating transport ofdrugs into

cells.62 The process by wbich tbis occurs is not weil understood at tbis moment. Direct

penetration is not likeiy in view ofthe facts that cell membranes have an aliphatic core and

PEG is insoluble in alkanes. However, PEG can associate with the phospholipid

headgroups and tbis favourable interaction may be followed by endocytosis.63

Nearly twenty years ago Abuchowski el al. made the significant discovery that

covalent attachment ofPEG to a protein renders that protein nonimmunogenic and

nonantigenic, but does not result:a a significant loss ofbiological activity.64 This

observation bas prompted much research into PEG--modified proteins and peptides. It has

since become apparent that other negative drug side e1fects can also be minimized by PEG

conjugation. lt was found to 1essen drug uptake by the liver and the spleen65 and to reduce

thrombogenicity.66

Finally, PEG bas been proven to be an effective soluble polymerie support for the

6t Greenwa\d, R.B.; Pendri, A; Bolikal, O. .!. Org. Chem. 1995, 60, 331.
62 BecIanan, J.S.; Minor, RL.; White, C.W.; Repine, J.E.; Rosen, GM.; Freeman, BA.!.
Biol. Chem. 1988, 263, 6884.
63 Yamazaki, M; Ito, T.: Biochemistry 1990, 29, 1309.
64 Abuchowski, A; van Es, T.; Palczuk, N.C.; Davis, F:F..!. BioL Chem. 1977,252,3578.
65 Merrill, E.W. Sec Reference 56, Ch.14, 199.
66 WoodIe, MC.; Lasic, 0.0. Biochim. Biophys. Acta 1992,1IlS, 171.
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syntheses of peptides. oligosaccharides and oligonucleotides.

Royer and Ananthramaiah reported the use ofthe carboxylic acid derivative of

mPEG, molecular weight6000. as a support for synthesis ofa tripeptide.o7 The growing

chain was elongated ITom the carboxyl end and the reactions were performed in aqueous

solution. The final cleavage ofthe peptide from the PEG support was mediated by

enzymes. Solution chemistry methods. such as extraction, were used throughout the

synthesis. Other researchers have successfully prepared PEG-bound octapeptides in

organic solution, with the elongation occurring ITom the amino end. 6.~ The first amino acid

was attached to the mPEG hydroxyl end group via an ester linkage and the finished

octapeptide was easily freed from the PEG by hydrolysis. Stepwise monitoring ofthe

reactions was feasible. because spectroscopic methods could he used while the polymer

support was still attached to the growing chain. Membrane filtration and recrystallization

were used for the purification ofthe peptides.

ln a recent publication Krepinsky and co-workers described the synthesis ofan

oligosaccharide. using PEG 5000 or 10000 as polymerie support.69 o-Mannopentose. a

cell component ofpathogenic yeasts, was prepared in good yield by this method. The

growing sugar chain was attaehed to mPEG via p-dioxyxylyl diether, which allowed a

selective. two step, detaehment ofthe finished product ITom the PEG support. Mild

catalytic hydrogenation cleaved offthe PEG, leaving ap-tolylmethyl group on the 0­

mannopentose. while more vigorous hydrogenation conditions eompletely liberated the

oligosaccharide from the PEG and the diether \inker.

Bonora et al. used mPEG 5000 as soluble supporting polymer for the synthesis

67 Royer, G.P.; Anantbrnmaiah, G.M J. Am. Chem. Soc. 1979,101,3394.
68 Bayer, E. Angew. CheIn•• /nL Ed.. EngL 1991,30, 113.
69 Douglas, S.P.; Whitfield, D.M; Krepinsky, J.J. J. Am. Chem. Soc. 1995, 117,2116.
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ofshort strands ofDNA70 The lirst nucleoside unit was anached to the PF.G al the 3'

position by a succinate linkage, similar to solid phase nucleotide synthesis. An octamer

was prepared in 97 % purity, with coupling yields of >90%. This method ofnucleotide

preparation is more economical than solid phase synthesis, as it requires significantly

smaller quantities of reagents. It also makes it feasible tn do larger scale reaetions. In view

ofthe current interest in antisense for therapeutic purposes, tlus is an important advantage.

70 BolOora, G.M.; Biancono, G.; Maffini, M.; ScreJnin, C.L. NucJeic Acids Res. 1993,
21,1213.
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2.13 Synthesis of3' ester linked mPEG-nucleoside conjugates

After reviewing the literature on poly(ethylene glycol). wc decidcd that we could

use PEG to try and solubilize amide-linked nucleoside homopolymers. At the same time

PEG could serve as a soluble solid support for the synthesis of the strands.

Arry misgivings we had about the PEG conjuga"on causing a loss ofbinding ofthe

homopolymers to RNA, were dispelled by a publication by Jaschke et al.71 They reported

that PEG conjugation to normal DNA had little effect nn the hybridization behaviour.

Melting temperatures were very close to t;,ose involving unmodified duplexes.

Automated solid phase synthesis ofbiopolymers e1iminates the need for manual

purification and provides a means to quickly obtain a desired compound. Solution

chemistry synthesis requires tedious and rime consuming purifica,ion at every step. lt has.

however, certain advantages. It is easy to monitor the reactions by TLC and NMR and it

can lend itse1f to large scale production.

PEG provides a means ofcombining the advantages ofliquid and solid phase

chemistry. PEG is soluble in water and in most organic solvents, with the exception of

aliphatic hydrocarbons and diethyl ether, and it carries its conjugates with it into solution.

PEG derives its use as solid support from its insolubility in ether. The addition of

ether to a reaction mixture, containing a PEG conjugate, will cause the PEG to precipitate

out, leaving excess reagents and by-produets in solution. Simple filtration is usually

suflicient to separate the desired pure compound.72

Before we started the FEG-supported synthesis of amide-1inked nucleosides, we

needed to consider severa! options, concerning (he PEG-nucleoside linkage. The primary

amino nucleotide monomers 2S (5' amine, 3' methyl ester) and 26 (5' azide, 3' carboxylic

71 Jaschke, A.; Fürste, J.P.; Nordhotl: E.; Hi11enkamp, F.; Cech, D.; Erdmann, V.A.
Nucleic AcidsRes. 1994, 22, 4810.
72 Bonora, G.M; Scremïn, C.L.; Colonna, F.P.; Garbesi, A. Nucleosides Nucleotides
1991, 10,269.
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• acid) or the !!lethylamino monomers 40 (5' methylamine, 3' methylester) anà 46 ( 5'

Fmoc methylamine. 3' carboxylic acid), which we had in hand, could be attached to the

PEG at the 5' amino or the 3' carboxyl end, respectively. For our initial studies an ester

linkage at the 3' position was a practica1 choice, since we could use low cost,

underivatized mPEG 5000 as starting material. A molecu1ar weight of5000 was chosen

because it is the smallest size PEG that is solid and easy to manipulate at room

temperature. For our purpose, using higher molecu1ar weight PEGs had no advantage.

After attaching the fust nucleoside unit to the support we planned to deprotect the

5' position, add the next unit and repeat these steps.

A slight excess ofcarboxylic acid 26 (1.2 equivalents), activated by 1,3­

dicyclohexylcarbodiimide (DCC) was reacted with mPEG 5000 in the presence of DMAP

in methylene chloride, with sufficient pyridine added to bring the carboxylic acid into

solution.(Scheme 20)

• Scbeme20
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•CH2CI:z/pyr

HO mPEGO
28 •
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The reaction was monitored by TLC (methylene chloride 1Methanol, 5 1 1). After two

hours no more unreacted PEG could be detected. ln order to ensure that the reaction went

te completion the reaction mixture was stirred for another hour.

The subsequent addition of ether to the mixture produced a voluminous. white

precipitate that was easily filtered. No funher purification was necessary.

Although the dicyclohexylurea. which was formed as a by-product during the

reaction, is not soluble in ether, it did not precipitate out with the PEG conjugate. If the

reaction mixture wa.~ added to the ether, rather than the reverse. the NMR spectrum

indicated that the urea co-precipitated out.

Nucleoside-mPEG ester 48 was charaeterized by tH (Appendix 6) and l3C 500

MHzNMR. The molecular weight was verified by matrix-assisted laser desorption /

ionization time-of-flight (MALOI TOF) mass spectrometry, using a dithranol (1,8,9­

anthracenetriol) matrix.(Appendix 10) The charaeterization ofthe mPEG conjugates will

be discussed in more detail in Section 2.17.

The mPEG ester 51 ofN-Fmoc protected methylarnine nucleoside carboxylic acid

46 was synthesized the same way as mPEG ester 48, l':.cept that no pyridine was needed

to bring the acid 46 into solution and the reaction required less lime. The NMR data

indicated that mPEG ester 51 exists in solution as two rotamers in a ratio of 2: 1. The

rotamer ratio was the same as for the corresponding methyl ester 44. Although the NMR

data clearly confirmed the structure ofthe desired compound ( Appendix 7), the MALOI

mass spectrum, indieated the expected molecular weight minus the Fmoc group. Changing

the matrix from dithranol to gentisic acid (2,S-dihydroxybenzoic acid) did not make any

difference in the spectrum.
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2.14 Reduction of the 5' azide function orthe mPEG ester

With the first nucleoside units attached to the PEG support, the neX! step was the

deprotection ofthe S' amino functions. Unexpectedly, the clean reduetion ofthe S' azide

function of mPEG ester 48 proved to be difficult. We initiaily used the same Lindlar­

catalyzed hydrogenation method that was used for the azide reduction ofthe anaiogous

methyl ester 24. The reaction was considerably slower and the prolonged reaction time

favoured the formation ofdegradation products that could not easily be separated.

Changing the cataiyst to platinum (IV) oxide did not bring improvement. Since the azide

reduction reaction was part ofa repeating cycie, we needed a better method.

A wide variety ofreagents, such as lithium aiumïnum hydride, triphenylphosphine,

tributyltin hydride, tin chloride etc., have been successfu1ly used to reduce azides.73 Most

ofthe available reagents were expected to be compatible with nucleoside chemistry. The

reduction of azido groups on modified nucleosides by tributyltin hydride 1AIBN was

reported by Samano and Robins.74 When we subjected S' azido mPEG ester 48 to the

same reaction conditions, the formation ofthe free amine was observed by TLC

(ninhydrin), but before the reaction went to completion, the amine partially decomposed,

releasing mPEG. The same reaction, involving S' azido metbyl ester 24 gave the

corresponding S' amino methyl ester 25 in excellent yield,with no evidence ofester

hydrolysis.

A limitation ofPEG chemistry is !hat there exists no efficient and convenient way

to separate (wo different PEG-containing compounds. Although the polarity ofthe PEG

compounds is intluenced by their functional groups, it is very difficu\t, or impossible, to

separate the compounds chromatograpbically. The solubility charaeteristics of PEG

compounds are usua\ly very simiIar, precluding separation by precipitation or extraction.

73 Scrïven, E.F.V.; Tumbull, K. CheIn. Rev. 1988,88,297.
74 Samano, MC.; Robins, M.J. Tetrahedron LetL 1991,32,6293..
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• We did. however, perceive ofa way to reduce the azide where we could keep the PEG

starting material and the PEG produet separate. using polymer bound

triphenylphosphine.75 The principle is simple: the PEG azide reacts with the

triphenylphosplùne to give the polymer bound PEG phosplùne imine. as is shown in

Scheme 21. Unreacted azide stays in solution and cao be washed away. Hydrolysis of the

imine releases the pure PEG amine from the polymer. The triphenylphosplùne oxide by­

product remains on the polymer, as does any unhydrolyzed PEG imine.

Scheme21
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Azide methyl ester 24 could be c\eanly reduced by t1ùs method. but, unfortunately,

azide PEG ester 48 did not reaet. Sterie hindrance likely prevented tIùs reaction.

In the mean time a publication by Bergbreiter et al, regarding the reactivity of

reducible funetional groups attaehed to PEG towards eatalytie hydrogenations, came to

75 Holletz, T.; Cech, D. Synthesis 1994, 789.
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our attention.76 It was found that PEG did not sigrüficantly aff~ the reactiviry ofa

substrate, as long as a sterically accessible catalyst and the right solvent were used. These

researchers compared the reaetion rates ofnitro group reduetions in water 1ethanol

solvent systems, varying the water percentage from 0 % to 100 %. Wlùle there was little

effeet on the rates involving lower weight PEGs, the PEG 5000 compounds showed a

large increase in hydrogenation rate when 100 % water, rather than ethanol or ethanoll

water mixtures were used.

We felt it would be worthwhile to test if the catalytic hydrogenation ofthe PEG

nucleoside azide 48 would he similarly affeeted by a change ofsolvent. We had used

ethanol or ethanoll water mixtures for this reaetion with unsatisfaetory resu1ts, as was

mentioned before. When the hydrogenation was repeated in water with Lindlar catalyst,

there was no increase in reaetion rate, but a change ofcatalyst to platinum (IV) oxide

brought the reaetion to completion in 2 hours. This was the same reaetion rime as for the

hydrogenation ofS' azide methyl ester 24. The outcome ofthese two reaetions, however

was not tlle same. Wlùle there was no evidence ofhydrolysis ofthe methyl ester, the PEG

ester showed partial c1eaWéle ofthe PEG. These reaetions were performed on a small

scale, which made it difficu1t to analyze the by-produet, wbicù appeared on TLe on the

baseline and tested positive to ninhydrin.

The unexpeeted hydrolysis ofthe S' amino PEG ester in solution can perhaps

partially be explained by the e1ectron withdrawing effect ofcati')n impurities, which can be

trapped in the PEG, making the PEG a better leaving group. The faet that the hydrolysis

was more pronounced for small scale than for \arger scale reaetions, supports tbis premise.

The addition ofa drop ofacetic acid to the aqueous hydrogenation mixture lessened, but

did not eliminate the PEG hydrolysis. This could indieate that the hydrolysis was assisted

to some extent by the free amine, but considering the faet that 5' amino methyl ester 25

76 Bergbreiter, D.E.; Kimme1, T.; Caraway, J.W. Tetrahedron Lert. 1995,36,4757.
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could be left overnight in solution without showing any signs ofhydrolysis. this is not

like1y. Rather, the lower pH may affect the ability of the PEG to coordinate with the

cations.
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2.15 mPEG-supported S' to 3' homologation orthe homopolymers.

We had hoped that we could deprotect the 5' methylamino function ofPEG ester

51 without having the same hydrolysis problems that we encountered with 5' amine PEG

ester 49.

The Fmoc group ofester 51 (shown in Scheme 20) was quickly removed by

stirring with piperidine in acetonitrile solution and the resulting free methylamine 52

(shown in Scheme 22) was immediately precipitated from the solution by the addition of

ether. No hydrolysis ofthe PEG ester was observed. If, however, the ester was left in

contact with the piperidine solution for longer periods oftime, sorne hydrolysis occurred.

We initially performed the deproteetion reaction with piperidine in methylene

chloride as solvent. When this reaction was allowed to run for an hour or more, an

unexpected white crystalIine precipitate formed. This was characterized by NMR as a

piperidine salt, probably formed by interaction between methylene chIoride and piperidine.

Changing the solvent to acetonitrile prevented the formation ofthis unwanted side

product.

With the first deprotected nucleoside in place on the PEG support, we were now

ready to attach the next unit as depicted in Scheme 22. Fmoc protected carboxylic acid 46

was coupled to PEG supported amine 52 in a BOP-mediated reaction to yie1d dimer 53.

The progress ofthe reaction could be monitored by TLC. The coupling time was

coœiderably longer than for the formation ofthe analogous methyl ester ofmethylamide-­

Iinked dimer 47.

Because ofthe presence of the tertiary amide and carbamate bonds in dimer 53,

four rotamers were expected to be present in solution, resulting in a highiy complex NMR

spectrUm. The integration and the chemical shifts ofthe poody resolved signaIs were

compared to those ofthe methylamide dimer methyl ester 47 and were found to be in

agreement with the expected values.
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The descnoed method ofsynthesizing metilylamide thymidine hO!Ilopolymers on an

ester linked PEG support, should be applicable to H-amide hcmopolymers as weil. To

completely veIiiY tbis it would have been necessary to make the primary amine analogue

ofcarboxylic acid 46 as starting roaterial and follow the same deprotection and coupling

procedures as for the preparati'Jn ofdimer 53. Instead, we used the 5' amino PEG ester

49, obtained by azide reduClion, and coupled it to 5' azido carboxylic acid 26. Scberne 23

represents the H-amide coupling reaction.

The PEG ester ofthe H-amide linkP.d dimer 50 was characterized by NMR and the

molecular weight confirmed by MALO! mass spectroscopy (dithranol rnatrïx).

•
Scheme23

T

~L,H
BOP/TEA
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2.16 mPEG-supported 3' to S' nucleoside chain extension.

After successfully attaching two nucleoside units to PEG, starting at the 3'

carboxylic acid position, we were interested in testing the possibility of linking the

nucleoside to PEG at the 5' amino end and making the homopolymer grow in the opposite

direction.

We chose a carbamate linker because it is stable under physiological conditions,

but can still be hydrolyzed. A1though mPEG succinimidy! carbonate 55 or mPEG

nitrophenyl carbonate 56, both suitable precursors, were commercially available, they were

very expensîve. Deterred by the high cost ofcarbonates SS and 56, we had tirst tried to

introduce a carbonyl group between mPEG and the 5' amino or methylamino functions of

nucleosides 2S and 40, in a one pot reaction with triphosgene. It was not possible to get a

clean coupling reaction on a smaIl scale, because ofunavoidable inaccuracy in the use of

very smaIl quantities oftriphosgene. The reaction should work weil on a larger scale,

however. The intermediate mPEG chloroitI1Illlte 54 could be isolated, but was very

moisture sensitive.

It was found to be possible, however, to synthesize precursor carbonates 55 and

56 quickly and conveniently at a fraction ofthe commercial cost. (Scheme 24)

Gram quantities ofpure mPEG carbonates couH be prepared by stirring mPEG

with the pertinent reagents for 3 hours and precipitating out the produets with ether. Both

reactions were run with triethylamine or pyridine as added base. Triethylamine was the

superior reagent for the formation ofmPEG succinimidyl carbonate 55, but resulted in a

very slow reaction in the case ofmPEG nitrophenyl carbo-,te:56, where pyridine proved

to be a better choice. The addition ofpyridine to the nitrophenyl chIoroformate solution

gave an instantaneous white precipitate, which disappeared gradually after adding mPEG.
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• Scheme 24
0

)l 0

mPEG 5000 TEA mPEGO~1+ CI)CO COCl, •CH:CI:
54

o 0 0

mPEG5000+Ç~>y TEA ...,J-a--:>y•CH2CI2
55

0 0
0

0 0

mPEGSOOO + ~)l~O2 Pyridine mPEGO~~02•CH2CI2

•
The carbonates were synthetically equally satisfaetory for eoupling to 5' amine

25 and 5' methylamine 40, as shown in Seheme 25. The mPEG nitrophenyl carbonate has

the disadvantage, however, that the nitrophenol, whieh is re\eased during the eoupling

reaction, is toxie.

Scbeme25

ST R=H
eo R=C~

o

mPEGO----
MeC

2S R=H
40 R=CH,

R
1

•
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• The structure ofPEG carbamates 57 and 60 was confirmed by NMR. The

molecular weight ofPEG carbamate 57 was verified by MALDI mass spectroscopy, using

a dithranol matrix.

The next step was the hydrolysis of the 3' ester function of?EG nucleoside

carbamates 57 and 60. This was effected under the mildest possible conditions, by stirring

with 0.125 M aqueous KOH, followed by acidification with 0.3 M HCI. Carboxylic acid

58 could be extracted from :he aqueous solution with Methylene clùoride, using PEG's

solubility properties to good advantage.

Carboxylic acid 58 was subsequently coupled to the next 5' amino nucleoside unit

25, depicted in Scherne 26.

•
Scheme26

H T T
mPEGO~O ~L

O
-»-OH -uMe

58 + 25

BOPITEA
•

H T T
mPEGO....l: 1 _.. j.J 1 _.. 0

or'~ N~-»-OMe
59

•

By TLC we had noticed that carboxylic acid 58 was contaminated with a small

amount ofunreacted mPEG . Careful ana\ysis ofthe NMR spectta of acid 58 and dimer

59 revea1ed the presence ofSto 10 % ofunreacted mPEG. How we reached this

conclusion will be discussed in a separate chapter, dealing with the characterization ofthe

PEG conjugates in general.

Although the carbamate hydrolysis was not extensive, il was lInacceptable in view

ofthe fàct that the reaction was part ofa repeating cycle. Thus we decided to discontinue

the synthesis ofthe bomopolymers attached to mPEG by a carbamate linkage.

We were still ÎnterP.Ste<1, bowev..:·, in assessing the feasibility ofproducing a longer

PEG-supported homopolymer, extending from 3' to S'.

A linker was needed between the mPEG and the S' nucleoside position which was

more than borderline resistant to ester hydrolysis conditions. Tbere were severa! easiIy
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accessible options open to us. A variety ofcommercially available. electrophilically

activated PEGs. such as PEG tresylate. PEG epoxide or PEG aldehyde. can undergo

displacement reactions with amino groups and form an amino linkage. Alternatively. PEG

carboxylic acid. also commercially available. could be used te give an amide link. Both

linkages are stable. Since the conditions for amide bond formation between the

nucleosides were a\ready weil established., it seemed rea.wnable to chose an amide linkage.

mPEG carboxylic acid can be synthesized according to literature procedure by

reacting mPEG with ethyl bromoacetate.. followed by alkaline hydrolysis.67 To save time

and effort we used the commercial produet.

Shown in Scheme 27 is the coupling ofthe mPEG carboxylic acid to S' amino

nucleoside 25 and to S' methylarnino nucleoside 40 • yieiding conjugates 61 and 62. The

.eaction conditions were the sarne as for the formation ofPEG-supported dimer 59.

mPE~

BOP/TEA
•

C~CN

o

'(:NH
NAo

Sc:heme27•

•

25 R=H
~ R=C~

61 R=H
62 R=C~

•

There was, however, a large difference in reaction time. The PEG carboxylic acid was

very slow to reaet. It required three days for the reaction to go to completion, versus 18

hours for dimer 59 , or one hour for non-PEG amide dimers 27 and 47. Changing the

solvent from acetonitrüe to DMF made no difference to the reaction rate.

It bas been commonly assumed that soluble polymers do not appreciably influence
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• the reactivity oftheir tenninal groups towards smal1 molecule substrates.77 We have

observed that the reaction rates for PEG·bound nucleosides are generally much slower

than those involvi:lg non·PEG analogues. This is not in accordance with generally

accepted principles.78

The a1kaline hydrolysis ofester 61 resulted in carbo:'l;ylic acid 63. which was

coupled to 5' anùne 25. giving dimer 64. The hydrolysis step was then repeated. These

reactions were straightforward and yielded clean products. meeting the câteria for

repeating reaction cycles.(Scheme 28) The proton NMR spectra for monomer 61 and

dimer 64 are shown in Appendix 8 and 9, respectively.

Scheme28

10.1 MKOH
2 0.2M Hel

,- T -:10' H} 0,
mPEG0CH:z4~ ~-lIfoH

1 1

63 n =1 1-- -"n
65n=2

T °
H"" ~2...lLoMe1\J _.. 25

~- T -,'Hrol

0' 1 ..JC.o
mPEGOC..... ..JL.:....N ' Me, '2 1 1

61 n= 1 1-- - .. n
64n=2•

The PEG ester-supported S' to 3' extension ofthe homopolymers, as weil as the PEG

anùde-supported 3' to 5' homologation, required ooly a 20 % ex= ofnucleoside

monomers to make the reactions go to compietion. This compares very favourably to the

2o-fold excess commooly used in solid phase nucleotide synthesis.

We still had on band the previously synthesized tetramer amine 31. This tetramer was

•
77 Bayer, E. Angew. CheIn. 1991.30, 113.
78 Billmeyer, F.W. Textbook ofPo/ymer Science, 1984, Wdey-Interscience, New York.
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66

coupled to dimer acid 65 (Scheme 29), in order to evaluate the solubility ofthe resulting

PEG-conjugated hexamer.

Only 40 mg (0.006 mmol) ofthe hexamer was available, which made it difficult to

prepare a saturated solution. The 40 mg readily dissolved in 0.1 ml ofwater, giving a

solubility ofat least 6x 10-2 M. The concentration ofa saturated aqueous solution ofnon­

PEG tetramer arnine31, calculated from its UV absorbance, was S.Sxl0-s M. Given the

previously discussed total insolubility of the arnide-Iinked oetarner, one can extrapolate

that an arnide-linked hexamer will be less soluble than the tetramer. Comparing the

solubilities oftetramer 31 and the PEG-Iinked hexamer 66, it can be conc1uded that the

PEG conjugation increased the solubility ofarnide-Iinked thymidine bexamers by at least

three orders ofmagnitude.

Having met our objective to develop methods for the synthesis of certain modified

nucleotide chains on PEG support, we terminated our work at this stage.

A following chapter is included to descn1le the methods that were used for the

purification and the characterization ofthe PEG-adduets in general.
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• 2.17 Purification and characterization of mPEG-conjugated nucleosides.

Ali PEG adducts were purified by one of the two methods tha; are shown here in a

schematic representation.

The purification by precipitation from ether was generally found to be convenient

and efficient. ln cases where the crude reaction mixture contained a lot of salt, purification

by extraction was more effective. It was possible to extraet PEG adducts preferentially

from a toluene solution with water and from a water solution with methylene chioride. The

fina\ produet could also be recrystallized from ethanol.

An important part ofPEG methodology is the proper charaeterization ofthe PEG

conjugates. Since PEG is a very soluble molecule conventiona\ methods are often

satisfaetory.

The progress ofPEG reactions cao be monitored by TLC.. We found that an

eluent system ofmethylene chloride 1methanol, 5 1 1, resulted in Rfvalues ranging from

0.1 to 0.5 for the various nucleoside-PEG adducts. Mixtures of PEG and PEG-conjugates

tended to run close together, regardless oftheir individual Rfvalues. Changing the polarity

ofthe eluent did not give better separation.

•

Preci\litation from diethyl ether

crude reaction products

laddition of ether

floculent precipitale

lfilter

pure mPEG conjugate

Extraction

loluene solution of crude prodUCI

le:-.:traction witll HzO

HzO solution of(partially) pure product

l extraction with CH zC\~

pure mPEG conjugate
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We found, however, a way to distingcish between the unreacted PEG and the

PEG-nuc1eoside conjug3tes. New1y formed nuc1eoside-PEG conjugates were fluorescent

under UV light. A PEG spot by itself is not UV-positive, but acquires a brown colour

when the TLC plate is exposed to iodine vapour. A1though it was often not possible to get

a clear chromatographic separation ofthe two spots, we could compare the size of the

UV-positive spot with the size ofthe area coloured brown after exposure to iodine

vapour. The unreacted PEG usua11y formed a halfring around the top or the bottom ofthe

nuc1eoside-PEG conjugate and was thus easily identified. When there was no longer a

discemible difference between the size ofthe fluorescent spot and the brown spot, the

reaction was finished. Since this is an imprecise method ofmonitoring, we always

extended the reaction rime to ensure completion ofthe reaction.

IH and 13C NMR can te used for the structure characterization of PEG adducts.

The NMR spectra ofPEG by itselfare very simple. The proton NMR spectrum shows a

peak at - 3.5 ppm, while the 13C NMR signal appears at 70.0 ppm. The three protons

belonging to the methoxy end group on mPEG give rise to a singlet at 3.38 ppm, slightly

upfield ofthe large polyether backbone p:ak. We found it convenient to use this group as

a standard for the quantitative measurement ofthe degree ofsuostitution ofmPEG

conjugates. In the case ofmPEG nucleosides tht: methoxy peak was weil separated from

severa! distinctive nucleoside signais, for instance, the easily recognizable anomeric

protons at - 6 ppm.(Appendix 6) This made it possible to compare the integrations ofthe

signais. A well-resolved specttum was a prerequisite, as the methoxy peak is close to the

major PEG signal. It required 500 MHz NMR to give satisfactory results.

13C chetnica1 shifts ofPEG 1inker groups are well-documented and are usefu] for

qualitative ana1ysis ofPEG conjugates.79

Establishing the molecular weight ofthe large PEG nucleosides required special

79 Zalypski, S. Bioconjugale Chem. 1995, 6, 150.
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consideration. Traditional mass spectroscopic methods for detennination of exact

molecular weights are not satisfactory for biopolymers. such as proteins. carbohydrates

and nucleotides. These large.. polar molecules must be converted into separate ionized

species and the energy required to accomplish this. is a1so capable of destroying the

molecules.

Matrix-assisted laser desorption 1ionization (MALDI), time-of-flight spectroscopy

mass spectrometry is a method that has been successfully used for biopolymer mass

determination.80 Direct laser irradiation can supply the resonant e.xcitation energy that is

needed for io.-ization, but can a1so cause photodissociation ofbonds. The use of a matrix

circumvents this problem. The function ofthe matrix is to absorb the laser energy and

transfer it to the analyte in a controllable and efficient way. It reduces the hardness of the

ionization, but the process by which this occurs is not weil understood at this.time.

MALO1is a rniid and sensitive analytical method. A small amcunt ofanalyte is

embedded in a crystalline matrix, typical!y a small organic species with a high extinction

coeffieient, such as dithranol (1,8,9-anthracenetriol), gentisic aeid (2,S-dihydroxybenzoic)

aeid or 2,4,6-trihydroxyacetophenone. The sample must be dilute to prevent complexation

ofthe anaIyte. A laser is focused on a sample crystal, which is then ionized by short pulses

of the laser energy. After ionization the sample is accelerated to a fixed kinetic energy by

an electric potential. The ions then pass through a field-free region to a detector which

records the rime offlight. The mass ofthe ions is proportional to their ve\oeity and thus to

their rime offlight.8t

It was possible to confinn the molecular weight of PEG nucleotides by MALDI.

The mass ofPEG-adduets is not a single value, but a distnoution ofweights, 44 mass units

apart. MALDI spectra ofPEG nucleosides, taken in dithranol or gentisic aeid matrices,

showed will resolved Ganssian distnoution curves, confinning the let molecular

80 Pie\es, U.; Zürcher, W.; Schlir, M.; Moser, H.E. Nue/eic Acids Res. 1993, 21, 3191.
81 Hillenkamp, F.; Karas, M.AnaL Chem. 1991,63,1193.
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masses. An example of the MALDI spectrum ofPEG nucleside 48 can be found in

Appendix 10.
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• 3. CONTRIBUTIONS TO Kl"lOWLEDGE

1) Amide- and methylamide-linked thymidine dimers were efficiently prepared trom

thymidine.

2) It was established by thermal denaturation studies that the substitution of the

DNA phosphate group by an amide or N-mcthylamide moiety does not have an

adverse effect on the strength and specificity ofDNA-RNA hybridization.

3) An amide-linked thymidine tettamer was successfully prepared by block synlhesis.

A method was devised for one-by-one homologation ofN-methylamide-linked

r.omopolymers.

•

•

4) Methods were developed to increase the solubility ofamide-backbone nucleosides

by covalent attachment to poly(ethylene glycol), which at the same time served as

a solid support for the homologation reactions.
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4. EXPERIMENTAL

4.1 General methods.

Melting points were deterrnined using a Gallenkamp block and are uncorrected.

Low-resolution chemical ionization mass speetta were obtain~d on a DuPont 21-492B

mass spectrometer in the direct probe mode. Low-resolution FAB mass spectra were

obtained on a DuPont 21-492B mass spectrometer in the dirœt probe mode and on a VG

ZAB-2F-HS sector mass sj>ectrometer in the direct-inlet mode. A VG ZAB-2F-HS sector

mass spectrometer in the direct-inlet mode was also used for high-resolution mass spectra.

A Krates Kompaet MALDI In instrument with a 337 nm Class 3b invisible laser was used

for the MALOI TOF lI'ass spectra. Ali compounds were shown to be homogen~us by

TLC and high-field NMR. In some cases purity was verified by HPLC, using a Waters

Millipore chromatograph, equipped with a Model 450 variable wave length detector, a

Waters SOI HPLC pump and aM 45 pressure unit. lH NMR spectra were obtained on

either a Varian XL-200, Varian XL-300 or a Varian Unity 500 spectometer at 200 MHz,

300 MHz and 500 MHz, respectively. The peak assignments are based on homonuclear

decoupling and 1or COSY and 1or NOESY experlments. Chemical shifts are reported as

parts per million (ppm). The residual proton signais ;>fchloroform, methanol and DMSO

(assigned values ofô 7.24, 3.30 and 2.49, respectively) were used as references for spectra

recorded in these solvents. The multiplicities are reported using the following

abbreviations: S, singlet; ei, doublet; dei, doublet ofdoublet; t, triplet; q, quartet; Ill,

multiplet; lm, large multiplet; br, broad. 13C NMR spectra were obtained on a Varian XL­

300 or a Varian Unity 500 spectrometer at 75.4 MHz and 125.7 MHz, respectively. The

peak assignments were based, in sorne cases, on APT or HMQC experiments. The 13C

signais ;>fCDCI3, CD30D and DMSQ-d6 (assigned values ofô 77.00, 49.00 and 39.50,

respective1y) were used as references. Selected 1- and 2-D experiments are shown in
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Appendix 1. 31p NMR spectra were obtained on a Varian XL-200 or a Varian XL-300

spectrometer at 81.0 MHz and 121.4 MHz. A standard phosphoric acid solution (85 wt.

% in water) was used as an e:\1emal reference.

Methanol was distilled from magnesium. Methylene chloride was distilled from

P20S' I-yridine was disdlled from BaO. AcetClnitrile and triethylarnine were distilled from

CaH2. Tetrahydrofuran was distilled from sodium bezophenone ketyl. N,N­

Dimethylf<.rmarnide. 99.8 % a."1hydrous, was obtained from Aldrich. Thin layer

chromatography was perfomled, using Kieselgel 60 F254 alurninum-backed plates (0.2 mm

thickness). The p!:ltes were visualized by UV and / or exposure to iodine vapour. or

dipping in a rùnhydrin solution (1 g ninhydrin in 80 ml water), or a solution of 2.5 g of

ammonium molybdate and 1 g cecic sulfate in 10 % (vol/vol) sulphuric acid. The dipping

was followed by heating. Kieselgel60 (Merck 230-400 mesh) was c.Ised for colurnn

chromatography.



•
4.2 Experimental for section 2.2 and 2.3•

S'-O-t-Butyldiphenylsilyl-3'phenoxythion:>thymidine (2a).

To a solution of5'-O-t-butyldiphenylsilylthymidine (2.80 g. 5.82 =01) in

methylene chloride (60 ml) and pyridine (2.3 ml), under nitrogen atmosphere. was added

OMAP (700 mg, 5.82 nunol). The solution was $lirred for 5 min in an ice-water bath.

before the addition ofphenyl thionochloroforrnate (2.50 ml, 17.5 nunol) over 10 min. The

cooling bath was removed and $lirring continued for 2.5 h. The reaction rnD.."ture was

washed with water (3 X 50 ml) and dried over sodium sulfate. After filtration the ~olvent

was evaporated under reduced pressure to give the crude produet as a sticky, light brown

solid. This solid was triturated with ether (2 X 100 ml) to yield a pale, beige powder

(2.87 g, 80 %). The yield could be increased to 89 % by colleeting the trituration ether,

evaporating it and repeating the triturating $lep, using 50 ml ether. \H NMR (200 MHz,

COCI3): 01.10 (s, 9 H, t-butyl), 1.62 (s, 3 H, Me at CS), 2.44 (m, 1 H, H2'a,), 2.74 (m, 1

H, H2'b), 4.09 (br S, 2 H, H5'), 4.36 (m, 1 H, H4'), 5.86 (m, 1H, ID'), 6.50 (dei, 1H,

Hl'), 7.06 -7.70 (m, 11 H, aromatic + H6), 8.18 (br S, 1H, H at N3). JHI'-H2'n =4.9 Hz,

JH1 ••H2'b =93 Hz.

?~.-
R 3. R. e:tf2CHCH2

.. R· CH,C(O)H

k R· CH,C(O)OMo

Ga R· CH,C(o)OH

5'-D-t-ButyldiphenylsilyJ..3'-aIIyI-3'-deoxytbymidine (3a).

Nucleoside 2a (3.20 g, 5.19 mmol) was dissolved in toluene (18 ml). A stream of

nitrogen was bubbled through the solution for 20 min. To the solution were then added

aIlyltributyl tin (4.6 ml, 15.6 mmol) and AIBN (137 mg, 1.01 mmol) with carefu1 Cl<.clusion
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of air. The reaction was heated to 800 C under reflux. under nitogen atmosphere. for :: h

The solvent was evaporated and the crude product chromatographed over silicagcl

(hexanes / ethyl acetate. 7 / 3. vOl/vol). The product was isolateù as a white lcam

(\.83 g) in 70 % yield. 1H NMR (200 MHz. COCI,): 0 \.09 (s. 9 H. t-butyl). 1.63 (s. 3 H.

Me at CS). 2.00 - 2.56 (In. 5 H. H2'. H3'. H3"). 3.78 (m. 2 H. H4'. H5'b). 4.07 (A of

ABX, 1 H, H5'a). 5.07 (In. 2 H. H3'm). 5.72 (m. 1 H. H3"'). 6.14 (t. 1 H. HI'). 7.32 - 7.73

(m, II H, aromatic + H6). S.32 (br s. 1 H. H at N3). JH1'.112'•.b~· 5,4 Hz. LRMS (FAB,

NBA): mie 505 (M+W. 16.6 %). 379 (M+W - thymine. 52.6 %).239 (TBOPS+.

18.9 %).

Thymidine 3' aldehyde analogue (4a).

5'-O-1-Butyldiphenylsilyl-3'-allyl-3'-deoxythimidine 38 (1.65 g, 3.26 mmol) was

dissolved in ether (10 ml). Water (10 ml) and osmium tetroxide (13 mg. 0.051 mmol)

were added. Sodium periodate (1.62 g, 7.6 mmol) was added over a period 000 min,

while the mixture was stirred vigorously. Stirring was continued for another 2.5 h, after

which the reaction was diluted with methylene chloride (200 ml). The mixture was washed

with saturated sodium bicarbonate (2 X 50 ml) and saturated brine (50 ml), before being

dried over sodium sulfate. It was filtered and the solvent removed i" vaCllO. The crude

produet was purified chromatographica\ly (silicagel column, ethyl acetale / hexanes, 3 / 2,

vol/vol) toyield a whitefoam (994 mg, 60 %). 1H NMR(200 MHz, COCI3):0 1.09 (s, 9

fi,l-butyl), 1.66 (el, 3 fi, Me at CS), 2.35 - 3.94 (m, 5 fi, H2', HJ', HJj, 3.71 - 3.86

(overlapping m, 2 fi, H4', HS'a), 4.07 (B ofABX, 1 h, HS'b), 6.18 (dei, 1 fi, HI'), 7.35­

7.74 (m, Il fi, aromatic + H6), 8.40 (br s, 1 fi, H at N3), 9.73 (s, 1 fi, -CH2C(O)H).

IMeIUC5-H6 =1.1 Hz, IHI'_H2'a =4.9 Hz, IHI'_H2'b =6.9 Hz. LRMS (FAB, NBA): mie 507

(M+H+, 8.0 %), 381 (M+W - thymine, 21 %),239 (TBOPS+, 17.3 %).
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S'-O-t-Butyldiphenyl~ilyI-3'-carbox::,methyl-3'-deoxythymidine (6a).

To aldehyde 4a (222g. 4.38 mmol) were added dl) DMF (15 ml) and pyridinium

dichromale (3.29 g. 8.76 mmol). The solution was slirred i;nder nitrogen almcsphere for

;h. The reaclion mixture was poured into waler (150 ml ) and the resulling precipitate was

filtered off. It was washed with water until the filtrate IT.n colourless and dried under

vacuum. The prl)dUCI (1.83 g. 80%) was used wilhout further purification for the ne.xt

reaction. LR.MS (CI-NH, ): mie 533 (M+W, 1.1 %),397 (M+W- thymine, 20.9 %),127

(thymine+H+, 100 %). The compound was further characterized as its methyl ester Sa.

S'-O-t-Butyldiphenylsilyl-3'-carbometboxyruethyl-3'-deoxythymidine (Sa).

(Method 1)

To acid 6a (26 mg, 0.050 mmol) were added dry methanol (1 ml) and

trimethylsilyl ch10ride (14!J.\, 0.11 mmol) under nitrog~ atmosphere. The solution was

stirred for 3h. A drop ofTEA was then adde<! and the solvent was evaporated under

vacuum. The crude produet was purified by flash chrornatography (hexanes 1ethyl acetate,

3 12, vol 1vol) to yie1d the title compound (14 mg, 50 %) as a pale ye1low foam.\H NMR

(200 MHz, CDCL3): ô1.09 (s, 9 H, t-butyl), 1.63 (s, 3 H, Me at CS), 2.18 (m, 1 H, H2'a),

2.32 (m, 2 H, H2'b, ID"a), 2.45 (B ofABX, 1 H, ID"b), 2.81 (m, 1 H, ID'), 3.67 (s, 3 H,

-OCH3 ),3.78 (m, 2 H,H4', HS'a),4.03 (l3ofABX, 1 H,H5'b),6.14(dd.l H,Hl'),

7.33-7.68 (m, Il H, arornatic, H6), 8.32 (br.s., H at NJ). JHI'-Il2'a = 5.0 Hz,

JHI'_R21> = 6.6 Hz. nC NMR (74.5 MHz, CDCI3): ô 12.22 (Me at CS), 19.38,27.01

(t-butyl), 34.61 (C3'), 36.61 (C3"), 38.68 (C2'), 51.84 (OMe), 63.84 (CS'), 85.58, 85.06

(Cl', C4'), 110.87 (CS), 127.91-135.59 (6lines, aromatic, C6), 150.44 (C2), 163.86 (C4),

171.91 (C3"'). LRMS (FAB, NHA): mie 537 (M+W, 13.0 %), 411 (M+W - thymine,

100 %), 353 (M+W - thymine - t-butyl, 70 %). HRMS (FAB, glycerol): mie ca\culated

for C2~30N206+ W, 537.2372; found 537.2423.
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• 5'-V-t-Butyldiphenylsilyl-3'-ca"bometho'~'meth~'1-3'-deox~·th~·midine (Sa).

(Mdhod 2)

To aldehyde 4a (140 g. 366 mmo1) were adde<! dry Dl\1F (50 ml) and dry

methanol (890IlI. 22.0 mmo1) under nitrogen atmosphere. The solution wa~ stirred for 0 5

h. before the addition ofpyridinium dic~omate (8.90 g. 220 mmo1) Stirring was

cor:tinued fur 1Il. during which time the \:olour change<! ITom clark orange to dark green

The reaction mi.~re was then poured into 100 ml ethyl acetate and the resulting slurry

was fi!tered through 1.5 c:n ofsilica gel. previously welted with ethyl acetllte. lt was rise<!

with 20 ml ethyl acctate. The combined solvents were evaporated under vacuum to yield

the ride compound (1.43 g. 95%) as a pale ye\low foam. The spectral dr.:a were the >aIlle

as those obtained fi'om method 1.

S'-N-Methybtmino-S'-c!eoxythymidine (12).

A 50 ml round-bottomed tlask, Sloppered w;th a rubber sepl.1m. vented by li

hypodermic needle, was filIed with 40 % aqueous methylamine (12 ml. 160 mmol) and

5'-tosylthymidine (2.80 g. 7.07 mmol). The solution was stirred at 550 C for 2 h and

allowed to cool to room temperarure. The solvent and e.'l(cess methylamine wei-e

evaporated under reduced pressure and the crude residue was purified by flash

chromatography (methylene c1ùoride 1methanoll TEA, 80 120 Il, vol 1vol 1vol), to

yield 1.50 g (83 %) ofa white powder. This powder crystalJjze:f upon standing in

methylene cIùoride. m.p 143-1450 C. tH NMR (200 MHz.C~OD): ; 1.88 (cl. :m. Me al

CS), 2.22 (m. 2H, H2'), 2.42 (50 3H, N-Me), 2.78 (A ofABX, IH, H5'a), 2.82 (B of

ABX, IH, HS'b), 3.91 (m. IH, H4'), 4.22 (m. IH, ID'), 6.20 (1, IH, Hl'), 7.48 (cl. IH,

H6), J MUICS-H6 = 1.1 Hz, J Hsa-Hsb = -12.5 Hz, J HSa-H4" = 8.4 Hz, J fIS'l>.Hof = 3.73 Hz,

J H1'-f12'a,b= 6.8 Hz. t~ NMR (75.4 MHz. ~OD): ô 12.4 (Me al CS), 36.3 (N-Me),

40.1 (0'),54.7 (CS'), 73.4 (0'), 86.2 (C4'), 111.8 (CS), 138.1 (C6), 152.4 (0),166.5

(C4); LRMS (CI-NH3): mie 256 (M+W, 100 %),130 (M+W-thymine, 44 %), 127
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(thymine+W, 37 %). HRMS (CI, NH3): mie calc-..l1ated for CII H17N30 4 + H+, 256.1297;

found 256.1297.
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4.3 Experimental for Sect.ions 2.4 and 2.7.

S'-O-t-ButyldipbenylsilyITmaT (17).

(TmaT = methylllmide-linked tbpliliine dimer)

To dry DMF (5 ml) were added S'-O-t-butyldiphenyl-3'-carbo:l:ymethyl-S',3'­

dideoxythymidine 6a (484 mg, 0.927 mmol), S'-methylamino-S'-deoxythymidine 12 (236

mg, 0.927 mmol) and TEA (250 l-Ù. 1.85 mmo1). This solution was stirred under nitrogen

for 0.5 h, when BOP coupling reagent (408 mg, 0.927 mmol) was added. Stirring was

continued for 0.5 h, after which the solvent was removed in VQalo. Purification of the

crude produet (flash chromatograpby, eluent: methylene chloride 1methanol, 23 12. vol 1

vol), gave a white foam (563 mg, 80 %). The proton NMR spectrum indicated the

presence oftwo rotamers in a ratio of- 3: 1. IH NMR (300 MHz.. CDCI3), selected data:

li 1.09 (s, 9 H, t-butyl),1.61 (5,3 H, Me at CS), 1.85 (s, 3 H, Me at CS). 2.99 (s, 3 H,

-NMe), 6.10 - 6.38 (unresolved Ill, 2. H, HI'), 7.02 -7.64 (12 H, aromatic, 2 X H6), 9.45

(major), 9.68 (minor) (s, s, 1 H, H at N3), 9.80 (s, 1 H, H at N3). LRMS (FAB. glycerol):

mie 760 (M+W, 21.6 %),634 (M+W - thymine,IOO %), 508 (M+W - two thymine,

20.2 %). HRMS (FAB, glycerol): mie ca\culated for C39~9Ns09Si+ H+, 760.3378;

found 760.3377.

RO

o

'(NHNAc

OR'

17 R=TBDPS
18 R=H
19 R=DMTr
20 R=DMTr
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TmaT diol (18).

To a stirred solution ofTBDPS-TmaT 17 (563 mg, 0.724 mmol) in THF (10 ml)

under an atmosphere ofnitrogen was added tetrabutylarnrnonium fluoride in THF (2.2 ml,

1M) over a period of5 min. After 45 min.. the solvent was removed in vaclio to yield a

white foam. Purification by flash chromatography (methylene chloride / methanol, 17 / 3,

vol/vol) afforded the tide compound as a white powder (550 mg, 89 %). The proton

NMR. spectrum indicated the existence ofa mixture ofcis and trallS rotamers, in a ratio of

1:2). IH NMR. (500 MHz, CD30D): 0 1.87 (overlapping cl, 6H, Me at SCS and 3CS),

2.03 - 2.15 (m, sH2'a,b major, minor), 2.20 - 2.32 (m, 3H2'a,b major, 3H2'a minor), 2.47­

2.56 (overlapping m, A of ABX, ID", 3a"" minor), 2.54 (B ofABX, ID"), 2.70 (m, SID'

major, minor), 2.98 (s, -NMe, minor), 3.11 (s, -NMe, major), 3.50-3.92 (m, sH4', 3H4'

minor, sHs', 3H5'), 4.06 (m, 3H4' major), 4.23 (m, 3ID' major), 4.34 (m, 3ID minor), 6.00

(dei, sHI' minor), 6.04 (dcl, sHI' major), 6.08 (dcl, 3HI' minor), 6.24 (t, 3HI' major), 7.41

(cl, 3H6 minor), 7.59 (cl, 3H6 major), 7.99 (cl, sH6 minor), 8.02 (cl, sH6 major),

JSH6-SMe =1.0 Hz, J3H6-3Me =1.4 Hz, J3Ht'.3H2'o,b =7.1 Hz (major),

J3Ht-3H2'1l =7.8 Hz (minor), J3Ht'.3H2'b =5.4 Hz (minor), JSHt'.5H2'1l =7.3 Hz (major) ,

JSH1"~'b =3.2 Hz (major), J~t'.SH2'1l =6.8 Hz (minor), JSHt'.SH2'b =3.4 Hz (minor).

I3C NMR. (125.7 MHz, CD30D): 0 12 .25, 12.37, 12.39 (Me al CS), 34.64, 4.84,34.85,

34.96 (SC3', N-Me), 36.15, 36.31 (C3"), 39.72, 39.83, 40.10 (CZ'), 50.68 (3Cs' major),

52.75 eC5' minor), 62.00, 62.14 (SCs'), 72.54 (3C3' minor), 73.36 (3C3' major), 84.83

(3C4'), 86.17 (SCl'), 86.51 (3CI' major), 87.40 (3Cl' minor), 87.45 (SC4~, 110.67, 111.73,

111.88 (C5), 138.03, 138.24, 138.29, 139.06 (C6), 152.00, 152.15, 152.19, 152.26 (C2),

166.16, 16.40, 166.46 (C4), 173.99, 174.02 (C3'"). LRMS (FAB, NBA): mie 522 (M+H+,

1.1 %),396 (M+W - thymine, 5.5 %).
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• S'-O-DimethoxytritylTmaT (19).

Pyridine (3m1) was co-evaporated from TmaT diol 18 (123 mg. 0,236 mmol), and

the residue redissolved in dry pyridine (3m1), To tbis solution were added. under nitrogen

atmosphere, OMAP (20 mg. 0,164 mmol) and dimethoxytrityl ehloride (225 mg. 0,664

mmol). After stirring for 3 li, the solvent was evaporated in VQC//O and the produet purified

by flash eluomatography (methylene ehloride 1methanoll triethyl amine. 100/5/1. vol 1

vol 1vol). A wbite foam (175 mg, 90 %) was obtained, wbieh exists as!Wo rotamers in

solution, in a ratio of4: 1. IH NMR (200 MHz,COCI3 + drop ofpyridineO~). selected

data: 0 1.42,1.52 (minor, major, s. s, 3 H, Me at C5), 1.86,1.91 (minor, major, s, s. 3 H,

Me at C5), 2.94, 2.99 (minor, major, s, s, 3 H, -NMe), 3.78 (s, 6 H, 2 X -OMe). 6,02­

6.18 (m, 2 H, Hl'), 6.78-7.48 (m, 14 H, aromatie plus H6), 7.61 (50 H6). LRMS (FAB,

NBA): mie 824 (M+H+, 0.2 %), 303 (DMT", 52.0 %),

S'-O-DimethoxytritylTmaT.,J'-phosphoramidite (20).

«DMTrTmaT 19 (68mg, 0.083 mmol) was eo-evaporated with dry pyridine (3

ml), The residue was redissolved in dry methylene chIoride (4.5 ml), under nitrogen. To

tbis solution was added, while stirring, TEA (60 J.Ù, 0.45 mmol), followed by dropwise

addition of2-cyanoethyl-N,N-diisopropylchIorophosphorarnidite (41 J.Ù, 0.18 mmol). After

1 h the reaction mixture was diluted with ethyl aeetate (10 ml), washed with saturated

NaCI (2 ml) and dried over anhydrous sodium sulfate..Purification by flash

chromatography (methylene ehloride 1methanol! TEA, 100 15 Il, vol 1vol 1vol) yielded

the desired produet (80 mg, 94%), a cream-coloured foam, wbich exists in solution as a

mixture of rotamers ofthe two phosphorarnidite isomers. 31p NMR (121.4 MHz, CDCI3

+ drop ofpyridineD~): 0 144.8 (50 major), 145.0 (5, minor), 145.3 (5, major), 145.6

(5, minor). LRMS (FAB, NBA): mie (M + (C2HshNH+, 33.7"AJ).
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S'-O-t-ButyldiphenylsilyITaT (14)•

R'=H
R'=H
R'=H
R' =p(OCH:zCH2CN)N(~r12

14 R=TBDPS
16 R=H
21 R=DMTr
22 R=DMTr

RO

(TaT = amide-linked thymidine dimer)

ln a Jound-bottomed f1ask were placed s'-O-t-butyldiphenyl-3'-carboxymethyl­

5',3'-dideoxythymidine 6a (522 mg, \.00 mmol), 5'-amino-s'-deoxythymidine and dry

DMF (5 ml) under nitrogen atmosphere. To trus solution were added TEA (270 !-lI, 2.00

mmol) and BOP coupling reagent (442 mg, 1.00 mmol). The reaetion mixture was Slirred

for 1h, after wruch the solvent was removed under reduced pressure. The crude product

was purified by flash chromatography (methylene chloride /methanol, 25 /2, vol/vol), to

yield the tille compound (599 mg, 80%) as a light yellow foam. The NMR spectrum was

not sufficienlly well resolved to allow a detailed analysis. 1H NMR (200 MHz, CDCI3)

selected data: S 1.09 (s, 9 li, t-butyl), 1.56 (s, 3 li, Me at CS), 1.83 (s, 3 li, Me at CS),

5.91 (br t, 1 li, HI'), 6.05 (br t, 1li, HI'), 7.11-7.65 (m, 12 li, aromatie, 2 X H6), 8.79

(br s, 1 li, -C(O)NH). MS (FAB, NBA): mie 746 (M+H+, 5.1 %),620 (M+H+ -thymine,

100 %), 494 (M+W -two thymine, 22.5 %). HRMS (FAB, glycerol): mie calcu\ated for

C38~6Ns09Si + W 746.3221; found 746.32"".
o

'{À

•

97



•

•

•

TaT diol (16)•

Oimer 14 (490 mg, 0.65 mmol) was deprotected by stirring in THF (12 !T'l) with

tetrabutylammonium fluoride (2.5 ml, 1M in THF) for 3/4 h. After removal of the solvent

under vacuum and flash chromatogaphy (methylene chloride ImethanoI. 17/3, vol 1vol),

the pure product (200 mg, 65%) was isolated as a white powder. tH NMR (500 MHz.

C0300): Ô 1.86 (d, 3 H, Me at CS), 1.87 (d, 3H , Me al CS), 2.13-2.28 (m. SR H2',

ffi"a), 2.44 (B of ABX, IH, ffi''b), 2.67 (ID, IH, SH3'), 3.41 (A of ABX, 1 H, 'HS'a),

3.52 (B of ABX, 1 H, 3HS'b), 3.72 (m, 2 H, sH4', SHS'a), 3.90 (ID, 2 H. 3H4', SHS'b), 4.23

(ID, 1 H, 3ffi'), 6.03 (dd, 1 H, sHl'), 6.16 (t, 1 H, 3Hl'), 7.48 (d, IH, H6), 7.99 (d, IH.

H6). J3HI'.3H2':l.b= 6.8 Hz, JSH1,.SH2':l.b = 2.9,6.8 Hz, 6.83 Hz, JH3'u-H3"b = -14.2 Hz,

JMc al CS -H6 =0.9 Hz, J3HS'a.3HS'b =-13.9 Hz, J3H4'.3HSa =7.87 Hz, J3H4,_3HS'b =4.34 Hz.

I3C NMR (125.7 MHz, C0300): ô 12.42, 12.45 (Me at CS), 35.36 (SC3'), 38.66 (C3"),

39.76,39.93 (CZ'), 42.39 (3CS'), 61.86 (SCS'), 72.98 (3C3'), 86.10 (3C4'), 86.15 (SCl'),

87.15 (3Cl'), 87.35 (SC4'), 110.72 (CS), 111.69 (CS), 138.11 (C6), 138.16 (C6), 152.63

(C2), 152.90 (C2), 167.16 (C4), 167.34 (C4), 174.15 (C3'"). LRMS (FAB, NBA): mie

508 (M+W, 2.0 %), 382 (M+W - thymine, 8.2 %), 256 (M+W - 2 thymine, 6.0 %), 242

(S'-amino-S'-deoxythymidine+W, 100 %).

S'-D-DimethoxytritylTaT (21).

After co-evaporating a solution of TaT 16 (200 mg, 0.394 mmol) in dry pyridine

(3 ml), the compound was redissolved in dry pyridine (3 ml) and stirred with TEA (137 j.Ù,

1.00 mmol) and dimethoxytritylch1oride (338 mg, 1.00 mmol) for 1 h under nitrogen. The

solvent was evaporated under vacuum and the prodUCl purified by flash chromatography

(methylene chloride1methanoll TEA, 100 15/1, vol 1vol 1vol). The title compound

(295 mg, 92%) was obtained as a white powder. IH-NMR (300 MHz, COO3 + drop of

pyridineD~,seleeted data: ô 1.43 (5, 3 H, Me al CS), 1.89 (5, 3 H, Me al CS), 3.73 (5, 6

H, 2 X-CCH3), 5.70 (1. 1 H, HI'), 6.18 (dei. 1 H, HI'), 6.78-7.48 (ID, 14 H,aromatic.
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H6), 7.63 (s, 1 H, H6). LRMS (FAB, NBA): mie 810 (M+W, 0.4 %),303 (DMT'",

49.1 %).

S'-O-DimetboxytrityITaT-3'·pbospborlimidite (22).

To DMTrTaT 21 was added 5 ml pyridine, which was immediately evaporated

under reduced pressure. The residue was redissolved in dry methylene chloride (20 ml)

and TEA (264 J.Ù, 2 mmol) was added under nitrogen. Subsequently,2-cyanoethyl-N.N­

diisopropylchlorophosphoramidite (180 J.Ù, 0.81 mmol) was added, dropwise, while

stirling. Stirling was continued for 1 h, after which the reaction mixture was diluted with

50 ml ethyl acetate, followed by washing with saturated brine (l0 ml). The solution was

dried over anbydrous sodium sulfate, filtered and the solvent evaporated in VQelIO. Final

purification was effected by flash chromatography (methylene chloride 1methanoll triethyl

amine, 100 15 Il, vol 1vol 1vol), to yield the titie compound as a pale yellow foam (316

mg, 86%). 31p NMR. (121.4 MHz, CDCl3 + drop ofpyridineD4l: ô 150.63 (s), 151.04

(s). MS (FAB, NBA): mie 1111 (M + Et3mrr, 80.6%).
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4.3 Experimental for section 2.10.

R'= CH3

R'= CH3

R'= CH3

R'= CH3

R'=H

8 R=OH
23 R=OMs
24 R=N3
2S R=NH2
28R=N3R'O

3'-Carbomethoxymethyl-3'-deoxythymidine (8).

The 5'-silyl protecting group of compound 5 (950 mg. 1.8 mmol) was deprotected

by stirring the compound in THF (12 ml) with tetrabutylammonium fluoride (1.8 ml. 1 M

solution in THF) for 3/4 h. After remova1 ofthe solvent under reduced pressure. the crude

product was purified by column chromatography (silica gel height. 8 cm), using ethyl

acetat(; as eluent. A white foam was obtained in quantitative (~30 mg) yield. The NMR

data were in agreement with those obtained by J.-F. Lavallée for the tide compound

synthesized by a different method.22

o

'(NH
o NÀo

S'-Q-Mesyl-3'-carbomethoxymethyl-5',3'-dideoxythymidine (23).82

3'-Carbomethoxymethyl-3'-deoxythymidine 8 (829 mg, 2.8 mmol) was dissolved in

methylene chloride (30 ml), under nitrogen atmospher~. After adding triethylamine (0.8

ml, 5.6 mmol), the solution was cooled to -1 ()O C in an iee-salt bath and stirred for 15 min.

Mesyl chlori<re (0.25 ml, 3.3 mmol) was then added over a 15 min period. Stïrring was

contillued for 1 h. The reaction mixture was then diluted with methylene chloride (loo ml)

and washed with a saturated sodium bicarbonare solution (2 XI5 ml) and water (15 ml).

The solution was dried over sodium sulfàte and tiltered. A'ier evaporation, under reduced

pressure, ofthe solvent the tit1e compound was isolated as a cream-coloured foam in

82 Compounds 23,24 and 25 were prepared according to J.-F. Lava11ée's methods.
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quantitative yield (1.04 g). IH NMR (200 MHz, CDCI3): ô 1.94 (d, 3 H, Me at CS),

2.17- 2.76 (m, 5 H, HZ', H3', ID"), 3.07 (s, 3 H, Me on mesyl), 3.70 (s, 3 H. -OMe), 4.00

(m, 1 H, H4'), 4.40 (A ofABX, !H, H5'a), 4.54 (B of ABX, 1 H, H5'h), 6.14 (dd, 1 H,

HI'), 7.42 (d, IH, H6). I Me ut cs • H6 = 1.2 Hz, I HS'u_ HS'b =-11.3 Hz, I HS,u. H4' =3.63 Hz,

I HS'I>- H4' =2.32 Hz, I H1,. H2'u =4.8 Hz, I H1,. H2'b =6.4 Hz. 13C NMR (74.5 MHz, CDCI3):

ô 12,42 (Me at CS), 34.57 ( C3'), 36.43 (C2'), 37.69 (Me on mesyl), 38.03 (C3"), 52.09

(OMe), 69.05 (CS"), 82,21 (CI'), 84.82 (Cl'), 111.35 (CS), 135.20 (C6), 150.30 (C2),

159.17 (C4), 171.69 (C3m
). LRMS (Cr - NH3): mie 377 (M + W, Il %),251 (M + W­

thymine), 127 (thymine + W, 53 %).

5'-Azid0-3'-carbomethoxymethyl-S',3'-dideoxythymidine (24),

To a stirred solution ofmesylate 23 (1.02 g. 2.71 mmol) in DMF, under nitogen

atmosphere, was added lithium azide (623 mg. 12.7 mmol). The solution was heated in a

95° C oil bath for 1 h. The solvent WOlS evaporated under reduced pressure and the residue

was purified by flash chromatography. The eluents were ethyl acetate 1hexanes, 2/1, vol

1vol. After evaporation ofthe solvents ill l'aelle>, the title compound was isolated as a

white foam (684 mg. 78 %). lH NMR (500 MHz, CDCI3): ô 1.92 (50 3 H, Meat CS), 2.16

(m, 1 H, H2'a), 2.31 (m, 1 H, H2'h), 2.42 (A ofABX, 1 H, ID"a), 2.50 (B ofABX, 1 H,

ID"b), 3.53 (A ofABX, 1 H, HS'a), 3.69 (s, 3 H, -oMe), 3.76 (B ofABX, 1 H, HS'h),

6.14 (dd, 1 H, Hr), 6.46 (50 1 H, H6). JH3'_H3"a= 7.3 Hz, JH3'_H3"b =6.8 Hz,

JH3'a_H3"b =-16.1 Hz, JH4,-H5'a =3.7 Hz, JH4,_H5'b =2.9 Hz, JH!,_ m'a,b = 4.7,7.0 Hz.

13C NMR (74.5 MHz, COCI3): ô 12.9 (Me al CS), 35.5 (C3'), 36.6 (0'), 38.5 (C3"), 52.4

(-oMe), 52.7 (CS'), 83.4 (C4'), 84.8 (Cl'),111.6 (C5\ 135.8 (C6), 150.9 (0), 164.3

(C4), 172.4 (C3~. HRMS (FAB, NBA): mie calcu1ated for CI3H17Ns06 + W, 324.1308;

found 324.1307.
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S'-Amino-3'-earbomethoxymethyI-S'-3'-dideoxythymidine (25)•

A solution of 5' azidothymidine analogue 24 (450 mg, 1,4 mmol) in methanol (40

ml) was stirred in the presence of Lindlar catalyst (150 mg) under hydrogen at

atmospheric pressure for 5 h. The reaction mixture was then filtered through 1 cm celite in

a sintered glass filter. The filtrate was evaporated to dryness ill vaCIIO 10 give amine 25 in

quantitative yield (412 mg). 1H NMR (200 MHz. CD30D): li 1.88 (s. 3 R, Me al CS),

2.10 - 2.60 (m, 5 R, H2', ID', H3"), 2.85 (A of ABX, 1 H, H5'a), 2.96 (B of ABX, 1 H,

H5'b), 3.67 (s, 3 R, -OMe), 3.65 - 3.71 (m. 1 H ,H4'), 6.07 (dd. 1 R, Hl'), 7.56 (s, 1 H,

H6). JHI'. H2'a = 4.2 Hz, JHI'_H2'b = 7.4 Hz. JHS'll,b = -13.5 Hz, JH4,. H5'a = 7.3 Hz.

JH4,. H5'b = 2.0 Hz. 13C NMR (74.5 MHz, CD30D): li 12.3 (Me at CS), 36.9 (C3'), 37.2

(C2'), 38.8 (C3"), 44.8 (C4'), 52.3 (-OMe), 54.7 (CS'), 86.3, 86.9 (Cl', C4'), 111.8 (CS),

138.4 (C6), 152.7 (C2), 166.8 (C4), 174.5 (C3~). HRMS (FAB, glycerol): mie calculated

for C13H19N30S + W, 298.1403; found 298.1403.

S'-Azid0-3'-earboxymethyl-S',3'-dideoxytbymidine (26).

Ester 24 (150 mg, 0.47 mmol) was dissolved in THF (5 ml) and 10% aqueous

KOH (0.8 ml) was added. The mixture was stirred for 40 min. It was subsequently

acidified with lM HCI to pH - 2 and concentrated under reduced pressure to 1 ml. This

was extraeted 5 times, each with 20 ml CH2CI2. The organic phases were combined and

dried over Na2S04' Evaporation ofthe solvent yielded the desired produet as a white

foam (129 mg, 90%). tH NMR (300 MHz, CD30D): li 1.91 (d, 3H, Me al CS), 2.23 (m,

IH, H2'a), 2.33 - 2.67 (m, 4H, H2'b, ID', ID"), 3.90 (m, IH, H4'), 6.13 (q, IH, HI'),

7.64 (d, IR, H6). JMcalCS-H6 = 1.2Hz, JH4,.H5'a = 2.2 Hz, JH4,-H5'b= 35 Hz,

JH5'a.H5'b= -135Hz, JHI'.H2'a =7.4Hz, JHI'.H2'b =4.0 Hz. 13C NMR (75.4 MHz,

CD30D): li 12.50 (Me al CS), 36.77 (C3'), 36.97 (0'), 38.79 (C3"), 53.39 (CS'), 84.78

(C4'), 86.02 (Cl'), 111.56 (CS), 137.74 (C6), 152,35 (0), 166.40 (C4), 175.36 (C3~.

LRMS (CI-NH3): mie 310 (10"/0, M+H+), 184 (10"/0, M+W), 127 (100"/0, Thymine +
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W), HRMS (FAB, g1ycerol): mie calculated for CI3HlSNsOs + W, 310,1152; found

310,1152,

Amide-linked SS'-azid0-33'-carbomethoxymethyl thymidine dimer (27).

Luo~LuO
N,,[~'2..JL..N~'2-1LoMe

Carboxylic acid 26 (110 mg, 0,36 mmol) and amine 25 (106 mg, 0,36 mmol),

DMF (5 ml) and triethylamine ( 80 1J,1, 0.58 mmol) were combined in a tlask, under

nitrogen, and stirred for 10 min, BOP coupling reagent (159 mg, 0,36 mmol) was added

and stirring was continued for 1 h. The solvent was then removed in VQettO. Tne brown,

oily residue was ::ubjected to silicagel column chromatographic purification ( CH2CI2 1

methanol, 92/8, vol 1vol), Dimer 27 was isolated as a colourless sticky foam (182 mg, 87

%). \H NMR (500 MHz, CD30D): ô 1.88 (d, 3R, CH3 at C5), 1.91 (d, 3R, CH3at C5),

2.40 - 2.67 (m, 10 H, H2', ID', ID"), 3.49 -3.72 (m, 4H, HS'), 3.67 (50 3R, -OMe), 3.79

(m, IR, H4~, 3.89 (m, IH, H4~, 6.00 (dd, IR, sHI~, 6.11 (dd, IR, 3Hl'), 7.52 (d, IR,

H6), 7.62 (d, IH, H6). JH6-McatCS = 1.1 Hz, 1.2Hz, J3HI'_3H2'a,b = 3.9,7.3 Hz,

JSHI'.SH2'a,b= 4.2, 7.8 Hz. 13C NMR (125.7 MHz, CD30D): ô 12.2 (M ~ at C6), 36.6 (C3"),

38.5 (C2'), 36.9 (Cn 38.5 (0'), 42.0 (CS'), 52.0 (OMe), 53.2 (CS'), 84.5 (C4'), 84.9

(C4'), 85.8 (CI~, 87.8 (CI~, 113.2 (CS), 137.8 (C6), 138.4 (C6), 153.8 (0),154.0 (C2),

164.5 (C4), 167.1 (C4), 169.0 (SC3'"), 175.6 (3C"). LRMS (FAB, NBA): mie 589 (13%,

M+W), 337 (100"/0, M+W-2 thymine). HRMS (FAB, glycerol): mie calcu1ated for

C25HllNSOg + 11'", 589.2370; found 589.2370.

Dimer carboxylic acid (28).
T T

~?'~~-ÎoH

To a solution ofdimer 27 (90 mg, 0.15 mmol) in 1lIF (2 ml) was added aqueous

KOH (0.3 ml, lM). After stirring 1.5 h, the solution was acidified with 0.1 M HCI to
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pH - 6. The reaction mixture was evaporated to dryness under reduced pressure. The

white, powdery residue was used without furthc:r purification for the synthesis of telramer

30.

Arnino dirner (29) •

T 0 H T

~J-e~.J4J-e~JL.oMe

A solution ofdimer 27 (75 mg, 0.13 mmol) in methanol (10 ml) was placed in a

hydrogenation bottle and shaken for 5 h under hydrogen pressure (5 lbs) in the presence

ofLindlar catalyst (30 mg). The reaction was fol1owed by TLC. When ail the starting

material had been replaced by a new, more polar, sPOt which tested positive to ninhydrin,

the hydrogenation was stopped. Methanol (10 ml) was added prior to filtration through a

sintered glass tilter, containing 1 cm celite. Mer filtration the celite was rinsed with

methanol (15 ml). Evaporation ofthe solvent under reduced pressure yielded a white

powder (60 mg, 84%). lHNMR (500 MHz, CD30D): ô 1.89 (d, 3H, Me at C6), 1.91 (d,

3H, Me at C6), 3.68 (s, 3H, OMe), 5.98 (dd, lH, Hl'), 6.04 (dd, IH, Hl'), 7.99 (d. IH,

H6), 7.53 (d, IH. H6). JMcalCS-H6 = 1.0 Hz and 1.0 Hz, JH1 '-H2....b =4.4,7.8 Hz and 3.9,

7.3 Hz.

Tetramer (30),
T T T T
L.uO~LO~1 O~LO

~~...JL..t.I~~LcHz..ll....N~...J1.<lMe

The reaction conditions for the synthesis oftetramer 30 were the same as those for

the formation ofdimer 27. Equimolar amounts ofacid 28 (43 mg, 0.075 mmol) and amine

29 (42 mg, 0.075 mmol) were dissolved in DMF (5 ml). Triethylamine (20 J.1l, 0.15 mmol)

and BOP coupling reagent (35 mg, 0.80 mmol) were added. The e1uent that was used for

the silcagel chromatography ofthe tetramer was methylene cbloride l 'l1ethanol. 100/12,
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vol/vol. The tide compound was isolated as a white, amorphous, solid (68 mg, 80%). IH

NMR (500 MHz, COCl) / CO)OO, 5 /1): /) 1.73 (s, 12 H., 4 X Me at CS), 3.52 (s, 3 H.,

-OMe), 5.75 (ln, 3 H., 3 X Hl '),5.91 (dd, 1H., Hl'), 7.12 (s, 1H., H6), 7.14 (s, lB, H6),

7.18 (s, 1H., H6), 7.24 (s, 1H., H6). LRMS (FAB, NBA): 1123 (18.6%, M+W+ 4H), 997

(21.0%, M+W + 4H- thymine), 995 (19.5%, M+H++ 2H - thymine), 869 (22.3%,

M+W+ 2H - 2 thymine), 743 (20.2%, M+W+ 2H - 3 thymine), 617 (M+W+ 2H - 4

thymine).

Tetramer amine (31),
T T T T

u.. L.u o~ L.u o~ L.u o~ L.u 0
nzl~...JL...N'-J'""'2....1L.N~~'-J'"" '2..JLoMe

5'-Azido tetramer 30 (26 mg, 0.023 mmol) was dissolve<! in a mi..~ture ofwater (5

ml) and methanol (5ml). The solution was transferre<! to a hydrogenatlon bottle and

platinum (IV) oxide (5 mg) was adde<!. The mixture was shaken under hydrogen at 30 lbs

pressure for 0.5 h, after which the pressure was increascd to 40 lbs and shaking continue<!

for 1.5 h. The reaction was monitored by TLC, the same way as was the hydrogenation of

azido dimer 27. When the reaction was finished, a white precipitate had forme<! which was

dissolve<! by the addition of lM HCl (23 J,l1). The catalyst was filtered offthrough 1 cm

celite in a sintered glass filter and rinsed with 5 ml water. After the solvent was

evaporated, a white powder (22 mg) was obtaine<!. tH NMR (500 MHz, C0300>'.

selecte<! data: li 1.91 (5, 3 H., Me al CS), 1.93 (5, 9 H., 3 X Me at CS), 3.34 (5, 3 H.,

-oMe). 5.98 (m, 3 H., 3 X Hl'), 6.03 (m, 1H., Hl'), 7.45 (s, 1 H., H6), 7.50 (5, 2 H., 2 X

H6), 7.52 (5, 1 H., H6).

Tetramer acid (32)-
T T T T

~~~~~-Îai
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The hydrolysis oftetramer 30 was effected in th~ following mann~r. The tetramer

(26 mg. 0.023 nunol) was dissolved in a mÎ:l;ture ofmethanol (0.7 ml) and 0.5 M KOH

(0.3 ml). The reaction was stirred for 5 h. It was then acidified to pH - 6 with a 1 M HrL

The solution was evapora~ed to dryness under reduced pressure and used without furthc:r

purification for coupling.
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S'-O-Mesyl-3'-methylamide thymidine analogue (33)•
o

~....
M.O l~

5'-o-Mesyl-3'-carbomethoxymethyl-3'-deoxythymidine 23 (80 mg, 0.21 mmol)

was dissolved in 40 % aqueous methylamine (1 ml) in an open round-bonomed flask. It

was stirred and the reaction was monitored by TLC. After 0.5 h the starting ma~~ spot

had disappeared in favour ofa more polar spot. The solvent was subsequently removed in

VQalo. The residue was a white foam (80 mg, quantitative yie1d). 1H NMR (200 MHz.

CD30D): li 1.91 (s, 3 H, Me at CS), 2.13 - 2.48 (m, 5 H, H2', H3', H3"), 2.72 (m, 5 H,

H5', -NMe), 3.14 (s, 3 H, Me on mesyl ), 4.03 (m, 1 H, H4'), 4.42 (A ofABX, 1 H, H5'a),

4.56 (B of ABX, 1 H, H5'b), 6.12 (dei, 1 H, Hl'), 7.64 (s, 1 H, H6). JHr-H2'a = 4.5 Hz,

JHr-H2'b =6.9 Hz, JHS'a_HS'b =-11.7 Hz, JH4'_HS'a =2.52 Hz, JH4,_HS'b =3.71 Hz.

5'-D-Mesyl-3'-aUyl-3'-deoxythymidine (34).

3'-AIlyl-3'-deoxythymidine (3.53 g, 13.3 mmol) was dissolved in methylene

chloride under nitrogen atmosphere. After addition of triethylamine (2.4 ml, 18.0 mmol»,

the solution was cooled to -100 C in an ice-salt bath. Mesyl chloride (1.24 ml, 16.0 mmol)

was added gradually over 10 min. The reaction mixture was stirred at -100 for 1h. The

ice-salt bath was then removed and the reaction quenched with an aqueous saturated

ammonium chloride solution (25 ml). The mixture was diluted with 500 ml methylene

chIoride and washed twice with saturated sodium bicarbonate (25 ml, each) and once with

water (25 ml). It was then dried over sodium sulfate and filtered. The solvent was

subsequently removed under reduced pressure to yie1d the title compound as a cream­

coloured foam (4.00 g, 94%). 1H NMR (300 MHz, CDCI3): li 1.94 (5, 3 H, Me at CS),
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2.16 - 2.36 (m. 5 H. ID'. H3'. ID"). 3.03 (s. 3 H. Me on mesyl). 3.91 (m. IH. H4'). 4.36

(AofABX. IH. Hs'a).4.48 (Bof ABX, IH.Hs'b). s.10(m.2H. H3""). 5.71 (m. IH.

H3"'). 6.12 (dd. IH. Hl'). 7.39 (s. lH. H6). 9.18 (br s. IH. H on N3). J1lS'.-1l5'h = -11.3

Hz. JH5•• _H4' =3.6 Hz. JH5'b _H4' =2.3 Hz. JH1 , -I-U'. =5.0 Hz. JH1•-H2'h =6.0 Hz. I,C

NMR (74.5 l\lliz. CDCl,): 0 12.35 (Me at CS). 36.24 (C2'). 37.45 (Me on mesyl). 37.73

(C3'). 38.12 (C3"). 68.99 (CS'). 82.49 (C4'). 85.09 (CI'). 111.12 (CS). 119.23 (C3"").

137.83 (C6). 149.87 (C2). 149.89 (C3m
). 169.80 (C4). LRMS (FAB. NBA): mie 345

(M + W. 13.9 %). 219 (M + W - thymine. 27.8 %).127 (thymine + W. 100 %)

S'-N-Methylamino-3'-a1lyI-S',3'-dideoxythymidine (3S).

Mesylate 34 (2.0 g, 5.8 mmol) was dissol-ted in 40 % aqueous methylamine

solution (10 ml). The reaction conditions were the same as those for the synthesis of

s'-N-methylamino-s'-deoxythymidine 12, except for the reaction time which was 6 h in this

case. The crude produet was purified by flash chromatography (methylene chloride 1

methanol, 100 14, vol 1vol., then methylene chloride 1methanoll triethylamine. 100 1 10 1

l, vol 1vol 1vol). After removal ofthe solvents a cream-coloured foam (1.15 g, 71 %)

was obtained. lH NMR (200 l\lliz. C0300): 0 1.90 (d, 3H, Me at CS), 2.12 - 2.40 (m, 5

H, ID', ID', ID"), 2.45 (s, -NMe), 2.81 (A ofABX, 1 H, Hs'a), 2.85 (B of ABX, 1 H,

Hs'b), 3.80 (m, 1 H, H4'), 5.09 (m, 2 H, ID""), 5.83 (m, 1 H, IDm), 6.06 (dd, 1 H, Hl'),

7.52 (d, 1 H, H6). Jasa _H5'b = -12.6 Hz, Jas•• H4'= 8.2 Hz, JH5'b-H4'= 3.7 Hz,

JHl, .H2'. = 4.0 Hz, JHl•-H2'b = 6.6 Hz, JH6 • Meat C5 = 1.1 Hz. l3C NMR (74.5l\lliz.

CD300): 012.05 (Me at CS), 33.05 (N-Me), 35.34, 35.78 (0', C3'), 38.60 (C3"), 50.79

(CS'), 79.19 (C4'), 84.22 (Cr), 109.83 (CS), 116.88 (C3""), 135.87 (C6), 136.56 (C3m
),

150.37 (0), 163.68 (C4). LRMS (FAB, NBA): mie 280 (M + W, 42.6 %), 154 (M+W­

thymine, 100 %), 127 (thymine +W, 98.8 %).
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S'-N-Benzyloxycarbonyl-N-methylamino-3'-aUyl-S',3'-dideoxythymidine (36).

5'-N-Methylamino-3'-a1lyl-5',3'-dirleoxythymidine (1.40 g, 5.00 mmol) was

dissolved in aqueous potassium bicarbonate (25 ml, 1 M) and left to stir in an ice bath for

10 min. A solution ofbenzoyl chloroformate (930 J.Ù, 6.52 mmol) in ethyl acetate (25 ml)

was added, dropwise, over 20 min. The reaction was stirred vigorously at ()O C for 2 h.

Ethyl acetate (100 ml) was then added to the mixture and the aqueous and organic phases

were separated. The organic phase was washed with water (2 X 10 ml), dried over sodium

sulfate and filtered. The crude oil was purified by flash chromatography (ethyl acetate 1

hexanes, 111, vol 1vol). After evaporation under reduced pressure of the solvent, a

cream-coloured foam was obtained (1. 76 g, 85 %). The NMR spectrum indicated the

presence oftwo rotamers in a 3 : 1 ratio. 1 H NMR (200 MHz, CDCI3): Ô 1.89,1.91

(minor, major, 50 50 3 H, Me at CS), 1.95 - 2.40 (m, 5 H, H2', ID', ID"), 3.00

(5,3 H, -NMe), 3.43 - 3.93 (m, 3 H, H4', H5'), 4.92 - 5.23 (m, 4 H, benzylic -CB2, ID""),

5.49 (m, 1 H, IDm
), 6.07 (m, IH, Hl'), 7.10, 7.42 (minor, major, 50 s, 1 H, H6), 7.32 (50 5

H, benzyl aromatic), 8.39 (br 50 1 H, H at NJ).

Thymidine 3' a1dtbyde analogue (37).
o

Cb: y~

H

To a solution of3'-aUyl nuc1eoside36 (1.75 g, 4.24 mmol) in nIF (40 ml) were

added water (20 ml) and osmium tetroxide (26 mg, 0.10 mmol). The mixture was stirred

vigorously, while sodium periodate (1.82 g, 8.50 mmol) was added in six portions over 20

min. Stirring was continued for 0.5 h. The volume ofthe solvents was reduced by hait: in

vacuo. before ethyl aetate (150 ml) was added. The mixture was washed with saturated

bicarbonate (20 ml) and water (2 X 15 ml). The crude ethy1 acetate solution was dried
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over sodium sulfate and filtered. After evaporation of the solvent the brown. oily. r,;;ldue

was purified by column chromatography. with ethyl acetate as eluent. The title compound

was isolated as a white foam (1.32 g) in 75 % yield. The NMR spectrum indicated the

presence oftwo rotamers in a ratio of3 : 1. \H NMR (200 MHz. CDCl,): 1) 1.91 (s. 3

H. Me at CS), 2.22 -2.61 (m. 5 H. H2', H3', H3"). 2.99 (s. 3 H. -NMe). 3.45 - 3.83 (m. 3

H. H4'. H5'), 5.12 (s, 2 H. benzylic -CH2). 6.13 (m. IH. HI'). 7.08. 7.31 (minor. major. s.

s, 1H, H6), 7.35 (s, 5 H, benzyl aromatic). 8.20 (br s. 1H. H at N3). 9.40. 9.78 (minor.

major, s, s, 1 H, aldehyde). LRMS (FAB. NBA): mie 416 (M+W. 7.6 %), 290 (M+W­

thymine. 19.5 %).

S'-N-Benzyloxycarbonyl-S'-N-methylamin0-3'-carbomethoxymethyl-S',3'­

dideoxythymidine (38),

A solution ofaldehyde 37 (1.00 g, 2.41 mmol) and dry methanol (580 Ill, 14.4

mmol) in dry DMF (22 ml) was allowed to stir under nitrogen atrnosphere for 3/4 h,

before the addition ofpyridinium dichromate (5.43 g, 14.4 mmol). After stirring the

reaction for 2 h, the colour had changed from deep orange to dark green. The mixture was

poured into ethyl acetate (100 ml), filtered through silicage1 (1.5 cm) and rinsed through

with ethyl aeetate (30 ml). The solvent was evaporated, under reduced pressure, !Tom the

colourless solution, to yield a white foam (929 mg, 87 %). The proton NMR spectrum

showed the presence oftwo rotamers in al: 3 ratio. IH NMR (200 MHz, CDCI3): /) 1.89

(s, 3 H, Me at CS), 2.09 - 2.72 (ID, 5 H, H2', H3', H3j, 2.99 (5, 3 H, -NMe), 3.42 - 3.92

(m, 6 H, H4', HS', -OMe), 5.13 (unresolved ABX, 2 H, benzylic -CH:ù, 6.12 (ID, 1H,

Hl'), 7.09, 7.38 (minor, major, 50 50 1H, H6), 7.32 (5, 5 H, benzyl aromatic), 9.34 (br 50 1

H, HatN3). LRMS (Cl, NH3): mie 446 (M+H+, 9.9%), 320 (M+W-thymine, 100 %),

127 (thymine +W, 25.9 %).
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S'-N-Benzyloxycarbonyl-S'-N-methylamino-3'-carboxymethyl-S',3'­

dideoxythymidine (39).

Ester 38 (22 mg. 0.05 mmol) was hydrolyzed in the following manner. It was tirst

dissolved in THF (1.5 ml). Aqueous potassium hydroxyde (0.2 ml, 1 M) was subsequently

added and the reaction was stirred for 0.5 h. The lTÙxture was acidified by stirring for 10

lTÙn with 50 mg weakly acidic resin (Rexyn* RG 51 (H), medium porosity, exchange

capacity 10.3 m eq Ig). It was filtered and the solvents evaporated under reduced pressure,

to leave a white foam (22 mg, 100 %).

The reaction was monitored by TLC (methylene chloride 1methanol, 10 1 1, vol 1vol).

The Rfofthe starting rnaterial was 0.8, while that ofthe produet was 0.3. The reaction

was stopped when aIl the starting rnaterial had disappeared. No UV-positive impurities

were observed. The proton NMR was too poorly resolved to he anaIyzed.

S'-N-MethylamiDo- 3'-carbomethoxymethyI-S',3'-dideoxythymidine (40). (Method 1)

A solution ofCbz-proteeted methylarnine 38 (150 mg, 0.33 mmol) in absolute

ethanol (20 ml) and PdlC (10 %, 60 mg) were placed in a hydrogenation vesse\. The

reaction mixture was shaken under 10 lb hydrogen atmosphere for 5 b, before being

filtered tbrougb a sintered glass filter, containing 1 cm ce\ite. The filter was subsequently

rinsed with 5 ml ethanol. The solvent was removed under vacuum to yie1d a cream­

coloured foam, whicb was purified by flash c.ljron.atography (methylene chIoride1

methanoll TEA, 100 120 1 l, vol! vol 1vol). Compound 40 (60 mg) "'~ isolated in 58 %

yie1d. lH NMR (300 MHz, CD30D): 1.90 (el, 3li, Me at CS), 2.21 (DI, 1li, H2'a), 2.53

(DI, 1 li, H2'b), 2,54 - 2.72 (DI, 3 H, ID', ID"), 2.75 (50 3 H, -NMe), 3.29 - 3.39 (ABX,

obscured by solvent lines, 2H, liS'), 3.98 (DI, IH, H4'), 6.08 (dei, 1 H, Hl'), 7.49 (el, IH,

H6). JMeaICS-H6 =1.1 Hz, JH1,_H2'a =4.7 Hz, JH1,_H2'b = 7.7 Hz. 13C NMR(74.9 MHz,

CDJOD): ô 12.29 (Meat CS), 35.53 (-NMe), 36.83 «0'), 37.77 (0"), 38.39 (0'),

52.31 (-QMe), 53.27 (CS1, 81.78 (Cl'), 87.83 (C4'), 118.78 (CS), 138.92 (C6), 152.25
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(C2). 168.75 (C4). li3.90 (C3"'). LRMS (FAB. NBA): mie 312 (M + W. 96.6 %). 186

(M + W - thymine. 100 %), 127 (thymine + W. 82.0 %).

N-9-F1uorenylmethoxycarbonylglycine etbyl ester (41).

The ethyl ester ofglyeine.HCI (70 mg. 0.50 mmol) was dissolved in aqueous KOH

(2.5 ml, 1 M) and eooled in an iee bath to 0°· To this solution was added. over 10 min.

fmoe ehloride (143mg, 0.55 mmol). previously dissolved in ethy\ aeetate (2.5 ml). The

reaetion nùxture was stirred vigorously for 0.5 h. The iee bath was then removed and

stirring eontinued for 0.5 h. Ethyl aeetate (10 ml) was added to the mix'tUre and the

aqueous and organie phases were separated. The organie phase was washed with water (2

X 2 ml), dried over sodium sulfate and filtered. After evaporation ofthe solvent, the

produet was isolated as a white powder. 1H NMR (200 MHz, COCI1): a1.30 (t, 3 H,

CH2CH3), 3.82 (d, 2 H,-NCH2C(O)-), 4.23 (m, 3 H, -oCH2CH3 + fluorenyl non­

aromatie H), 4.42 (d, ZR, -CHCH20-), 5.31 (br 50 1 H, -NB-), 7.29 -7.43 (m, 4 H,

fluorenyl aromatie Hb, He), 7.58 (d, 2 H, fluorenyl aromatie Ha), 7.75 (d, 2 H, fluorenyl

aromatie Hd). JCH2-eH3 = 6.7 Hz, J CH(linoc}oCH2(linoc) = 6.6 Hz, J Ha(linocrHb(linoc) = 7.2

Hz, J Hc(linocrHcl(linoc) =7.7 Hz.

Hydrolysis ofester 41,

To a solution of the ethyl ester offinoc-glycine (33 mg, 0.10 mmol) in toluene

(1 ml) under rùnogen annosphere, was added bis(n-tnbutyltin) oxide (100 ll1, 0.20 mmol).

The reacticn mixture was heated under reflux, while stirring, for 6 h in a 75° C oil bath

and left at room temperature overiùgbt. After the addition of0.5 M Ha (0.5 ml) a white

precipitate formed, whicb was dissoved by adding ethyl acetate (2 ml). The organie and

aqueous \ayers were separated. The organie phase was extraeted with 5 % aqueous

potassium carbonate (3 X 5 ml) and the aqueous \ayer acidified with 1 M Ha to pH-3.

The carboxyüe acid was extraeted froID the aqueous \ayer with etbyl acetate (3 X 5 ml).
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This solution was dried over sodium sulfate and filtered. The solvent was evaporated

under reduced pressure, leaving the product (23 mg, 70 %) as a white powder. 1H NMR

(200 MHz, C0300): ô 3.82 (d, 2 H, -NCH2C(O)OH), 4.22 - 4.39 (3 H, m, -CHCH20-).

7.25 -7.85 (m, 8 H, fluorenyl aromatic.

S'-N-9-F1uorenylmethoxycarbonyI-N-methylamin0-3'-aIIyI-S',3'-dideoxyiliymidine

(42).

A solution of5'-N-methylamino-3'-allyl-5',3'-dideoxythymidine 3S (40 mg, 0.14

mmol) in aqueous potassium bicarbonate (0.75 ml, lM) was cooled to ()<> in an iee-water

bath under nitrogen atmosphere. Fmoc chIoride (43 mg. 0.16 mmol), dissolved in ethyl

acetate (0.75 ml) was added dropwise over 5 min, after which the reaction mixture was

stirred for 10 min. The ice bath was then rernoved and stirring was continued for 1.5 h.

The reaction mixture was subsequently diluted with ethyl acetate (30 ml) and washed two

times with water (5 ml, each). The organic phase was dried over anhydrous sodium sulfate

and filtered. The solvent was removed under reduced pressure, leaving a lightly coloured

syrup. After column chromatography (hexanes1ethyl acetate, III, vol 1vol), the title

compound was isolated as a white foarn (51 mg. 80 %). The NMR proton spectrum

indicated the presence oftwo rotamers in a ratio ofone to two. Due to the complexity of

the spectrum no detailed anaIysis was perfonned. IH NMR (500 MHz, CDCIV, selected

data: Ô 1.88, 1.92 (minor, major, 50 50 3 H, Me at CS), 2.92, 2.99 (minor, major, 50 50 3 H,

-NMe), 5.94, 6.06 (minor, major. dd, t, 1 11, Hl'), 6.99, 1.38 (minor, major, 50 50 IH, H6),

7.28 - 7.78 (m. 8 H, f1uorenyl aromarlc), 8.75, 8.82 (major, minor, 50 50 1 H, Hat NJ).

LRMS (FAB, NBA): mie 502 (M +h+,ll.l %),376 (M + Ir" - thymine, 5.5 %). HRMS

(FAB, glycerol): mie calculated for C~31N30S + Ir", 502.2340; found 502.23443.
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Thymidine 3' aldehyde analogue (43)•
o

Fmoc y~

H

To a solution of3'-a1lyl compound 42 (1.20 g.. 2.4 mmol) in THF (15 ml), were

added water (15 ml) and osmium tetroxide (28 mg. 0.10 mmol). Sodium periodate

( 1.17 g, 5.4 mmol) was added in four equal portions over a period of 10 min. while the

mixture was stirred vigorously. Stirring was continued for a total of45 min. after which

methylene chloride ( 500 ml) was added. This mixture was washed with saturated sodium

bicarbonate (2 times, 50 ml each) and water (50 ml), before being dried over anhydrous

sodium sulfate. The solution was filtered and the solvent removed under vacuum. The

crude produet was purified by column chromatography (hexanes 1ethyl acetate., 11 1. vol 1

vol, then ethyl acetate). After evaporation ofthe solvents under reduced pressure, a white

foam ( 965 mg) was obtained in 80 % yield. The NMR proton spectrurn showed the

presence oftwo rotamers in a one to two ratio. \H NMR (500 MHz, CDCI3), seleeted

data: ô 1.95 (50 3 H, Me at CS), 2.92, 2.99 (minor, major, 50 50 3 H, -NMe), 5 94, 6.13

(minor, major, dd, 1, 1 H, Hl'), 6.95, 7.32 (minor, major, 50 50 1 H, H6), 7.26 - 7.78 (ID, 8

H, f1uorenyl aromatic), 8.76, 8.80 (major, minor, 50 50 IH, H at N3), 9.50, 9.78 (minor,

major, 50 50 IH, a1dehyde). t3C (MHz, CDCI3 ), seleeted data: ô 12.5 (Me at CS), 199.70,

199.76 (0"'). LRMS (FAB, NBA): mie 504 (M + H+, 19.4 %), 378 (M + H+ - thymine.,

31.7 %). HRMS (FAB, g1ycerol): mie calculated for C28H2~306 + W, 504.21346; round

504.21363.
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S'-N-9-F1uorenylmethoxycarbonyI-N-metbylamino-3'-carbometboxymetbyl-S',3'­

dideoxyrhymidine (44).

A solution ofa1dehyde 43 (960 mg.l.9 mmol) in dry DMF (20 ml) was srirred with

dry methanol (460 Ill. Il.4 mmol) under nitrogen atmosphere for 45 min, before the

addition ofpyridinium dichromate (4.28 g. 11.4 mmo1). Stirring was continued for 1.5 h..

while the colour ofthe mixture changed from dark orange to dark green. When the

reaction was complete, the mixture was poured into ethyl acetate (150 ml). The resulting

slurry was filtered through 1.5 cm silicagel. previously wetted with ethyl acetate, and

rinsed with 50 ml ethyl acetate. The colourless filtrate was collected and the solvent

removed under reduced pressure to yield the the tille compound as a pale yellow foam

(990 mg. 98 %). The NMR proton spectrum indicated the presence oftwo rotamers (one

to IWO ratio). IH NMR (300 MHz, CDCI3). selected data: ô 1.90 (50 3 H, Me at C5), 2.90,

2.99 (minor. major, 50 50 3 H, -NMe), 3.67 (s, 3 H. -OMe), 4.23 (t, 1 H, fluorenyl non­

aromatic -CB-), 4.42,4.50 - 4.85 (major <1, minor ABX, 2H, fluorenyl non-aromatic

-CB1-). 5.95, 6.11 (minor, major, br 50 t, 1H, Hl'), 6.96, 7.35 (minor, major, 50 50 1 H,

H6), 7.34 (In, 4 H, fluorenyl aromatic b, c), 7.57 (<1, 2 H, fluorenyl aromatic a), 7.78 (<1,

2 H, fluorenyl aromatic d), 8.69 (br 5oIH, H on NJ). LRMS (FAB, NBA): mie 534 (1.6

%. M + H+), 408 (M + W -thymine, 28.6 %).

S'-N-Fluorenylmethoxycarbonylamin0-3'-carbomethoxymethyI-S',3'­

dideoxythymidine (45).

A solution of5'-amïno-3'-carbomethoxymethyl-5',3'-dideoxythymïdine 2S (30 mg.

0.10 mmol) in dry pyridine (0.3 ml), under nitrogen atmosphere, was cooled in an ice­

water bath. Fmoc ch10ride (39 mg. 0.15 mmol) was added and the mixture was stirred for

5 min. The cooling bath was then removed and stirring continued for 5 h.The solvent was

evaporated and the crude prodUCl was purified by flash chromatography, using ethyl

acetate ! hexanes, 3 !2, vol! vol as eluent. The tit1e compound (36 mg. 69 %) was
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obtained as a white foam. IH NMR (200 MHz, CDCI3): 0 1.24 (s. 3 H. Me at CS).

2.05 - 2.68 ( overlapping In. 5 H, H2', H3', H3"), 3.31 -3.80 (m, 3 H. H4', H5'), 3.69 (s.

3 H. -OMe), 4.22 (1,1 H, fluorenyl non-aromatic -CH-), 4.42 (d, 2 H, fluorenyl non­

atomatic -CHr ), 5.40 (br l, 1H. carbamale -NH-), 6.06 (dd, 1 H. HI'), 7.35 (s. 1 H, H6),

7.21 -7.42 (m, 4 H, fluorenyl aromatic Hb, Hc), 7.58 (d, 2 H, fluorenyl aromalic Ha), 7.74

(d, 2 H. fluorenyl aromatic Hd), 9.04 (s, 1 H, H al N3). J CH(lÎnoc)-Cll1(lillOC) = 6.6 Hz,

J Hl'-H2a' =6.7 Hz, J HI'-H2b' =4.4 Hz, J HlI(lÎnoc)-Hb(lÎnoc) =7.3 Hz,

J Hc(lÎnoc)-Hd(lÎnoc) = 7.6 Hz.

S'-Metbylamin0-3'-carbometboxymethyI-S',3'-dideoxythymidine (40). (Method II)

The amino group ofcompound 44 (350 mg, 0.66 mmol) was deprotected by

dissolving the compound in Methylene chloride (1.4 ml) and stirring it in the presence of

piperidine (0.35 ml) for 10 min.The solvent and the excess piperidine were evaporaled

under reduced pressure. The crude product was chromatographed over silica gel, with

methylene chIoride 1methanoll trietbylamine, 90 110 Il, vol 1vol 1vol, as eluent. After

removal ofthe solvent~ in vacuo, the tide compound was obtained,lS Il hard, white foam

(164 mg, 80 %). The NMR data were identical to those of methylamine 40, obtained by

method 1. HRMS (FAB, g1ycerol): mie calculated for C14H21N30S + H+, 312.15594;

found 3!2.15582.

S'-N-9-FluorenylmetboxycarbonyI-N-metbylamin0-3'-carboxymetbyI-S',3'­

dideoxytbymidine (46). (Metbod 1)

Ester 44 (41 mg, 0.075 mmol) wasplaced in a round-bonomed flask, equipped

with a reflux condenser, and dissolved under nitrogen atmosphere in dry toluene (0.75

ml). Bis(n-tributyltin)oxide (75j.Ù, 0.15 mmol) was added and the reaction mixture was

stirred and heated in a 9()0 C oil bath for 10 h. lt was then aIlowed to cool to room

temperature before 0.5 M HCI (0.5 ml) was added. The mixture was diluted with ethyl
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acetate (30 ml) and the aqueous and the organic phases were separated. The organic layer

was extracted with a cold 5 % aqueous potassium carbonate solution (3 X 4 ml). The

aqeous extracts were combined and acidified to pH-3 with 0.5 M Hel. The resulting

precipitate was filtered offand dried under vacuum to give the pure title compound (22

mg) in 50 % yield. The poorly resolved proton NMR. spectrum showed two rotamers in a

one to four ratio. IH NMR (300 MHz, CD30D), se1ected data: 0 1.80 (s, 3 H, Me at CS),

2.85,2.90 (s,50 3 H, -NMe), 5.91- 6.12 (unresolved m, 1 H, H1'), 7.22-7.85 (m, 9 H,

f1uorenyl aromatic + H6). 13C NMR. ( 74.9 MHz, CD30D): 0 12.2, 15.1 (Me at CS), 34.9

(CZ'), 35.8 (C3"), 36.4 (C3'), 37.9 (-NMe), 51,2 (CS'), 65.7 (finoc CHz), 67.5 (finoc CH>,

82.382.5 (C1'), 84.4, 85.0 (C4'), 110.8 (CS), 119.9,124.2, 124.4,126.7, 127.6

,141.3,143.9 (finoc aromatic),I3S.3,13S.8 (C6),ISO.2 (C2),IS6.8 (carbamate

carbonyl),164.4 (C4), 175.0 (carboxyl). LRMS (FAB, NBA): mie 520 (S.! %, M+H+),

394 (8.8 %, M+H+ - thymine).

Altemative1y, after the acidification ofthe aqueous extraet50 the produet was extracted

with ethyl acetate (3 X 10 ml). This increased the yie1d to 68 %, but the NMR. spectrum of

the compound, obtained by this method, indieated the presence ofsome impurities.

5'-N-9-Fluorenylmethoxycarbonyl-N-methylamin0-3'-carboxymethyl-5',3'­

dideoxythymiciine (46). (Method D)

A solution ofaldebyde 43 (250 mg, 0.52 mmol) in dry DMF (1.6 ml) was stirred

with pyridinium dichromate (780 mg, 3.08 mmol) under nitrogen atmosphere for 2.5 h.

The resu1ting dark green solution was poured into water (100 ml). A precipitate fonned

which was tiItered offand rinsed with water untiI the water ran cIear. The precipitate was

redissolved in a mixture ofethy1 acetate(40 ml) and methy1ene chIoride (10 ml). This

solution was dried over sodium sulfàte and tiItered. The solvents were removed under

reduced pressure, leaving the t:itIe compound as a cream-coloured, bard foam (210 mg,

82 %). NMR data were the same as those for this compound obtained br the first method.
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HRMS (FAB. glyeerol): mie caleulated for C2sH29N,07 + H+. 520.20837; found

520.20820.

Methylamide homo dimer (47).
o

~moc '(~

MeC

Carboxylie aeid 46 (1 1mg, 0.02 mmol) and methylamine 40 (7 mg, 0.02 mmol)

were combined in a flask under nitrogen atmosphere. Dry DMF (0.5 ml) and TEA (6 J.Ù,

0.04 mmol) were added and the solution was stirred for 0.5 h, before the addition ofBOP

eoupling reagent (8 mg, 0.02 mmol). Stirring was eontinued for 2 h.The solvent was then

evaporated under vacuum, taking care that no residual DMF remained in the erude

produet. The resuiting brown oil was purified by silicagel ehromatography (methylene

ehloride 1methanol, 20 Il, vol 1vol). After removal ofthe solvents the title compound

was isolated as a white foam (14 mg) in 80 % yieid. The IH NMR speetrum was highly

eomplex and gave multiple overlapping signaIs between 5.78 ppm and 6.21 ppm for the 2

anomerie protons, indicating the presence ofthe expected 4 rotamers. LRMS (FAB,

NBA): mie 687 (M + H+ - thymine, 1.7 %),561 (M +H+ - 2 thymine, 0.9 %). HRMS

(FAB, g1ycerol): mie calcu1ated for C42f4sN6011 +W, 813.3459; found 813.3459.
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4.4 Experimental for section 2.13. 2.14 and 2.15.

mPEG ester of5'-azido-5'-deoxy-3'-clirboxymethyl- 3'-deoxythymidine (48).
T

N:.r..îomPEG

Carboxylic acid 26 (30 mg, 0.10 mol) and methylene chloride (3 ml) were

combined under nitrogen atrnosphere in a f1ask. Sufficient pyridine (60 Ill) was added to

bring the carboxylic acid into solution. DCC coupli!lg reagent (30 mg, 0.15 mmol) was

added and the solution stirred for 10 min.

Ouring this time a fine white precipitate had formed. mPEG 5000 (400 mg, 0.08

mmol) ~d OMAP (10 mg, 0.08 mmol) were then added and stirring was continued for

3h. The reaction was monitored by TLC (methylene chloride 1methanol. 5 Il, vol 1vol)

for disappearance ofmPEG. This was done by comparing the size ofthe UV-positive spot

with the size ofthe area, coloured brown after development in an iodine chamber. When

there was no longer a difference, the reaction mixture was transferred to a beaker and the

f1ask was rinsed with 1 ml methylene chloride which was aIso poured into the beaker. To

this mixture was added diethyl ether (200 ml). A voluminous, floculent, white precipitate

formed, which was allowed to stand for 30 min before being filtered through a paper filter

and washed with 30 ml ether. After drying under reduced pressure, the title compound

(410 mg, 95 %) was isolated as a white powder.1H NMR (500 MHz, COCI3): ô 1.88 (5, 3

H, Me at CS), 2.12 (m, 1 H, H2'a), 2.25 (m, 1 H, H2'b), 2.40 (A ofABX, 1 H, ID"a),

2.48 (B ofABX, 1 H, ID"b), 2.03 (m, 1 H, ID'), 3.31 (s, 3 H, Me end group ofmPEG),

3.28 - 3.80 (large m, PEG, H4', HS'), 4.19 (m, 2 H, -CH20(CO)-), 6.07 (dd, IH, Hl'),

7.38 (5, 1 H, H6), 8.68 (5, 1H, H at N3). JH3"a_H3"b =-16.6 Hz, JH3'_H3'a =7.3 Hz,

JH3'_H3"b =6.8 Hz, JHI'-H2'a =4.9 Hz, JH1,_H2'b =6.8 Hz.

13C NMR (125.7 MHz, CDCI3): ô 12.6 (Me at CS), 35.1 (C3"), 36.5 (0'), 38.1 (C2'),

52.3 (CS', -ocH3), 58.9 ( -CH20i2OCH3), 63.9 (-CH20i2OC(O)- ), 68.8
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{-CH2CH20C(O)-), 70.5 (PEG). 71.8 (-CH2CH20CH,), 8::9 (C4'), 84.3 {CI'), II:: t>

(CS), 135.1 (C6), 158.9 (C2), 164.5 (C4), 171.1 (-C(O)O-) MALDI {dithranol) mie

5296; peak distribution 44 mass units apart. Calculated mass: 5295 for n = 113

mPEG ester ofS'-amino-S'-deoxy-3'-carboxymethyl-3'-deoxythymidine (49).

Metbod 1.
r

H"N}H:!..îomPEG

Azido mPEG conjugate 48 (700 mg. 0.13 mmol) was dissolved in a mi:\1ure of

water (10 ml) and ethanol (10 ml), Lindlar catalyst (20 mg) was added. The reaction

mixture was stirred vigorously under hydrogen at atmospheric pressure for 4 h. when a

further 10 mg catalyst was added. The reaction was allowed to proceeci for another 2h.

Hydrogenation was then discontinued and the reaction mixture stored under nitrogen

overnight. The next day hydrogenation was resumed under the same conditions and

continued for 6 h. At that point the starting material had disappeared, as monitored by

TLC (methylene chIoridt: 1methanol, 100 120, vol 1vol); Rrazide =0.5, Rramine =0.4.

The newly formed spot turned intense purple when the TLC was developed in ninhydrin

dip.When the TLC was developed in an iodine chamber a small spot orUV-negative

rnaterial was observed above the amine spot. The mixture was twice tiltered through IWO

layers oftilter paper and 1 cm orcelite, each time rinsed through with 5 ml ethanol. The

$Olvent was removed under reduced pressure. The produet was obtained as a white

powder (600 mg, 86 %). In order to separate the pure produet from unreaeted mPEG,

preparative TLC was performed on 100 mg orthe reaction produCl, using the same e1uent

mixture as described above. The pure produet was extraeted from the silica gel with

methylene chIoride (3 X 10 ml). The mixture was filtered and the $01vent evaporated,

yielding 70 mg ofthe tit1e compound.
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Method IL

To water (ID ml) was added a drop ofacetic acid ; the pH ofthis solution measured

approximately 4. Azido mPEG conjugate 48 (50 mg, 0.01 mmol) was dissolved in the

acidified water (3 ml) and platinum (IV) oxicie (10 mg) was added. This mixture was

shaken under hydrogen pressure (40 lbs). The reaction was monitored by TLC (methylene

chloride / methanol, 5 / 1). After 2 h the staning material spot (Rf- 0.5) was gone and a

new spot, which tested intense purple to ninhydrin, had appeared on the baseline. The

mixture was then filtered through a sintered glass filter, containing 1 cm ce1ite. It was

rinsed through with 3 ml of the acidified water and the combined solvents were

evaporated under reduced pressure. The title amine was isolated as its acetic acid salt.

(45 mg. 90 %). tH NMR (500 MHz, C0300): Ô 1.90 (s, 3 H, C83COO-), 1.95 (s, 3 H,

Me at CS), 2.20 - 2.74 (m, 5 H, H2', ID', ID"), 3.35 (s, 3 H, Me end group ofmPEG),

3.45 - 3.82 (large m, H4', HS', PEG), 4.26 ( m, 2 H, -C820C(O)-), 6.08 (br s, 1 H, Hl'),

7.50 (s, 1 H, H6).

Amide-linked thymidine dîmer 33'-mPEG ester conjugate (SO).

TOT 0

~J-eH:!....I1-*H:!...JL.omPEG

Amine 49 (500 mg, 0.10 mmol) and S'-azido-S'-deoxy-3'-carboxymethyl-3'­

deoxythimidine 26 (36 mg, 0.12 nunol) were combined under nitrogen atmosphere. After

addition ofacetonitrile (5 ml) and TEA (36 J.Ù, 0.24 nunol) the mixture was stirred for 15

min, when BOP coupling reagent was added. Stïning was continued for Sb, al which time

the reaetion mixture was poured into a beaker. The reaetion f1ask was rinsed with 1 ml

acetonitrile, which was a1so added to the beaker. Diethyl ether (200 ml) was poured into

the reaetion mixrure. A thick, white precipitate formed immediateiy.Total precipitation of

the reaetion produet was ensured by letting the mixture stand for 30 min before filtration.

The produet was washed with 30 ml ether and dried in vacuo, to yie1d 480 mg (90 %) of
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white powder. lH NMR (500 MHz, C0C13). selected data: S 1.90 (s. 6 H, 2 X Me at C5)•

3.35 (s. 3 H. Me end group on mPEG). 4.21 (m. 2 H, -CH:O(CO)-). 5.78 (dd. 1 H. HI').

6.13 (dd. 1 H. HI'). 6.87 (t. 1 H, amide -NB). 7.16 (s. IH. H6), 7.42 (s, 1 H, H6).8.72 (s,

1 H, H at N3). 8.97 (s. 1 H, H at N3). MALO! (dithranol): mie 5426. peak distribution

44 mass units apan. Calculated mass: 5428 for n = 110.

S'-N-Fmoc-N-methylaminG- 3'-mPEG ester conjugate (51).
T

Fm~cLcH:!..iomPEG
H

3
C' -,J -

To a solution of5'-N-Fmoc-N-methylunino-3'-carboxylic acid 46 (50 mg. 0.10

mmol) in methylene c1l1oride (3 nI1) was added DCC coupling reagent (30 mg. O. 15

mmol). This solution was stirred under nitrogen until no more white precipitate was

forming (10 min). At that point mPEG 5000 (400 mg, 0.08 mmol) and OMAP (ID mg•

0.08 mmol) were added to the reaction mixture. Stirling was continued for 1.5 h. The

work-up was the same as for azido compound 48. The tide compound (412 mg, 95 %)

was isolated as a white powder. The NMR spectrum indicated that this compound exiSlS

in solution as!Wo rotamers in a ratio ofone to !Wo.tH NI\1R (500 MHz, COCI3), selected

data: S 1.85, 1.88 (minor, major, s, s, 3 H, Me at C5), 2.88, 2.98 (minor, major, s, S, 3 H,

-NCHJ ), 3.38 (s, 3 H, Me end group ofmPEG), 5.94, 6.12 (minor, major, br s, br s, 1 H,

H}'), 6.96 - 7.78 (m, 9 H, Fmoc aromatic + H6), 8.18 (br s, 1 H, H on N3). MALDI

(dithranol), !WO sets ofoverlapping signais. Major set: mie 5209, peak distribution 44

mass units apan. Calculated mass: 5417 for n = Ill. Calculated mass for M - Fmoc: 5209

for n = Ill. Minor set: mie 5224, peak distn"bution 44 mass units apan. Calculated mass

for mPEG: 5224 for n = 118.
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mPEG ester ofS'-methylamino-3'-carboxymethyI-5',3'-dideoxythymidine (52).

Hj-cT 0N H,....lLomPEG
H,C'

Compound 51 (100 mg,O.018 mmol) and acetonitrile (1 ml) were combined in a

flask. To tbis suspension was added, while stirring, piperidine (50 J.Ù). The solution

became c1ear and was stirred for a total of 15 min. The work-up was the same as for azido

compound 51, except that the flask was rinsed with 0.5 ml acetonitrile and the amount of

ether used for the precipitation was 100 ml. The yield oftitIe compound 52 was 90 mg, 94

%. IH NMR (500 MHz, CDCI3), se\ected data: ô 1.95 (s, 3 H, Me at C5), 3.19 (s, 3 H,

-NMe),3.38 (s, 3 H, Me end group ofmPEG), 4.24 (collapsed ABX, 2 H, -COzO(CO)-),

6.09 (dei, 1 H, Hl'), 7.22 (s, IH, H6), 8.18 (br s, IH, H al N3). JH1,.HZ'. = 4.3 Hz,

JHI,.HZ'b = 7.3 Hz. MALDI ( dithranol), two sets ofoverlapping signais. Minor set: mie

5341, peak distn"bution 44 mass units apart. Calculated mass: 5341 for n = 114. Major

set: mie 5224, peak distnbution, 44 mass units apart. Calcu1ated mass for mPEG: 5224,

n = 118.

N-Methylamide-linked thymidine dimer 33'-mPEG ester conjugate (53).

T rT

0FmNoc~~ ...Jl.ompEG
H

3
C' " _..•

Methylarninothymidine mPEG ester conjugate 52 (50 mg, 0.094 mmol) and N­

Fmoc protected thymidine carboxylic acid 46 (8 mg, 0.015 mmol) were coupled in a BOP­

mediated (7 mg, oms mmol) reaetion, in the same manner as is descnbed for dimer 50. In

this case, however, the solvent used was methylene chIoride (0.5 ml). The reaetion lime

was 18 h and the yield was 40 mg (76 %) ofwhite powder. Four rotamers were expected

to be present in solution, resulting in a poody resolved NMR spectrum. INMR (500

MHz, CDCIJ, se\ected data:ô 1.90, 1.92 (50 50 6 H, 2XMeat C6), 2.82 (el, 6 H,
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2 X -NMe), 3.38 (Me end group on mPEG), 5.86 - 6.15 (br s, 2 H. 2 X HI'). 6.92 - 7.78

(m. 10 H. Fmoc aromatic + 2 X H6).
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4.5 Experimental for section 2.16.

mPEG chloroformate (54).

A solution ofmPEG 5000 (134 mg, 0.027 mmol) and TEA (61Ù. 0.040 mmol) in

methylene chloride (1 ml), under nitrogen. was cooled in an ice bath for 15 min. when

triphosgene (4 mg, 0.014 mmol) was added. After stirring the reaction mixture for 1 h. it

was poured into 50 ml ofether. The voluminous, wlùte precipitate was immediately

filtered off. washed with 25 ml ether and dried ill VQClIO. The mPEG chIoroformate (130

mg, 97 %) was used immediate\y for mPEG carbamate coupling.

mPEG succinimidyl carbonate (55).

mPEG 5000 (1000 mg, 0.2 mmol) was dissolved in acetonitri1e (2 ml) under

nitrogen. To t1ùs solution were added TEA (1121Ù, 0.8 mmol) and disuccinimidyl

carbonate (104 mg, 0.4 mmol). The reaction mixture was stirred for 3 h. before being

tranSferred to a beaker. It was then diluted with 8 ml acetonitri1e and 200 ml ether was

added. A t1ùck, tloculent, wlùte precipitate formed immediate\y. It was aIlowed to stand

for 15 min before being filtered and rinsed with an additional 20 ml ofether. It was dried

under reduced pressure and yie\ded 1000 mg (100 %) ofwlùte, f1aky powder. 1H NMR

(500 MHz, CDC~): ô 2.82 (5, 4 H, succinimidyl), 3.35 (5, 3 H, Me end group on mPEG),

3.44 -3.75 (1 lU, (-C~C~o-)n.4.43 (brt, 2 H, -C~OC(O)Q-).

mPEG 4-nitrophenyl carbonate (56).

To a solution of4-nitrophenyl chIoroformate (80 mg, 0.40 mmol) under nitrogen

atmospbere. was added pyridine (60 IÙ, 0.90 mmol). This solution was stirred for 5 min,

during w1ùcb rime a wlùte precipitate formed. mPEG 5000 (1000 mg, 0.20 mmol) was

added and stirring was contùmed for 3 h, while the mixture gradual1y became c1ear again.

The solution was then diluted witb 3 ml methylene cbloride.Tbe work-up procedure was
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the same as de5cribed for carbonate 55. The title compound was i50lated as a white

powder (990 mg, 99 %).1H NMR (500 MHz. CDCl,): 0 3.33 (5, 3 H, Me end group on

mPEG), 3.42 - 379 (1 m.. (-CH2C~O-)n. 4.39 (t, 2H, -CH20QO)O-). 7.35 (d, 2H,

aromatic). 8.23 (d, 2H, aromatic).

5'- mPEG carbamate orS'-amin0-3'-carbomethoxymetbyl-S'.J'-dideoxytbymidine

(57).

H le 0

mPEGO'~/\1 _H:!...JLoMe
o

S'-arnino-3'-carbomethoxymethyl-S',3'-dideoxythymidine 25 (18 mg. 0.06 mmol).

acetonitrile (3 ml) and TEA (32 I!l 0.23 mmol) were combined under nitrogen and 5tim:d

for 5 min, before succinimidyl mPEG carbonate (200 mg, 0.04 mmol) was added. The

reaction was allowed to run ovemight. The ne.xt morning acetonitrile (2 ml) was added..

prior to precipitation from ether (120 ml). The powdery, white precipitate was filtered..

washed with 20 ml ether and dried under reduced pressure (190 mg, 95%). IH NMR

(500 MHz, CDCI3): /)1.87 (50 3 H, Me at CS), 2.14 (m.. 1H, 82'a), 2.30 (m.. 1 H, 82'b),

2.36 (A ofABX, IH, ID"a), 2.45 (Ill. IH, ID'), 2.56 (B ofABX, 1 H, ID"b), 3.38 (5,

3H, Me end group on mPEG), 3.44- 3.79 (l Ill. (-C~C~o-)n), 4.20 (m.. 2 H, ­

C~OC(O)N-), 5.33 (brt, 1 H, -OC(O)NH-), 6.01 (dd, IH, Hl'),7.23 (50 1 li. H6), 8.19

(50 1H, H on NJ). JH3"a-H3"b =- 16.1 Hz, JH3"a-H3' =7.8 Hz, JH3"1>-H3' =6.0 Hz,

JHI'_Hl'a =3.9 Hz, JHI'_lttb =7.3 Hz. MALO! (dithranol): mie 5370, peak distnbution 44

mass units apan. Calculated mass: 5371 for n = 114.

Carboxylic: aàd (58).

The hydrolysis ofthe methyI ester group ofcompound sr was effected in the

foDowing manner: ester 57 (60 mg, 0.011 mmol) was stined with aqueous KOH (l ml.

0.125 M) for 0.5 h. The solution was acidified to pH - 2 with 0.3 M Ha and extraeted

126



•

•

•

with 2 X 20 ml methylene chloride. It was dried over Na2SÛ4" filtered and the solvent

removed II/ vaCIIO. The product (55 mg, 92 %) was a transparent, waxy solid. tH NMR

(500 MHz. CDCI3), selected data: ô 1.92 (s, 3H.. Me at CS), 2.12 - 2.59 (In, 5 H, H2', H3',

H3"), 3.38 (s, 3 H. me end group on mPEG), 4.2\ (br d, 2 H.. -CH20C(O)N-), 5.52 (br t,

\ H, -OC(O)NH-),6.0\ (br s, \ H, HI'), 7.27 (s, 1 H, H6), 8.39 (s, 1 H, H at N3).

5'-mPEG carbamate dimer (59),

Carboxylic acid 58 (50 mg, 0.0094 mmol), 5'-amino-3'-carbomethoxymethyl-5',3'­

dideoxythymidine 2S (4 mg. 0.013 mmol), acetonitrile (0.5 ml) and TEA (5 ~, 0.36

mmol) were combined under nitrogen and stirred for 5 min before BOP coupling reagent

(6 mg. 0.013 mmol) was added. Stirring was conrinued for 18 h. The reaction mixture was

diluted with acetonitrile to a total volume of 1 ml and the white, powdery produet (50 mg.

97 %) was isolated after the usual work-up, using 50 ml ofether and allowing 1 h for

precipitation. tH NMR (500 MHz, CDCI3), seleeted data: ô 1.89, 1.91 (50 50 6 H, 2 X Me

at CS), 3.38 (50 3 H, Me end group on mPEG), 4.21 (In, 2 H, -CH20C(O)N-), 5.54 (brt,

1H, -QC(O)NH-), 5.80 (dd, IH, HI'), 6.02 (dd, 1 H, Hl'), 6.85 (brt, 1 H, n'bose-linking

amide NH), 7.15 (50 IH, H6), 7.35 (50 1 H, H6).

S'-mPEG carbamate ofS'-N-methylamiD0-3'-carbometboxymethyl-5',3'­

dideoxythymidiDe (60)-

The ritie compound was prepared from 5'-methylamino-3'-carbomethoxymethyl-

S',3'-dideoxythymidine 40 (8 mg. 0.025 mmol), mPEG suœinirnidyl carbonate 55 (80 mg.

0.016 mmo1), TEA(l4~ 0.10 mmo1) and acetonitrile (1 ml). Theproœdurewas

ana1ogous to that used for the synthesis ofthe corresponding primaty amine carbamate

derivative 57. The NMR. data indieated the presence oftwo rotamers in a ratio of4: 1. \H

NMR ( 500 MHz, CDCIJ>, selected data: a1.97 (50 3 H, Me al CS), 2.98 (50 3 H, -NMe),

3.38 (50 3 H, Me end group on mPEG), 4.22 (m, 2H, -CH20(CO)N(Me)-), 5.54, 6.19
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(:ninor. major. br s, br s. IH. HI'). 7.12. 7.28 (minor. major. s. s. 1 H. H6). 8.19 (br d. 1

H. H onN3).

S'-mPEG amide ofS'-amino-S'-3'-carbomethoxymethyl-S',3'-dideoxy-thymidine

(61).

T
o H Le 0

mPEGOCH::-lL~-.J _ti:!.JLoMe

mPEG carboxylic aeid (50 mg, 0.010 mmol). S'-amino-3'-carbometho:l.)'Illethyl­

S',3'-dideoxythymidine 25 (5 mg. 0.017 mmol), acetonitrile (0.5 ml) and TEA (7 ~ù. 0.05

mmol) were stirred under nitrogen for 5 min when BOP coupling resgent (9 mg. 0.020)

was added. After 3 days stirring the reaction mixture was worked up in the usual manner.

using 0.5 ml acetonitrile for dilution and 40 ml ether for precipitation. The precipitation

time was 2 h. IH NMR (500 MHz, CDCI3): ô 1.91 (5. 3 H. Me at CS). 2.15 (m.. 1 H.

Hl'a), 2.28 - 2.45 (nt, 4 H, Hl'h, ID', ID"a), 2.65 (ABX, 1 H, ID"b), 3.38 (5. 3 H, Me

end group ofmPEG), 3.43 - 3.79 (1 nt, (-eH:zCH:zQ-)n), 3.98 (AB system, 2 H,

-CCH:zC(O)N-), 6.05 (dd, 1 H, Hl'), 7.26 (5, 1 H, H6), 7.46 (br t, IH, -CCH:zC(O)NH-),

859 (5, 1 H, H at N3). JH3'a-ID'b =-16.2 Hz, JH1'_H:z'a =7.32 Hz, JH1 '-H2'b =3.91 Hz,

J = -15.8 Hz for signal at 3.98 ppm.

5'-mPEG amide of5'-N-methylamin0-3'-carbometboxymethyI-S,3'­

i1ideoxythymidine (62).

o~o
mPEGOCH::-!Wa-.J _..•....IL..oMe

The title compound was prepared the same way as compound 61, substituting 5'­

N-metbylamino nucleoside 40 for S'-amino nucleoside 25. The molar ratios, reaction scale

and reaetion time were aIso the same. The NMR specbal data indieated the presence of

two rotamers in a 4: 1 ratio. IH NMR (500 MHz, CDCl3),seIected data: ô 1.96, 1.98

128



•
(minor. major. s. s. 3 H, Me at CS). 2.97. 3.02 (minor. major. s. s. 3 H, -NCH3).3.38 (s. 3

H. Me end group on mPEG). 4.21 (s. 2 H, -OCH2C(O)N(CH3)-). 6.06 (m, 1 H, HI').

6.19. 6.31 (minor. major. s. s. 1 H, H6).

Carboxylic aeid (63).

Methyl ester 61 (65 mg. 0.0125 mmol) was stirred with aqueous KOH (0.3 ml. 0.1

M) for 1 h. The solution was then acidified with 0.2 M HCI and extraeted with 3 X 5 ml

methylene chloride. It was dried over Na2S04 and filtered to yie\d the carboxylic aeid as a

transparent, waxy solid (65 mg, 100 %). IH NMR ( 500 MHz, CDCI3): ô 1.91 (s. 1 H, Me

at CS). 2.17 (m, 1 H, H2'a). 2.30 (m, IH, H2'b). 2.44 (m, 2 H, ID'. ID"a). 2.58 (B of

ABX, 1 H, ID"b). 3.38 (5, 3 H, Me end group ofmPEG), 3.42 - 3.79 (1 m,

(-CH2CH2Q-)n), 3.98 (AB system, 2 H, -CH2C(O)N-), 6.03 (dei, 1 H, HI'), 7.35 (5, 1 H,

H6), 7.52 (br t, 1 H, -OCH2C(O)NH-), 8.58 (5, 1 H, H on NJ). JHl'-H2'a = 4.2 Hz,

JHl'.H2'b = 7.1 Hz. JHJ"a.H3'b = - 15.6 Hz.

5'-mPEG amide dîmer (64).

The reaction conditions for the coupling ofmPEG-conjugated carboxylic aeid 63

(50 mg, 0.094 mmol) and S'-amino-3'-carbomethoxymethyl-S',3'-dideoxythymidine 2S

were the same as for compound 61. The same quantities ofreagents were used, but the

reaction time was only 18 h. The tit1e dimer (45 mg, 90 %) was isolated as a white, waxy

powder.1H NMR (500 MHz, CDCI3), se\ected data: ô 1.96 (5, 6 H, 2 X Me at CS), 3.38

(5, 3 H, Me end group on mPEG), 3.98 (AB system, 2 H, -ûCB2C(O)N-), 5.79 (dei, 1 H,

HI'), 6.08 (t, 1 H, Hl'), 7.16 (5, IH, H6), 7.19 (brt, 1 H, nDo~\inkingamide-NH),7.22

(5, 1 H, H6), 7.68 (brt, 1 H, -ûCH2C(O)NH-), 8.72 (5, 1 H, H al NJ), 9.42 (5, 1 H, H al

NJ). 13(; NMR (125.7 MHz, CDCIJ>: ô 12.2 (Me al CS), 35.8 - 37.9 (6lines, 0',

0',0", CS'), 52.0 (-C(O)OMe), 52.3 (-CH2Œ20Me), (58.9 (-CH2Œ20Me), 70.0

«-<>CH2Œ r )n), 71.9 (-<>CH2Œ 20Me), 83.0 (C4'), 83.9 (C4'), 84.7 (CI'), 87.9 (CI'),
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111.0 (C5), 135.6 (C6),137.8 (C6), 150.6 (C2), 150.9 (C2), 162.0 (C4). 163.4 (C4),1693

(amide), 169.5 (amide), 169.9 (ester).

S'-mPEG amide dimer carboxylic Bcid (6S).

The reaction conditions for the hydrolysis of5'-mPEG dimer 64 (45 mg. 0.085

mmol) were the same as for the synthesis of carboxylic acid 63. The reaction time was

extended to 1.5 h. The isolated yield ofcarboxylic acid 6S was 45 mg. 100 %. of white

waxy solid. lH NMR (500 MHz. CDCI3), se\ected data: ô 1.96 (5, 6 H.. 2 x Me at C5).

3.38 (s, 3 H.. Me end group ofmPEG). 3.43 - 3.79 (1 m, poly ether backbone). 3.98 (AB

system, 2 H, -OCH2C(O)N-), 5.82 (unresolved, 1 H, Hl'), 6.06 (unresolved, 1 H, HI'),

7.31 (s, 1 H, H6), 7.71 (br t, 1 H, -OCH2C(O)NH-), 8.70 (5, 1 H, H at N3), 9.38 (5, 1 H..

HatN3).

S'-mPEG amide hexamer (66).

Carboxylic acid 65 (35 mg, 0.006 mmol) and 5'-amîno tetramer 31 (8 mg, 0.007

mmol) were combined under nitrogen armosphere and dissolved in DMF (0.5 ml) . To the

stirred solution was then added TEA (5 J.Ù, 0.035 mmol), followed by BOP coupling

reagent (5 mg, 0.011 mmol). Stirrîng was continued for 24 h. The solution was then

transferred to a beaker from the f1ask, which was rinsed with acetonitri1e ( 0.5 ml). To the

combined solutions was added ether (50 ml). A bard white precipitate formed, which was

subsequently filtered and dried. The product was redissolved in methylene chIoride, the

solution filtered and the solvent e\;aporated in vacuo, to give hexamer 66 (40 mg) in 93 %

yield.
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