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ABSTRACT

The synthesis of diene containing phosphoramidites and their successful integration into
oligodeoxyribonucleotides is reported. Further bioconjugation with various maleimide
dienophiles, carrying different pendant groups, and cross-linkage of diene-modified
oligodeoxyribonucleotides with different dimaleimides via the Diels-Alder Reaction are
described.
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SUMMARY

Synthetic oligonucleotides are valuable tools for disciplines like gene therapy, disease
diagnostics and DNA-architecture. Within this context, reactions with modified
oligonucleotides contain alarge promise of novel applications.

The Diels-Alder reaction is very specific and water, the biologically most relevant solvent, is
known to be a exceptionally good medium for these [2+4]-cycloadditions. These two
important properties and the fact that not much was reported on Diels-Alder reactions in the
context of oligonucleotides, solicited our interest for the studies described here.

To achieve cross-linkage between two complementary strands via the Diels-Alder reaction,
phosphoramidites with electron-poor ene and electron-rich diene moieties were synthesized
and inserted into oligodeoxyribonucleotides. The phosphoramidites of the first generation
were 1,4-anthracene dicarboxylic acid, 2,3-anthracene dicarboxylic acid, fumaric acid and
maleic acid. They all contained 3-amino-1-propanol spacers, linked via amide bonds. Maleic
acid building blocks and, especially, oligodeoxyribonucleotides of 2,3-anthracene and maleic
acid derivatives were not stable because of intramolecular maleimide formation. The electron-
poor fumaric acid building block turned out to be too reactive towards oxidation during
automated DNA synthesis. Melting experiments of a duplex bearing the 1,4-anthracene
building block in one strand and the oxidized fumaric acid derivative in the complementary
strand showed a destabilisation of 3 °C compared to the unmodified duplex.

To avoid oxidation of the electron-poor double bond during oligonucleotide synthesis,
phosphoramidites of different electron-rich enes were synthesized and integrated into
oligodeoxyribonucleotides. Oligodeoxyribonucleotides bearing 1,4-anthracene and 2,3-
naphthalene building blocks were synthesized. Melting experiments of the duplexes between
these diene- and ene-modified strands showed destabilization of about 7 °C in case of the 1,4-
anthracene derivative and about 5 °C with the 2,3-naphthalene derivative. Because of the low
reactivity of the electron rich ene-moieties, however, it was not possible to directly cross-link
the ene- and diene-modified duplexes. Partial degradation of the oligodeoxyribonucleotides
was observed during incubation at up to 100 °C.

Hairpin mimics containing different diene-building blocks, serving as loop replacements,
were compared in melting experiments with unmodified hairpins containing a T4- or an Ag-
loop. The hairpin mimic with the 1,4-anthracene derivative shows a stabilization of 6.5 °C
compared to a Ts-loop. The new 2,4-hexadiene building blocks, with ethyleneglycol,

VII



propanediol and butanediol spacers, increase the melting points of the hairpin mimics by 6 °C
to 9 °C compared to the unmodified hairpins. All dienes lead to hairpin mimics that are more
stable than the respective unmodified hairpins and at the same time have the benefit of an
additional reactive group.

Hairpin mimics and single strands containing the different diene building blocks were
bioconjugated with a maleimide derivative of fluoresceine. Modifications placed in a duplex
or the stem part of a hairpin result in destabilisation of the structure. The negative effect was
most pronounced by bioconjugation with the bulky fluoresceine maleimide. Bioconjugation
of hairpin mimics containing the diene-modification in the loop led to various degrees of
destabilisation, depending on the bulk of the substituent.

To explore the possibilities of bioconjugation, a hairpin mimic of the 2,4-hexadiene building
block with a propane diol spacer, was conjugated to various maleimides. Maleimides attached
to simple functional groups, such as aromates, fluorophores, metal ligands and to a second
maleimide were used. The hairpin mimic was amost 9 °C more stable than the respective
unmodified hairpin. The bioconjugates behaved different in the melting experiments. Some
were as stable as the diene hairpin mimic while others were destabilized by 7 °C to 9 °C.

Since the integration of intact electron poor ene-moieties into oligodeoxyribonucleotides was
not possible, we investigated the possibility to cross-link complementary diene-modified
oligodeoxyribonucleotides via a dimaleimide. Dimaleimides with linkers of different length
and others with an aromatic core were synthesized for that reason. Cross-linkage of duplexes
with different 2,4-hexadiene modifications via different dimaleimides, in agqueous media was
successful and resulted in highly stable, cross.linked duplexes (DTm up to +53°C).

Very importantly, cross-linkage of non-complementary diene-modified
oligodeoxyribonucleotides, under the same conditions and with the same dimaleimides did
not occur. Oligodeoxyribonucleotides conjugated to a dimaleimide were isolated, but no
further linkage to a second diene-modified Oligodeoxyribonucleotide was observed without

the use of atemplate.
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1 INTRODUCTION

1 INTRODUCTION

1.1 History of DNA and RNA — From Miescher to HUGO

Friedrich Miescher discovered nucleic acid in 1869 at the time of the Franco-Prussian War. In
treating wounded soldiers, the 22 year old Swiss physician obtained a ready supply of white
blood cells from the pus on the soldier's bandages. By digestion and extraction of the pus he
obtained a preparation of cell nuclei - the first subcellular fractionation. He called this
substance nuclein.

In 1879 A. Kossel, a German biochemist, isolated nuclein from starch. He found that nucleic
acids consist of nitrogen-containing bases, such as thymine, cytosine, and uracil.

Friedrich Miescher isolated a pure sample of the material from the sperm of salmon and in
1889 his pupil, Richard Altmann, named it "nucleic acid". This substance was found to exist
only in the chromosomes.

In 1902 E. Fischer received the Nobel Price for basic research on sugars, purines, uric acid,
enzymes, nitric acid and ammonia.

By 1908 all four bases of DNA had been characterised and it was found that they occur in
roughly equal amounts.

During the following years Levene and Jacob identified the sugar components of RNA
(1909) and DNA (1930) as D-ribose and D-deoxy-ribose.

1931: The book Nucleic Acids was published by Levine. He proved that the sugar components
are connected via phosphodiesters. In the same year Griffith discovers "transformation™.

In 1944, Oswald Avery, Colin MacLeod, and Maclyn McCarty published the first experiment
demonstrating that DNA was the genetic material.

1952 R. Sgner provides a sample of very pure DNA which gave x-ray diffractions of high
quality.

In 1953 the molecular biologists J. D. Watson, an American, and F. H. Crick, an Englishman,
proposed that the two DNA strands were coiled in a double helix. In this model each
nucleotide subunit along one strand is bound to a nucleotide subunit on the other strand by
hydrogen bonds between the base portions of the nucleotides. The fact that adenine bonds
only with thymine (A—T) and guanine bonds only with cytosine (G—C) determines that the
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strands will be complementary, i.e., that for every adenine on one strand there will be a
thymine on the other strand. It is the property of complementarity between two strands that
ensures that DNA can be replicated.

1955: Chargaff & Davidson published a set of three volumes on "The Nucleic Acids’,
describing in great detail their physical properties and characterisation.

1956: Genetic experiments supporting the hypothesis that genetic messages of DNA are
conveyed by its sequence of base pairs.

1958: Messelson and Stahl demonstrated that DNA replicates semi-conservative.

1959: Discovery of RNA polymerase.

In 1961 Jacob and Monod proved that messenger RNA transfers the genetic information.
1961: Thetriplet nature of the genetic code is discovered.

1970: Isolation of the first restriction enzyme. Temin and Baltimore report the discovery of
reverse transcriptase in retroviruses.

1972: Use of ligase to link together restriction fragments. The first recombinant molecules
generated.

1973: Eukaryotic genes were cloned in bacterial plasmids.

1977: DNA sequencing was discovered.

1979: Khorana synthesized the first artificial gene (126 bp).

1981 Catalytic activity of RNA was discovered.

1983: Thefirst version of "GenBank" was created for storage of DNA sequences.

1989: First use of the Polymerase Chain Reaction (PCR) technique.

1990: Start of the Human Genome Project with the goal to identify all the approximately
30,000 genes in human DNA, to determine the sequences of the 3 billion chemical base pairs
that make up the human DNA and to store thisinformation in databases within 15 years.

1995: The first bacterial genomes were completely sequenced (Haemophilus influenza and
Mycoplasma genetilium).

1996: The first eukaryotic genome was completely sequenced (Saccharomyces cerevisiag,
13,000,000 bp on 16 chromosomes).

1997: Dally, a sheep, was cloned successfully; The E.coli genome was sequenced.

The Human Genome Project ends in 2003 with the completion of the human genetic

sequence.
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1.2 Modified DNA and RNA

The field of altered nucleic acids can be divided in two major disciplines. In the first, the
existing genome of an organism is changed through insertion, deletion or modification of
genes. The goal of these alterations is the generation of new geno- and phenotypes. In this
case, the modification is a change of the sequence in the genome. Since just the natural
nucleosides are used, this genome can still be replicated, transcribed and transl ated.

In contrast to that, many chemical modifications of the backbone exist, the sugars and the
bases which can't be replicated, transcribed nor translated. Chemical modifications like
methylation and oxidation are observed in nature. For these damages nature even developed
various types of repair mechanisms. But in addition to this, bioorganic chemists have
synthesized modified building blocks for use in automated oligonucleotide synthesis. These
modifications can serve as tools for diagnostics, therapy, structure determination or other

applicationsin basic research.

1.2.1 Antigene and Antisense

Antigene and antisense therapy have a common goal, which is called gene silencing.* By the
addition of an oligonucleotide-like molecule, which interacts sequence-specifically with DNA
or mRNA, inhibition of transcription or trandation is sought. Such sequence-specific
recognition of nucleic acidsis achieved by using molecules that bind specifically by hydrogen
bonding to the nucleobases. Another way to obtain the same effect is the recognition and
binding of duplex structures via natural or synthetic minor groove binders.* Minor groove
binders were originally a potent class of naturally occurring antibiotics that bind to duplex
DNA specifically in the minor groove. Minor groove binders are long, flat molecules that can
adopt a "crescent shape” that fits snugly into the minor groove to form close atomic contacts
in the deep, narrow space formed between the two phosphate-sugar backbones in the double
helix. They bind in the minor groove by either hydrogen bonds or hydrophobic interactions.
With these powerful tools, genetically based diseases, as well as vira infections could be
treated. Since, statistically, the base sequence of a 17-mer oligonucleotide occurs just once in

the sequence of the human genome, extremely selective intervention ought to be possible with
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oligonucleotides of this length. Zamecnik and Stephenson were the first to propose the use of

synthetic antisense oligonucleotides for this purpose in 1978.>°

Nowadays, unmodified as well as modified oligonucleotides can be prepared easily and very
efficiently with the help of DNA-synthesizers by the phosphite triester method. This method
was originally introduced by Letsinger’. The method is explained in detail in the experimental

part of thisthesis.

To be successful in practical applications antisense oligonucleotides must comply with severa
requirements.® (1) The complex formed between the oligonucleotide and its complementary
sequence must be sufficiently stable under physiological conditions. (2) The interaction
between the oligonucleotide and the target sequence must be specific. (3) Half-live time of the
oligonucleotide has to be sufficiently long under in vivo conditions to show the desired effect.
(4) Cell membrane permeabilit is essentially for the oligonucleotide hybrids to reach their site
of action.

To increase binding affinity, different approaches exist. Héléne et al.” covalently linked
intercalating agents to oligonucleotides to increase the affinity (Scheme 1). Intercalating

agents, like acridine, are flat aromatic compounds which can stabilize oligonucleotide hybrids

through hydrophobic and pi-stacking interactions with the base pairs.

HN/{/\]H\S'-OIigonucl eotide

M
OMe N
+ ~
NH Cl

Scheme 1 Acridine bound to the 3'-end of an oligonucleotide.

Another possibility to increase Ty comprises the introduction of modified bases that form

more stable Watson-Crick base pairs than the natural bases. 2,6-Diaminopurine (DAPu) for
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example forms three hydrogen bonds with thymine, whereas the natural partner adenine is

able to form only two hydrogen bonds (Scheme 2).2°

major groove major groove
H\
--0 H, N N—H--O CH,
DAPU ( \ Adenine (/ \
N N~ Wen-n N
/ _/ _

/ N Thymine N=— %N Thymine
--O \ o \

H/ minor groove

minor groove

Scheme 2 Hydrogen bonds of the base pairs DAPU/T and A/T.

It is also possible to raise the Ty by atering the sugar miety. A 9mer 2'-O-
methyloligoribonucleotide hybrid duplex, for example, is around 10°C more stable than the

corresponding unmodified DNA duplex.'!

Adequate stability to nucleases and sufficient passage through membranes can be achieved by
modification of the oligonucleotides.

The enzymes responsible for the degradation of nucleic acids (DNA, RNA), the nucleases
(DNases, RNases), differ in their specificities. Unmodified antisense oligonucleotides can be
degraded in organisms by single strand specific exonucleases within minutes. Since
enzymatic hydrolysis of the phosphodiester backbone is a major problem, modification of the
phosphodiester is an obvious approach. In an apparently slight change is to replace an oxygen
by a sulphur atom. Phosphothionate polynucleotides have been described by de Clerg and
Eckstein already in 1970.* Phosphorothioate antisense oligonucleotides are stable to snake
venom phosphodiesterase and spleen phosphodiesterase, which are endonucleases. Another
type of phosphate modification, the nonionic methylphosphonate oligonucleotides, were used
for the first time by Miller and Ts O in 19811
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For the activity of any therapeutic agent a satisfactory bioavailability is essential. Activity of
the antisense oligonucleotides is crucialy affected by how well they reach, unmetabolized,
their site of action. The mRNA, produced in the nucleus by transcription of the DNA, is
trandated into the corresponding protein on the ribosomes in the cytoplasma. To stop
trandation, the antisense oligonucleotides must pass through the plasma membrane into the
interior of the cell. The plasma membrane is a natura barrier to many large or negatively
charged molecules. Cellular uptake of oligonucleotides take place better than expected for
molecules with properties of its kind. The existence of an active transport of oligonucleotides
by endocytosis is responsible for this. According to al the evidence, this mechanism is
receptor mediated.” 3 -Derivatisation of oligonucleotides, as linking with acridine
(mentioned above), appears to have a beneficial effect on both the ability to penetrate and the
stability to nucleases.® An additional way to improve the penetration of antisense
oligonucleotides, is the incorporation in liposomes'™ or the covalent attachment to nonspecific

or specific carriers.*"®

Most of the oligonucleotides have been designed to inhibit trandation and so are antisense
agents, and only a few studies report efforts into the direction of transcriptiona inhibition.
The advantage of inhibition of the transcription is that the target gene occurs only once per
cell while the corresponding mRNA may be present in many copies. However more important
seems to be the disadvantage, which accessibility of the target DNA sequence.

While antisense and antigene research boomed until the end of the last century, which is
understandably since it could be the key to treat hereditary diseases, viral and bacterial
infections and even cancer. However, the euphoria calmed down lately. Practical problems
such as dose, efficacy and delivery turned out to be mgor obstacles, and that antisense

research became much less popular than originally expected.
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1.2.2 RNA Interference

RNA interference (RNAI) is one of the most exciting discoveries of the past decade in
functional genomics. RNAI is rapidly becoming an important method to anayze gene
functions in eukaryotes and holds the promise for the development of therapeutic gene
silencing.**®

Although the mechanisms for RNAi remain largely unknown, the steps required to generate
the specific dSRNA oligonucleotides are clear. It has been shown that dSRNA duplex strands
that are 21-26 nucleotides in length work most effectively in producing RNA interference.
Selection of the right homologous region within the gene is also important. Factors such as
the distance from start codon, the G/C content and the location of adenosine dimers are
important when considering the use of dsRNA for RNAi.?* There are several methods for
preparing small interfering RNA (siRNA), such as chemical synthesis, in vitro transcription,

SIRNA expression vectors, and PCR expression cassettes.
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1.2.3 Locked Nucleic Acid

Locked Nucleic Acid (LNA) was first described by Wengel and co-workers in 1998% as a
novel class of conformationally restricted oligonucleotide analogues. LNA is composed of
bicyclic nucleotides in which the 2'-oxygens and the 4'-carbon atoms are bridged with a
methylene unit (Scheme 3). This bridge restricts the flexibility of the ribofuranose ring and
locks the structure into a rigid bicyclic formation, conferring enhanced hybridization

performance and exceptional biostability.

OH OH
O Base O Base
7 P o
O— | =0 O— | =0
O O
O Base O Base
T 7 0
“O—P=0 'O—le
I I
DNA LNA

Scheme 3 Structural comparison between DNA and LNA.

1.2.4 Peptide Nucleic Acids

Peptide Nucleic Acids (PNA) was discovered by the Nielsen group.>2 In comparison with
natural nucleic acids, where the nucleobases are attached to a sugar-phosphate chain, these
compounds consist of nucleobases assembled on the string of a pseudopeptide backbone
(Scheme 4). The most frequently used peptide nucleic acids are composed of a poly[N-(2-
aminoethyl)glycing] backbone and the nucleobases are attached through an acetyl linkage.
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Peptide nucleic acids, despite the achiral and uncharged backbone, retain an unsurpassed
selectivity of base-pairing of native nucleic acids. There are many exciting biological
properties of PNA (chemical and enzymatic stability, stable hybrid formation with both DNA
and RNA, and (PNA),-DNA triple helix formation).

Scheme 4 Structural comparison between DNA and PNA.

1.2.5 Molecular Beacons

Molecular beacons are single-stranded oligonucleotide hybridization probes that form a stem-
and-loop structure.>* The loop contains a probe sequence that is complementary to a target
sequence, and the stem is formed by the annealing of complementary sequences located on
either side of the probe sequence. A fluorophore is covaently linked to the end of one arm
and a quencher to the end of the second arm.

In the absence of targets, the probe does not fluoresce, because the stem places the
fluorophore so close to the nonfluorescent quencher that they transiently share electrons,
eliminating the ability of the fluorophore to fluoresce. When the probe encounters a target
molecule, it forms a probe-target hybrid that is longer and more stable than the stem hybrid.
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The rigidity and length of the probe-target hybrid precludes the simultaneous existence of the
stem hybrid. Consequently, the molecular beacon undergoes a conformational reorganization
that forces the stem hybrid to dissociate and the fluorophore and the quencher to move away

from each other (Scheme5).

Molecular

Beacon Target Hybrid

Scheme 5 Principle of molecular beacons.

Molecular beacons can be used as amplicon detector probes in diagnostic assays. Because
nonhybridized molecular beacons are non-fluorescent, it is not necessary to isolate the probe-
target hybrids to determine the number of amplicons synthesized during an assay. Molecular
beacons are added to the assay mixture before carrying out gene amplification and
fluorescence is measured in real time. Furthermore, the use of molecular beacons provides an
additional level of specificity. Because it is very unlikely that false amplicons or primer-
dimers possess target sequences for the molecular beacons, the generation of fluorescence is
exclusively due to the synthesis of the intended amplicons.

Molecular beacons with differently coloured fluorophores can be synthesized. This enables
assays that simultaneously detect different targets in the same reaction. For example,
multiplex assays contain a number of different primer sets, each set enabling the amplification
of a unique gene sequence, e.g. from different pathogenic agents. A corresponding number of
molecular beacons can be present, each containing a probe sequence specific for one of the
amplicons, and each labelled with a fluorophore of a different colour. The colour of the
resulting fluorescence identifies the pathogenic agent in the sample and the number of
amplification cycles required to generate detectable fluorescence provides a quantitative

measure of the number of target sequences present. Moreover, due to the inherent design of
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gene amplification assays, the use of molecular beacons enables the detection of a rare

pathogen in the presence of a much more abundant pathogen.

1.2.6 Probing and Mapping of RNA

The many different functions of RNAS require specific interactions of these molecules with
proteins, metals, other nucleic acids and substrates. The specificity of these interactions and
their biological activities are determined by the three-dimensional structures of RNAs. The
tertiary structure of RNA is formed by hydrogen bonding between functional groups of
nucleosides in different regions of the molecule, by the coordination of polyvalent cations,
and by stacking interactions in the double stranded regions of RNA. Knowledge of the tertiary
structure of RNAs and the possibility to predict RNA folding from nucleotide sequences are
of key importance for the design of functionally active polynucleotides, and for the selection
of optimal oligonucleotide probes for the detection of specific RNAs and antisense
oligonucleotides. The most widely used approach for investigations of RNA structure and
functions is chemical and enzymatic probing in combination with theoretica methods.

Physica methods like X-ray crystallographic™3* and NMR analysis®=®

are powerful tools
but have serious practical limitations. For both methods, large amounts of highly purified
RNA are needed, and X-ray studies require high quality RNA crystals, which are difficult to
grow.

Chemical probing allows to detect structural motives like single stranded and double stranded
regions, bulges and mismatches. Since most natural RNAs are globular molecules its
important to distinguish nucleotides on the surface from those that are interior to solve the

structure and to find potential drug targets.

1.2.7 Labdlling

Radioactive and fluorescence labelling of oligonucleotides are well established methods for

faster and easier detection of oligonucleotides. The introduction of the labels may occur

11
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during automated oligonucleotide synthesis or via the polymerase chain reaction.
Alternatively, it may be done postsynthetically at either end of oligonucleotides. Labelled
probes can be detected at very low concentrations in PAGE, on micro-array chips or in
solution. For fluorescent labelling relatively big molecules (Scheme 6), which may influence
the structure and binding properties of the oligonucleotides, are needed. In contrast,
radioactive labelling allows the use of normal nucleotides, containing radioactive isotopes.
Due to environmental and safety issues in the work with radioactive materials, optica

detection particularly in diagnostics, is used whenever possible.

0o
o 0o
O I HN — NH(CH,),-Fluorescein
A
075 N

DMTO
N(iPr),
HN P .
NN \o/\/CN O_I|D_N(|Pr)z
o/\/CN
5'-Fluorescein Phosphoramidite Fluorescein dT

Scheme 6 Commercially available fluorescent phosphoramidites.

1.3 DNA and RNA Architecture

1.3.1 Branched DNA

DNA is an extraordinarily compact material used for information storage by every known
form of life. The molecul€e s biochemical and biophysical properties have been well studied.
Recently, there is increasing interest in this material’s use for engineering purposes, such as
the construction of nanomechanical devices and materials.

DNA nanotechnology is based upon the concept of using reciprocal exchange between DNA
double helices or hairpins to produce branched DNA motifs or related structures. A variety of

simple branched junction motifs, including the Holliday Junction, have been created, in which
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there is a reciprocal exchange of strands between two helices. By allowing for reciprocal
exchange between multiple helices, paranemic crossover (paranemic refers to a helix whose
strands can be separated without unwinding), double crossover, and triple crossover motifs
have been created that are significantly more rigid than other branched junctions (Scheme 7).

The sequences of these unusual motifs are designed by an algorithm that attempts to minimize

sequence symmetry.>’
A
S
| —~
B
duplex
A A
S S
A B — —
B B
linear polymer
C
/ [
three way junction
B B
‘ - i; oy
D||C D
/ !
A B ’ ’
D c B - B -
- pllc D
four way junction ! !
| (Holiday junction) 2D-lattice

Scheme 7 Examples for one- and two-dimensional oligonucleotide architectures.
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1.3.2 Triplex DNA

Since Hoogsteen and reverse Hoogsteen H-bonds require the presence of the purine bases A
and G, triple helix formation with a third DNA and RNA strand is limited to homopurine
sequences.® One active research area is, consequently, the preparation of base modifications
which can also recognize pyrimidines. We can distinguish two different binding modes to

homopurine sequences.

The Pyr:Pur:Pyr motif. In this motif, a thymine and cytosine containing DNA or RNA strand
forms a triple strand with a homopurine sequence. T pairs with A and C pairs with G. Pairing
occurs through formation of Hoogsteen base pairs. The Hoogsteen strand is parallel to the
homopurin strands and antiparallel to the pyrimidine strand in the duplex (parallel binding). In
order for the cytosine to form a stable Hoogsteen base pair with G it needs to be protonated at
N3 (Scheme 8). The binding of the triplex is therefore strongly pH dependent. The binding is
strong at low pH values and low at high pH values. The melting temperature of this type of
triplex is therefore pH dependent.

H H
— H_ _H =\_\ HooH
R-N T )0 H R—N_C 7'\
. .0 H N AN,
N . . / N
\ H

. TONYT N /H | c
O H\ H\N/H N T N O ' ~|()l 'N N\R
‘\‘ ’H/ Y \R \\‘ H,’ \l(
N XN N N~ (@)
N (o) 4</ -
H4</ ﬁ\/)\ : N | G/)\ H
N N H / N N
/ d |
R H

TAT triplex CrGC triplex

Scheme 8 Hoogsteen base pairs.

The Pur:Pur:Pyr motif. Also in this motif, the third strand binds to the DNA in the major
groove. Again, a homopurine strand in the duplex is required for triple helix formation. The
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binding of the second homopurine strand in the triple strand is now antiparallel to the
homopurine strand of the duplex (Scheme 9). Binding of the triplex is not pH dependent. The

triplex H-bonds are of the reverse Hoogsteen type.

R

|
Ho N
AR
N—{ A

AAT triplex GGC triplex

Scheme 9 Reverse Hoogsteen base pairs.

1.3.3 Quadruplex DNA

DNA oligonucleotides that have repetitive tracts of guanine bases can form G-quadruplex
structures that display an amazing number polymorphism (Scheme 10). Structures of several
new G-quadruplexes have been solved recently that greatly expand the known structural
motifs observed in nucleic acid quadruplexes. In addition base triads, base hexads, and
guartets that contain cytosine stacking on the familiar G-quartets, have recently been
identified. The current status of the diverse array of structural features in quadruplexes is

described and used to provide insight into the polymorphism and folding pathways.*
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Scheme 10 Schematic diagrams of a four-stranded linear quadruplex and some two-
stranded dimeric hairpin quadruplexes representing x-ray crystal structures.® A solid
line represents the sugar phosphate backbone. A solid circle indicates the 5°-end of the
strand and an arrow indicates the 3'-end of the strand. Completely shaded rectangles
indicate syn guanine residues, clear rectangles indicate anti guanine residues, and clear
squares indicate anti cytosine residues (see Scheme 11).
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CGCG-Quadruplex GGGG-Quadruplex

Scheme 11 Hydrogen bonds formed in quadruplexes.

1.3.4 Cross-Linked DNA

A most successful approach to stabilize oligonucleotides is to connect the strands that form
the helical structure with a cross-link.*>*> Methods to cross-link nucleic acids can generally
be divided into two categories. In the first group, cross-links are formed using a exogenous
reagent, like a (bis)electrophile. Because (bis)electrophiles can react with nearly al of the
nucleophilic sites on the bases, these reagents often have little or no sequence specificity and
form complex mixtures of cross-linked adducts.*** Although some natural products like
mitomycin C and synthetic compounds such as cisplatin and psoralen can form lesions at
specific sites, these reagents require the presence of specific sequence patterns within a target
to generate the cross-link.*® In some cases, cross-link formation by akylating agents can also
have other effects, such as disrupting base stacking.

Cross-links can also be placed into oligonucleotides site specifically labelled with modified
nucleosides that present reactive groups (Scheme 12). Positioning of the reactive groups in
proximity on opposing strands of a helix allows the formation of a cross-link. This strategy

requires optimisation of both, the loci to be bridged as well as the chemistry to form the cross-
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link.*® An preferred location for incorporation of an intrastrand cross-link is at the terminus of
the helical structure. For example one end of a duplex can be covaently linked by bridging

the 3'- and 5'-terminal hydroxyl groups to create a hairpin like structure.>

NH, o
o’
rRo | /’E j‘\ | Rro o | NNSITS 1
N o 07 >N /K
0 0 oN Yo 07N
RO O ~Ngug™>C FO RO  OH HO RO
u-c u-u

N
NH

0 N™ “NH, NH,
- (1, o%ﬁ o B oe

RO O\/\S- S/\/O RO RO

c-C G-G

Scheme 12 Chemical structure of disulfid RNA cross-links used by Glick® to cross-
link modified yeast tRNA™,

1.4 Templated, Non-Enzymatic Reactions with Oligonucleotides

The first non-enzymatic DNA-templated reaction was reported by Naylor and co-workers in
1966, using polyadenosine as a template for the ligation of two thymidine hexanucleotides.
However, the low yield of 5% after 4 days rendered the chemistry of little practical use. The
next significant advance in this field did not come until 1984, when Orgel and co-workers
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successfully synthesized dGGCGG using a dCCGCC template and activated guanosine and
cytidine monomers.>®

Unfortunately, this methodology was aso hampered by poor reaction efficiency. A modest
17% yield was achieved and numerous byproducts from untemplated reactions were observed
in the product mixture. In 1986, von Kiedrowski and co-workers proposed a potential solution
to this problem with their report of the first autocatalyzed DNA-templated ligation reaction. A
self-complementary hexanucleotide was used to template the ligation of two trinucleotides
(Scheme 13). Since the resulting ligation product was identical to the origina template, two
template molecules become available upon dissociation of the duplex to participate in the
subsequent catalytic cycle.> Despite the fact that the yield for this reaction was only 12% and
catalytic turnover of the template was minimal due to the stability of the native DNA duplex,
the design of a catalytically active template laid the conceptual foundation for much of the
work that later followed in thisfield.

5CCG—-0OPO; HO-CGG? 5 CCG CGG 2
¥ GGC— OPO,0— GCC* ¥ GGCGCCH
5 CCG—OPO;
5CCGCGG*?
HO—CGG 3

Scheme 13 Autocatalyzed ligation of self complementary DNA template.

The discovery that backbone-modified nucleotides could be incorporated into DNA strands
without significantly hindering the binding affinity between the modified strand and its
complementary DNA strand lead Lynn and co-workers to develop a DNA-templated ligation

strategy utilizing the imine condensation reaction.>
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To apply the imine condensation reaction to DNA ligation, oligonucleoctides bearing a 5'-
amino or a 3 -adehyde functionality, respectively, were synthesized. Upon combination of
the reacting oligonucleotides with complementary template, association occurred, followed by

the condensation reaction to give the imine ligated product (Scheme 14).

5CGT—CH,N*HCHCH,—TGC?3

5 GCA—— OPO,0——ACG §
NaBH,CN

5§ CGT—CH,NH,;* OCHCH,—TGC? 5 CGT— CH,CH,N*H,CH,CH,—TGC?

¥ GCA OPO,0 ACGS ¥ GCA OPO,0 ACG 5

5 CGT —CH,NH,*
20 5§ CGT—CH,N*H,CH,—TGC 3

OCHCH,— TGC?

Scheme 14 Cycle of DNA-templated ligation via reductive amination.

Kool and co-workers carried out some DNA-templated nucleophilic substitution reactions.
Reaction of 5'-iodothymidine oligonucleotide with an oligonucleotide bearing a 3'-
phosphorothioate anion in the presence of a DNA template resulted in the ligated
oligonucleotide.*®

Upon introduction of a single base-pair mismatch between, the reaction rate decreased 2000-
fold relative to that of the correctly matched substrates. Kool subsequently went on to
demonstrate the practical use of this high template fidelity for the detection of single point

mutationsin DNA.>’

Saito and co-workers used photoligation in the DNA-templated synthesis of oligonucleotides.

Upon irradiation of 3'-cytosine and 5 -vinyldeoxyuridine with 366 nm light in the presence of
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a DNA template, the ligated complex was formed. Irradiation of the product with 302 nm
light effected the reverse reaction, regenerating the starting materials.®

The use of this methodology to perform multiple concomitant ligation reactions was also
demonstrated by irradiation of five hexanucleotides in the presence of a complementary DNA
template to produce the desired 30-mer oligonucleotide product. With this work, Saito and co-
workers have demonstrated that photoligation of modified nucleotides is a viable method for
DNA-templated ligation reactions, and that this method possesses the added benefit over

previously presented backbone ligation methods in that the reaction isreversible.

Sheppard designed a ligation reaction in which the product was a DNA-metallosalen complex
capable of acting as a catalyst in subsequent reactions.”® To synthesize the metallosalen
complex, 5 -salicylaldehyde and 3'-sdlicylaldehyde were reacted with the complementary
template , ethylenediamine, and either Mn(OAc)z or Ni(OAc)2. Upon removal of the template,
the desired Mn(ll) or Ni(Il) DNA-metallosalen complex was obtained (Scheme 15). The
metal ion was found to play akey role in templating complex formation. Thus, in the presence
of Mn(OAc),, 65% yield was obtained, but only a 4% yield of unmetallated DNA-salen was
obtained when Mn(OAc). was omitted from the reaction mixture. Using this chemistry,
Sheppard introduced the DNA-templated synthesis of new organometallic reagents with

potential applications in targeted nucleic acid cleavage, biosensors, and catalysis.*°
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Scheme 15 A nucleophilic substitution®, B photoligation®, C metallosalen

complexation’.

Liu and co-workers extended the concept of DNA-templated synthesis to the specific
combination of small molecules. In this approach, small molecule substrates and reagents are
covalently attached to DNA templates. Upon annealing of the complementary templates,
reagent and substrate are brought in close proximity, promoting the desired reaction (Scheme
16). Since the time of their initial report®, Liu and coworkers have developed this
methodology to encompass a broad range of chemical transformations, and have

demonstrated its potential for generating combinatorial libraries in solution and directing

multistep small-molecule syntheses (Scheme 17).%

22

|

NH2| o

N)) | NH
O)\N N’go
5 TGT GCJ I—GCG TG?

302 nm
3 ACA CGG ACG CACS®| | 366nm

N o’
O)\N
H H NH
I\II_ o)
5 TGT GC GCGTG?
$ ACA CGG———ACG CAC S




1 INTRODUCTION
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Scheme 16 Conjugates employed in DNA-templated addition and nucleophilic

substitution reactions.®*
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Scheme 17 DNA-templated multistep small-molecule synthesis.®?
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1.5 TheDidls-Alder Reaction

The most elegant and useful reaction is named after the discoverers, the two German chemists
Otto Diels (1876-1954) and Kurt Alder (1902-1958). The work on this reaction brought them
the Nobel Price in 1950.

The Diels-Alder reaction is a concerted addition reaction of a conjugated diene to an alkene
(the dienophile) to produce a cyclohexene. This reaction belongs to a larger class known as |2
+ 4] cycloadditions, which are characterized by the formation of aring by a process involving
two p-electrons of one reactant and four p-electrons of the other. Such reactions tend to be
electronically favoured because the transition state involves six circularly delocalized p -
electrons, much like in benzene. It has, therefore, aromatic character and is particularly

stablilised. (By comparison, [2 + 2] and [4 + 4] cycloadditions tend to be much slower.)

The ssimplest exampleisthe reaction of 1,3-butadiene with ethene to form cyclohexene:

C ol

The analogous reaction of 1,3-butadiene with ethyne giving 1,4-cyclohexadiene is also

o = [

Since the reaction forms a cyclic product, via a cyclic transition state, it is also caled a

known:

"cycloaddition™.
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The reaction is a concerted process:

== )

In concerted reactions, bond making and bond breaking occurs simultaneously. Due to that
reaction mechanism, no intermediates are observed.

The high degree of regio- and stereoselectivity (due to the concerted mechanism), renders the
Diels-Alder reaction a very powerful reaction, which is widely used in synthetic organic
chemistry. The reaction is usually thermodynamically favoured due to the conversion of two
p- bonds into two new, stronger s- bonds. The two reactions shown above require harsh
reaction conditions, but the normal Diels-Alder reaction is favoured by electron withdrawing
groups on the electrophilic dienophile and by electron donating groups on the nucleophilic

diene.

Some common examples of the reactants are shown below:

m<<©@6i

Co,Me
CO,Me _CO,Me

Dienophiles Hk r J/ [ O ||
MeO,C CO,Me

Co,Me
o)
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The Diels-Alder reaction is stereospecific with respect to both the diene and the dienophile.

Addition is syn on both components.

Thisisillustrated by the examples below:

. o = CO,Me CO,Me
cis-dienophile gives cis- [
substituents in the product. X

COMe CO,Me
CO,Me
trans-dienophile gives trans- ( | 2 CO,Me
substituents in the product. AN 5
MeO,C “Cco,Me
Co,Me
If both subgtituentson thediene coMe
are Z or E, then both end up on the ‘ ‘ -
NN
same face of the product CO,Me COMe
CO,Me
If substituentson the dieneareE~ Co,Me
and Z, then they end up on | | -
opposite faces of the product X Co,Me COMe

The reaction ca also give give stereoisomeric products depending on whether the dienophile
lies under (endo) or away (exo) from the diene in the transition state. The endo product is
usually the major product with maleimides as dienophiles since the p-electrons of the diene
can interact with those of the carbon-oxygen double bonds when the molecules are aligned

over each other.
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@)
H
ot
H @)
0O O

endo O

. o
o 0
\ ‘I —_— “‘. 74 —_— / ‘ O
(@) | H O ! | @) \:‘
/ O H O
@) e @)

Diene and dienophile aligned directly over  Diene and dienophile staggered with respect

each other gives the endo product to each other gives the exo product
(dienophile under or in = endo) (dienophile exposed or out = exo)
In the past decade “Organic Chemistry in Water” has become an active field of research.®®

A large number of reactions can be carried out in water without any specific disadvantages,
but the discovery that an agueous medium can actually promote reactions has further
encouraged research in this area. Perhaps more than any other organic conversion, the Diels-
Alder reaction has clearly manifested the advantage of an aqueous reaction medium. An
agueous medium can facilitate synthetic procedures, but can also be beneficial to organic

reactionsin terms of enhanced reaction rates, yields or stereochemistry.

Early reviews mention the significance of solvent polarity for Diels-Alder reactions.®
Desmoni investigated a wide variety of DielsAlder reactions (homo, hetero,

intramolecular)®”®

and concluded that in most cases the acceptor number (AN) of the solvent
is the responsible property. The AN of a solvent describes the ability of a solvent to act as an
electron pair acceptor and solvents are thought to reduce the LUMO of the reactants in Diels-

Alder reactions through this mechanism (similar to Lewis acids). Evidently this pattern is
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related to the hydrogen bond donating capacity of the solvent. Although this approach can
certainly be criticized because it oversimplifies the influence of a solvent, the assumption that
solvents can partly influence Diels-Alder reactions by affecting the molecule orbitals of the
reactants makes sense and is true for most Diels-Alder reactions. However, not al reaction
systems are as sensitive towards such interactions and in a few cases the donor number or

cohesive density (solvent-solvent interactions) of the solvent are dominant.®®

Pericyclic reactions, like Diels-Alder reactions, have attracted attention in the field of organic
reactivity in water because these reactions were thought, as a result of their relatively apolar
activated complex, not to be influenced by the solvent.

The first Diels-Alder reaction in water was actually carried out by the discoverers, Diels and
Alder.” However, considering the hydrophylicity of the used reagents, maleic acid and furan,
the use of water as solvent was rational. In the following decades few examples of Diels-
Alder reactions in water were reported, but once more just reagents that readily dissolve in
water were involved.”""

Bredow’sinitial experiments revealed a 30 to 700-fold acceleration of several common Diels-
Alder reactions.”® In his paper, he briefly attributes this acceleration to hydrophobic effects:
“Since in the Diels-Alder reaction of, e.g., cyclopentadiene with methyl vinyl ketone the
transition state brings together two nonpolar groups, one might expect that in water this

reaction could be accelerated by hydrophobic interactions’.

Further studies showed that water not only accelerates the Diels-Alder reaction, water also
increases the stereoselectivity of the addition.”*" The endo/exo ratio is increased up to a
factor of five if using water instead of organic solvents. This trend is partly attributed to the
increased polarity of the medium, but the dramatic increase at high water contents is primarily
the result of hydrophobic effects which favor the endo transition state (the most compact
activated complex).

NeXstar Pharmaceuticals presented in 2001 the Diels-Alder bioconjugation of 5-end diene-
modified oligonucleotides (Scheme 18).” This has so far been the only reported work of
Diels-Alder reactions with modified oligonucleotides in water. A 3,5-hexadiene-moiety was

linked via the phosphodiester method to the 5'-end of a 28mer oligodeoxyribonucleotide. The
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diene-modified oligonucleotides were bioconjugated in 25mM phosphate, pH = 6.8, at 25°C
to 60°C with 2 to12 equivalents of the maleimides. They observed complete transformation
within 2 h.

For the linkage of two oligonucleotides they incubated the same oligonucleotide solution with
0.33 equivalents of 1,6-bismaleimidohexane at 25°C and observed formation of the dimer of
about 80% based on the bismaleimide.

Ollgo Ollgo
Qligo 0-P=0 0=p—0"
o= P o Eé Hﬁ\;]
X 25 mM phosphate
pH 6.8
= 25°C

16h

Scheme 18 Linkage of 5 -end diene-modified oligonuclectides.”’

1.6 Bioconjugation

Bioconjugation is defined as the linking of biomolecules to other biomolecules, polymers,
small molecules, surfaces or metals. Bioconjugation is a critical enabling component of in
vitro and in vivo diagnostics and in vivo therapies. The 'language’ of bioconjugation has not
changed in 15 years. Bioconjugation requires identifying a conjugation scheme that forms a
stable linkage between the molecules, yet does not affect the inherent function of either
coupling partner. Examples of biomolecules used in conjugates include enzymes, antibodies,
peptides (synthetic and natural), oligonucleotides (synthetic and natural) and carbohydrates.
Other types of molecules widely conjugated to biomolecules include fluorescent reagents,
metal chelates and drugs. Y et another type of conjugation is the attachment (immobilization)
of bio-molecules to solid surfaces such as plastics, glass, metal aggregates and beads, which
has broad applications in genomics, proteomics and the diagnostics industry in general.

The ideal bioconjugation couple has to fulfil several criteria. First, the reactive moieties must

react efficiently, yet must not cross-link with the biomolecule itself. Secondly, the linkers
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need to be reactive enough to couple with high efficiency, yet stable enough so as to be stored
in solution for long periods. Finaly, the linkage should be stable over broad pH and
temperature ranges, while still allowing cleavage to be effected if desired. It is also extremely
important that no non-specific (i.e. non-covalent) binding/sticking of one biomolecule to the
other biomolecule occurs which would lead to high background interference in any assay. It
would be further advantageous if the functional reactive moieties could be modified for
incorporation onto a biomolecule synthesized using standard solid phase methods.

One of the critical components of many nucleic acid based diagnostic assays is an
oligonucleotide with a reactive functionality that can be used to couple with labels, other
biomacromolecules, or even microchips. Traditionally, either a primary thiol or an amine has
been used for this purpose. Thiols are unstable and difficult to work with, and both

chemistries require relatively unstable coupling partners.

In 2001 covalent modification and surface immobilization of nucleic acids viathe Diels-Alder
bioconjugation method was published by Sebesta et al.”® They describe the two commonly
employed methods for constructing bioconjugates of oligonucleotides, i.e. the introduction of
the chemical modifier via automated synthesis and the post synthetic condensation. They
report the progress toward a complementary method for preparing covalently modified
oligonucleotides by a post-solid phase synthesis method relying on a cycloaddition reaction.
Specifically, the highly selective reaction between a diene and a dienophile (a Diels-Alder
cycloaddition) has been exploited for covalent biomolecule modification. Conceptually, the
inertness and chemosel ectivity of the Diels-Alder reactants offer advantages in bioconjugation
applications. For example, competing hydrolysis of reactants under aqueous experimental
conditions is less of a concern in a diene/dienophile condensation and the Diels-Alder process
is actually accelerated in agueous solvents. Furthermore, due to the high Chemo-selectivity of
dienes possess for reactions with dienophiles, the Diels-Alder cycloaddition constitutes a
previousy untapped dimension of chemica orthogonality for the covalent modification of
nucleic acids and other biopolymers.

They present direct comparison of the Diels-Alder bioconjugation method with other
established techniques for covalent biomolecule modification, and describe the

immobilization of cyclohexadiene-modified polymers on a maleimide modified surface.

30



1 INTRODUCTION

The addition of an external label such as a fluorophore can be a disadvantage. Since most
labels have appreciable biological properties in that they can associate with particular
biomolecules in a non-covalent fashion, bioconjugation can lead to reduced and, in some
cases, total probe inactivity. Additionally, any excess labeled probe has to either be removed
from the assay or internally masked prior to analysis. This leads to extra separation
procedures or the use of complicated and expensive probes.

Based on Diels-Alder cycloadditions and surface enhanced resonance Raman scattering
(SERRS), Graham et a presented in 2002° a new approach for the detection of
oligonucleotides. This method provides unique signals of the desired product using a simple
probe without use of separation steps at ultra low concentrations. SERRS requires the
presence of a colored moiety that will adsorb onto a metal surface. This produces enhanced
Raman scattering at ultra low concentration levels and with a high degree of molecular
specificity. In this new approach a small chemical tag is added to a probe molecule (Scheme
19). The tag is invisible to the detection technique of SERRS and is only made SERRS active
by use of a developing agent that reacts specifically with the tag to produce the label. As the
new species has a different molecular structure, the signal produced is unique to that species
and shows differences to that of the developing reagent. Unlike fluorescence, this enables
detection without separation.

OMe 9 Qligo
0] © N © (0] (0]
OIigo/\@ + N=N N
N=N
—_—
H,O
NH pH 5.5 f;(
N=N

Scheme 19 Bioconjugation via Diels-Alder reaction for surface enhanced resonance
Raman scattering (SERRS).”

In 2003 Leuck et al® presented a method which is compatible with the presence of other

chemical functionalities like amino groups and can be applied under particularly mild
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conditions, such as agueous buffers without co-solvents, neutral pH and moderate

temperature. They demonstrate the utility of agueous Diels-Alder reactions for the

bioconjugation of diene-modified oligonucleotide probes, and the covalent attachment of

diene and maleimide functionalized oligonucleotides to a variety of glass surfaces (Scheme

20).
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1 INTRODUCTION

1.7 Aim of thisWork

The overall goa of this research project is the developpment of a method for the assembly of
larger DNA or RNA structures from smaller, well-defined secondary structural modules. One
such target structure, a t-RNA mimic, is shown in Scheme 21. The target molecule could be
composed of two subunits linked together, giving atRNA mimic, that instead of the complex
core structure®®, between the acetylation and the anticodon branche, contains a simple
chemical cross-link. One possibility consists in the linking of the two subunits via the Diels-
Alder reaction. The reaction between diene and dienophile, reactive groups which are
relatively stable against unwanted derivatisation, in agueous solution via the Diels-Alder
reaction is known to be favored because of the hydrophobic effect. Experiments with model
oligodeoxyribonucleodides should help to determine the feasibility of this approach.

T

T CCC GTG GTA GGC CCG -5' T .
. CCC GTG GTA GGC CCG -5
TTGG - CAC CAT CCG GGT ACCA -3 GG~ CAC CAT CCG GGT ACCA -3
DAP

——
. ;>ooo>ooo®°
—4H000 aY0)
»>7 100000000
——
> H>000>00000
>H00040000
> > s ©

Scheme 21 Illustration two different types of tRNA mimics. The acetylation site, the
anti codon and parts of the stems correspond to tRNA'™, while the complexe core
structure is replaced by asimple Diels-Alder product.
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Creation of our tRNA mimics can be divided into three major parts (Scheme 22). First one
has to synthesize ene- and diene-phosphoramidite building blocks which then can be used for
automated DNA synthesis on a DNA synthesizer. Finally one has to carry out the cross-

linking of the ene- and the diene-modified oligonucleotides.

l Organic-Synthesis l

i Automated-DNA-Synthesis l

R
-

o

N-

o

1
7

~_°v
g
o

CN

Linker

L:
5 3 D: Diene
’9 0 , E: Ene
(L) (D DAP: Diels-Alder-Product

Scheme 22 Strategy for the synthesis of ene- and diene-modified oligonucleotides

and the cross-linking of the corresponding duplex.




1 INTRODUCTION

Ene- and diene-modifications containing linkers of different length might, furthermore, allow

the creation of cross-linked duplexes which are bent by a certain angle (a) (Scheme 23).

Scheme 23 Illustration of a kink in a modified duplex generated by a Diels-Alder
adduct of amodified duplex with different linkers.
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2 EXPERIMENTAL PART

2.1 Definitions

2.1.1 Absorbance

The absorbance (A) is the logarithm to base ten of the reciprocal of the spectral internal
transmittance (T).
A=-logT

The reading displayed by most commercially available photometers is the absorbance,

becauseit is proportional to the concentration according to the Lambert-Beer Law.

2.1.2 Automated Oligonucleotide Synthesis

DNA synthesis is performed with the growing DNA chain attached to a solid support so that
excess reagents can be removed by filtration. No purification steps are required between the
cycles. The support material is usualy aform of silicaor a polymer, such as polystyrene. The
starting material is the solid support derivatized with the nucleoside, which will finally be the
3" hydroxyl end of the oligonucleotide (Scheme24) 8"1%

The first step of the synthesis cycle is treatment of the derivatized solid support with acid to
remove the DMT group. This will free the 5'-hydroxyl for the coupling reaction. An activated
intermediate is created by simultaneously adding the phosphoramidite nucleoside monomer
and tetrazole, a weak acid, to the reaction column. The tetrazole protonates the nitrogen of the
phosphoramidite, making it susceptible to nucleophilic attack. This intermediate is so reactive
that addition is complete within 30 seconds.

The capping step terminates any chains that did not undergo the addition. Since the unreacted
chains have a free 5-OH group, they can be terminated or capped by acetylation of the
hydroxy group. Capping is done with acetic anhydride and 1-methylimidazole. The growing
chains, that reacted successfully with the DMT protected phosphoramidite are not affected by
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2 EXPERIMENTAL PART

this step. Although capping is not ultimately required for DNA synthesis, it is highly
recommended because it minimizes the length of the impurities and facilitates their separation

from the final product.

pase O—DMT pase OH
Detritylation Step o o
O
CPG—0O E C/U\OH CPG—0O

3

es

Coupling Step

CPG—0O
Base
Q 0 o OH
PPN
pyridine
Base CPG—O
o OH Base
o O—DMT
CPG—0O
NC(CHZ)ZOkP/O
|
) N(iPr),
Capping Step
tetrazole
Base Base
WO_DMT o O—DMT
I\'C(CHz)ZO\ NC(CH.,).0, _O
o] NC(CH,),O o) .
o=P" (CH)On Oxidation Step yehp”
Base | Base | Base |
0 o o o o)
I,/H,O
pyridine
CPG—0O CPG—0O CPG—0O

Scheme 24 Chain elongation cycle during automated DNA synthesis.

Finaly, the internucleotide linkage is converted from the phosphite to the more stable
phosphotriester. lodine is used as the oxydizing agent and water as the oxygen donor. After
oxidation, the DMT group is removed with a protic acid, trichloroacetic acid.

This cycle isrepeated until chain elongation is complete.
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2 EXPERIMENTAL PART

The oligonucleotide is cleaved from the support by a one hour treatment with concentrated
ammonium hydroxide which aso removes the cyanoethyl phosphate protecting groups. The
protecting groups on the exocyclic amines of the bases are removed by heating the crude

DNA solution in ammonium hydroxid, at 55 °C.

2.1.3 Circular Dichroism

Circular Dichroism (CD)**% is observed when optically active matter absorbs left and right
hand circular polarized light dlightly differently. It is measured with a CD spectrapolarimeter.
The CD is a function of wavelength. Different types of secondary structure present in
peptides, proteins and nucleic acids Show distinct types of CD spectra. The analysis of CD
spectra can therefore yield valuable information about secondary structure of biological
macromolecules. A-, B- and Z-DNA can be differentiated by their typical CD spectra.

2.1.4 Extinction Coefficient

Constant used in the Beer-Lambert Law which relates the concentration of the substance
being measured (in moles) to the absorbance of the substance in solution at a specific
wavelength.!%®

e=A/(c~d)

2.1.5 Hyperchromicity

An increase in the optical density of a solution with nucleic acids in it such that it is able to
absorb more ultraviolet radiation, which occurs when the double-stranded nucleic acid
mol ecules denature into single-stranded molecules (Figure 1).

Hyperchromicity is the percentage change of the absorbance relative to the absorbance at the

beginning of the experiment.

Hyperchromicity = (A —Ag) / Ao+ 100
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20.00 -

15.00 A

10.00 A

5.00 -
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50 60 70 go I'm 90

Temperature (°C)

Figure 1 Hyperchromicity of an oligonucleotide duplex.

For DNA, hyperchromicity is typically calculated from the temperature dependent absorbance
at 260 nm.

2.1.6 Lambert-Beer Law

Named after the two scientists Johann Heinrich Lambert (1728-1777) and August Beer (1825-

1863), this law states the correlation between the absorbance A, the path length traversed, and
the concentration of the absorbent substance:

A=c-d+«e

where the concentration c is stated in mol/l and the path length d in cm. The proportionality

constant, the relative extinction coefficient e, is a substance-specific function of the
wavelength.
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2.1.7 Loading Capacity

Amount of nucleoside (usually in mole), coupled on the surface, in ratio to the weight of the

solid support (in grams).

2.1.8 Méeting Temperature

The melting temperature (T, characterizes the stability of the DNA hybrid formed between
an oligonucleotide and its complementary strand (Figure 2). The melting temperature
corresponds to the temperature at which 50% of a given oligonucleotide is bound to its
complementary strand and so is dependent on the binding affinity between two
oligonucleotides. The Ty corresponds to the temperature at which the change of
hyperchromicity is the biggest, the maximum of the first derivative, which corresponds to

zero in the second derivative.

2.00 +
1.50 -

1.00 A

Hyperchromicity

0.50

0.00 ‘ ‘ \
50 60 70 80

90

Temperature (°C)

Figure 2 First derivative of the melting curve of an oligonucleotide duplex

To estimate Ty, for unmodified double stranded oligonucleotides with a length of 12-20 base
pairsat 0.1 M NaCl, the rule of Wallace'®° can be used.

Twm = (number of AT bp) « 2°C + (number of GC bp) « 4°C
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The sequence: a GC-rich sequence has a higher melting temperature, since GC base pairs

form three hydrogen bonds while AT base pairs form just two.

The strand concentration: high oligonucleotide concentrations favour duplex formation, which

resultsin a higher melting temperature.

The salt concentration: high ionic strength results in a higher Ty. The cations interact with the
negative charged back bones of the oligonucleotides and, due to the reduced repulsion,
stabilize DNA duplexes.

2.1.19 Optical Density

One optical density (OD) unit of DNA is the amount of DNA that gives an absorbance
reading of 1.0 at 260nm for a sample dissolved in 1.0 ml total volume of H,O, which is read
inal cm quartz cell. For oligonucleotides, 1 OD corresponds to approximately 33ug of DNA.

2.1.10 Transmittance

The transmittance (T) is the ratio of the transmitted spectral radiant flux (I) to the incident
spectral radiant flux (Io) at a specific wavelength.
T=1/lp
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2.2.1 Solvents

AcOAcC acetic anhydride EtOAC ethylacetate

AcOH acetic acid EtOEt diethylether

CCly4 carbon tetrachloride EtOH ethanol

CDCl3 deuterochloroform H-,O water

CH.Cl, dichloromethane HCI acid hydrochloricum
CH3CN acetonitrile Hex hexane

CHCl3 chloroform MeOD deuteromethanol

DO deuterated water MeOH methanol

DMF dimethylformamide tBME tertiary buthylmethylether
DMSO dimethylsulphoxide THF tetrahydrofuran

2.2.2 Conditions

°C degrees celsius min minute(s)

d day(s) o.n. over night

h hour(s) rt room temperature

2.2.3 Chemicalsand Groups

(DA (deoxy)adenosin DMT 4,4'-dimethoxytrityl

(d)C (deoxy)cytidin DMTCI 4,4'-dimethoxytrityl chloride
(d)G (deoxy)guanosin Gua guanin

(dRib (deoxy)ribose Im imidazole

(a)T (deoxy)thymidin LDA lithium diisopropylamide
Ac acetyl NapCOs di sodium carbonate
Ade adenin NaCl sodium chloride

AIBN azoisobutyronitril NaH sodium hydride
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Bn benzyl NaHCO; sodium hydrogen carbonate

Boc tert-butoxycarbonyl PAM phosphoramidite

Bz benzoy! Ph phenyl

Cyt cytosin TEA triethylamine

DCC 1.3-dicyclohexylcarbodiimide TEAAc triethylammonium acetate

DIBAI-H diisobutylaluminum hydride  TFA trifluoroacetic acid

DMS dimethylsulphide Thy thymine

2.2.4 Various Abbreviations

BC-NMR carbon NMR ml milliliters

'H-NMR proton NMR mol mole(s)

abs absolute mp melting point

Abs, absorption at x nanometers MRNA messenger ribonucleic acid

bp boiling point MS mass spectrometry

CD circular dichroism mult multiplet

d doublet mw molecular weight

DA Diels-Alder nm nanometers

DNA deoxyribonucleic acid NMR nuclear magnetic resonance

ds double strand oD optical density

e extinction coefficient q quartet

eq equivalent(s) quint quintet

ESI electron spray ionosation Rs retention factor

g gram RNA ribonucleic acid

HPLC high performance liquid RP reverse phase
chromatography S singlet

IE ion exchange sext sextet

IR infrared ss single strand

I liters t triplet

LC liquid chromatography TLC thin layer chromatography

M molar (moles/ liter) TOF time of flight

MF molecular formula tr retention time

MALDI matrix assisted laser desorption tRNA transfer ribonucleic acid
ionisation ul microliters

mg milligramms uv ultraviolet
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2.3 Instrumentation and M ethods

2.3.1 NMR Spectrometry

'H-NMR spectra were recorded on a Bruker AC 300 MHz or a Bruker DRX 500 MHz
spectrometer and are reported in d from Me,S (d = 0.00 ppm) or from CDCl; (d = 7.26 ppm).
The *H-NMR chemical shifts and coupling constants were determined assuming first-order
behavior. Multiplicities are reported using the following abbreviations: s (singlet), d (doublet),
t (triplet), q (quartet), m (multiplet), br (broad) or a suitable combination. The list of coupling
constants (J; reported to the nearest 0.5 Hz) corresponds to the order of the multiplicity

assignment.

3C-NMR spectra were recorded on a Bruker AC 300 MHz or a Bruker DRX 500 MHz
spectrometer in CDCI3 (unless otherwise stated) with the chemical shifts relative to CHCI3

(77 ppm).

$IP_NMR spectra were recorded on a Bruker AC 300 MHz or a Bruker DRX 500 MHz
spectrometer in CDCl3 with the chemical shifts relative to phosphorous acid.

The NMR data were evaluated with the programs, 1D WIN-NMR and 2D WIN-NMR,

version 6.0, of Bruker.

2.3.2 UV Spectrometry

UV spectra were recorded with UV/VIS Spectrometer Lambda 16 of Perkin Elmer. The
blank, spectra of pure solvent or buffer with the same UV-cell, was subtracted from measured

spectrato receive corrected spectra.
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2.3.3 IR Spectrometry

IR spectra were recorded as pure substance (solid or oil) using a Jasco FT/IR-460 plus
spectrometer, with a Golden Gate Mk |11 ATR Accessory with Diamond Top-plate and KRS-5
lenses, and processed with the Spectra Manager of Jasco. They are reported using the
following abbreviations : s, strong; m, medium; w, weak.

2.3.4 ES| Mass Spectrometry

For mass determination of oligonucleotides.
VG platform mass spectrometer, Micromass I nstruments, Manchester, U .K..
Minimal sample concentration: 50 pmol/mi.

Measured in acetonitril/water (1:1), 2 % tretylamin.

2.3.5 Méelting Points

They were recorded using Biichi 510 (open capillaries, uncorrected values).

2.3.6 Melting Curves of Oligonucleotides

Cary 3E UV/VIS Spectrophotometer (Varian) with Cary Temperature Controller, Sample
Transport Accessory and Multi Cell Block.

- Adsorption of the oligonucleotides was measured at 260 nm.

- The temperature gradient was 0.5 °C per minute.

- Measurement was interrupted at the end of each temperature ramp for 2 min.

- The system was flushed with nitrogen, 6 | / min, at temperatures below 20 °C.

- The samples were measured in UV transparent cells, 4 x 10 mm and 0.8 ml, from Hellma.
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2.3.7 Automated DNA-Synthesis

DNA Synthesizer:

ABI 392 and 394 Nucleic Acid Synthesizers from Applied Biosystems.

Standard programs for 40 hmol, 0.2 nmol and 1.0 mmol DNA synthesis from Applied
Biosystems.

Longer coupling time for some modified phosphoramidites needed.

Reagents for automated DNA-Synthesis (phosphodiester method):
Phosphoramidite solutions: 0.5 M in acetonitrile

Activator solution: terazole in acetonitrile

Capping A: acetic anhydride/ pyridine/ THF
Capping B: 1-methylimidazole in THF

Oxidizer solution: 0.02 M iodine in water/pyridine/ THF
Deblock solution: 3 % trifluoroacetic acid

Wash solution: acetonitrile

Trityl assay: dichloromethane

Manual cleavage and deprotection in aqueous ammonia at 55 °C for 15 hours.

2.3.8 Analytical TLC

All reactions were monitored by thin layer chromatography (TLC), which was carried out on
0.25 mm Macherey-Nagel silica gel-25 UV 54 precoated plates. The following reagents were
used as detectors (dipping followed by heating):

Anisaldehyde reagent : 1 mL of anisaldehyde and 2 mL of concentrated sulfuric acid
dissolved in100mL of glacial acetic acid.

Potassum permanganate reagent : 3.0 g KMnOg4, 20 g K,CO3, 5.0 ml 5% NaOH and
300ml water.
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Cerium reagent: 5.0 g phosphomolybdic acid hydrate and 16 ml concentrated phosphoric
acid were dissolved in 200 ml water. Finally 2.0 g cer(IV)-sulfate was added.

Bromokresol green reagent : 40 mg of bromokresol green indicator (3,3',5,5-tetrabromo-m-
kresol sulfon-phthalein) was dissolved in 100 mL of ethanol and treated with 0.1 M aqueous
NaOH until a blue color appeared. Basic compounds give a deep blue, acid or weak acid

compounds ayellow color.

Ninhydrinereagent : 0.2 g of ninhydrine was dissolved in 100mL of ethanol.

Vanillin reagent: 8.6 g vanillin and 2.5 ml concentrated sulfuric acid were dissolved in 200

ml ethanol.

2.3.9 Preparative Column Chromatography

Preparative liquid chromatography (LC) was performed with silica60 A, 40-63 nm, from sds
(France). Silica gel was suspended, in starting eluent, before filled into column and then
covered with sand. After the dissolved crude material was added, solvent, isocratic or

gradient, was pumped through the column. Collected fractions were controlled by TLC.

2.3.10 HPLC

BIO-TEK Kontron Instruments. pump system 525, diode array detector 545V.

Soft ware: Galaxie Chromatography Data System (Varian).
Column oven.

|IE-HPLC:  EC 125-4 NU, Macherey Nage.
A: 20mM KH,PO, in H,O/CHCN (4:1), pH 7.0.
B: 20mM KH,PO,, 1.0 M NaCl in H,O0/CHsCN (4:1), pH 7.0.

for selfcomplementary oligonucleotides 10 M urea or pH 10.0.
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RP-HPLC: LiChroCART 250-4, Merck
A: 0.1 M triethyl ammonium acetate in water.
B: acetonitrile.

40 °C.

2.3.11 Oligonucleotide Desalting

SEP PAK? C-18 10x9 mm mini columns from Waters.

Conditioning with 10 ml of acetonitril and 10 ml water, followed by 10 ml of 0.3 M triethyl
ammoniumacetat buffer, pH = 6.0.

Loading of the crude oligonucleotide in 1 to 4 ml of 1.0 M triethyl ammoniumacetat buffer,
pH = 6.0.

Washing with 10 ml of 0.3 M triethyl ammoniumacetat buffer, pH = 6.0, and 20 ml water.
Elution of the desalted oligonucleotide with 10 ml of methanol/water (3:2).
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2.3.12 PAGE

Denaturing polyacrylamide gels were used anadytically to control the quality of
oligonucleotide solutions as well asto follow bio-conjugation and cross-linking experiments.
As system we used a Mini-PROTEAN 3 electrophoresis module from Bio-Rad Laboratories.
The gels were 0.75 mm thick 12% polyacrylamide, 1 x TBE (Tris-Borate-EDTA) and 10 M
urea. The electrolyte was 1 x TBE. To reach stable conditions a prerun was performed before
addition of the samples. The samples were mixed with 1 equivalent loading buffer (urea
saturated formamide). To observe the migration bromphenol blue and xylene cyanol was
added in one well (corresponds to about 12 resp. 55 bases). Oligonucleotides were visualized
by staining the gels with stains all reagent (Scheme 25).

(@) (e}
\ — + 1 = =
o) H Na N N
OH O Br—K )
OH
/
Br O Br S.

HO Br

bromphenol blue

xylene cyanol

Scheme 25 Chemical structure of bromphnol, xylene cyanol and stains all.

Gels containing fluorescently labelled oligonucleotides were scanned, before staining, with a
FLA-3000 scanner of Fujifilm. As scanning program we used BASReader 3.01 and for data
processing Aida Image Analyzer v.3.10.
Stained gels were recorded in a Multi Image Light Cabinet of Alpha Innotech Corporation,
and processed with Alphamanager v.5.5.

50



2 EXPERIMENTAL PART

2.4 General Aspects

2.4.1 Chemicals

Chemicals used for organic synthesis were of highest quality obtainable from commercially
suppliers (Fluka, Merk and Acros).

Solvents used in organic synthesis were of the quality needed from commercially suppliers.
Solvents for work up and FLC purification were of technical quality and additionally
destilled and dried according to standard procedures.

Organic solvents used in HPLC were of super purity solvent (SPS) quality from Romil
(Methanol 205, Acetonitril 230).

lon exchange Water was used for synthesis work up.

Milli Q Water was used for HPLC and PAGE.

Solvents and reagents for the automated DNA-Synthesis were from Proligo (Hamburg) and
Cruachem (Glasgow).

Deuterated solvents for NMR were of various suppliers.

2.4.2 General Methods

General method A; 113

A solution of dimethyl-anthraquinone in 65% HNO3 (10 ml / mmol) was stirred at 120 °C for
72 hr in a round bottom flask with a reflux condenser. To neutralize acidic gas, the reflux
condenser was attached to a washing bottle containing a 1 M NaOH solution. After cooling
down to 0 °C and filtration of the yellow reaction mixture,

the remaining white powder was washed with ice water and dried at 120 °C under reduced

pressure.

Alternative method:

Heating of the reaction mixture to 220 °C, for 15 hr, in aautoclave (about 40 bar), followed of
cooling down to O °C, filtration and washing with ice water. The remaining white powder
then was dried at 120 °C under reduced pressure.
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Caution: The aggressive conditions may destroy pressure and temperature control as well as
the overpressure valve of the autoclave. While opening the autoclave, toxic gases (NOy) will

escape.

General method B:*>*1°

A suspension of the anthraguinone derivative and activated zinc dust (300 mg / mmol,
washed with 1 M HCl and H,0) in 12.5% agueous ammonia (50 ml / mmol), was stirred at 80
°C in around bottom flask with reflux condenser,. After 24 hr the suspension was filtrated
and the residue was washed with hot 12.5% agueous ammonia. The filtrate was concentrated
under reduced pressure to half of the volume and then acidified with 2 M HCI to pH 1. The
mixture was filtrated and the optained yellowish solid washed with little ice cold 2 M HCI
followed by drying under reduced pressure.

General method C:*

A solution of dicarboxylic acid in absolute MeOH (10 ml / mmol) with a catalytic amount of
concentrated H,SO,4, was boiled at 80 °C in a round bottom flask with reflux condenser, for 5
hr. The dark solution was neutralized at room temperature with triethyl amine to pH 7. After
evaporating MeOH the dimethyl ester was extracted with CH,Cl, and dried under reduced

pressure.

General method D:'®

To a solution of dimethyl ester in absolute CH,Cl, absolute MeOH (10 ml / mmol) was
added. This mixture was then combined with 8 eq 3-aminopropanol and 30% NaOMe in
MeOH ( 250 m / mmol). After heating for 2 hr at 70 °C, with areflux condenser under argon
atmosphere, CH,Cl, was evaporated under reduced pressure. The reaction mixture was then
cooled down to O °C and filtrated. The remaining yellow solid was washed with little cold
water and dried under reduced pressure.
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General method E:

The diol was dissolved in absolute pyridine (20 ml / mmol) and 4,4’ -dimethoxytrityl chloride
in absolute pyridine ( 0.8 eg, 20 ml / mmol) was added dropwise over a period of about 2 hr.
After stirring at room temperature for 3 hr the reaction was quenched by the addition of water.
The crude product was isolated by liquid liquid extraction with CH,Cl, and dried in the
rotation evaporator.

To avoid decomposition of the product on silica gel, the column was prepared with 5 %,
triethyl amine containing solvent. Before addition of the crude product, the column was

washed with pure solvent to get rid of surplustriethyl amine.

General method F:

To a suspension of (2 eq) tetrazol-diisopropyl-ammonium salt and (2 eq) 2-cyanoethyl-
bis(N,N-diisopropyl)amino phosphite in absolute CH,Cl, (5 ml / mmol), one added the
alcohol (1 eqg) dissolved in absolute CH,Cl, (10 ml / mmol). After stirring at room
temperature for 15 hr the reaction was quenched with NaHCO; ag and extracted with CH,Cl..
To avoid decomposition of the product on silica gel, the column was prepared with 5 %4,
triethyl amine containing solvent. Before addition of the crude product, the column was

washed with pure solvent to get rid of surplus triethyl amine.

General method G:

Under argon, the diol (10 eg), in absolute THF (1 ml / mmol), was added dropwise to a
suspension of sodium hydride (4 eq) in absolute THF (1 ml / mmol). After stirring for 15 hr at
rt the dibromide, dissolved in absolute THF (1 ml / mmol) was added at rt and the reaction
mixture was stirred for 1 hr at 80°C. The reaction mixture was then poured onto brine and
extracted with EtOAc. After concentration under reduced pressure, excess diol was
evaporated in a kugelrohr-oven.
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General method H:

The amine (di-, triamine aternatively) in absolute CH,Cl, ( 1 ml / mmol) was added to maleic
acid anhydride (1.1 eq / amino group) in absolute CH,Cl, ( 1 ml / mmol) and heated to 50 °C
for 1 hr. After evaporation of the solvent, AcCOAc (20 ml / mmol) and sodium acetate (1 g /
mmol) was added. The suspension was to 80 °C for 3 hr, after being filtrated, the solvent was

evaporated under reduced pressure.
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2.5 Diene Phosphoramidites
2.5.1 Synthesisof 7H%1%

2,3-Dimethyl-anthraquinone (1)

O]
CyoHgO, Cy6H120,
158.16 236.00

In a 20 ml round bottom flask a-1,4-naphtoquinone (1.58 g,10 mmol) and 2,3-dimethyl-1,3-
butadiene (822 mg, 10 mmol, 1 eq) were dissolved in 6 ml of toluene and stirred at 65 °C for
24 hr. Toluene was then evaporated and the residue dissolved in 100 ml of EtOH. O, was
bubbled through the solution at 10 °C for 1.5 hr. After evaporating the EtOH, the residue was
dissolved in H,O and extracted with EtOAc. The organic phase was washed with H,O and
dried over Na,SO,. Evaporation of the solvent resulted in 2,3-dimethyl-anthraquinone (1) as
red crystals.

Yield: 2.0 g (8.6 mmol, 86%).

'H-NMR (CD3sSOCDs3, 300 MHZ): 1.58 (s, 6 H), 3.47 (s, 2 H), 7.83-7.89 (m, 2 H), 7.91-7.94
(m, 2 H).

3C-NMR (CDsSOCDs;, 75 MHz): 18.72, 30.24, 46.44, 123.19, 126.36, 133.65, 134.64,
197.95.

R (Hex / EtOAc, 3: 1): 0.52, discolours blue with cer reagent.
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9,10-Diox0-9,10-dihydr o-anthracene-2,3-dicar boxylic acid (2)

O O o
OH
OH
O (0] O

Ci6H1,0, Ci6HgOs
236.00 296.24
1 2

According general method A.
Yield: 57 %, asayellow powder.
'H-NMR (CD3SOCD3, 300 MHZ): 7.94-8.01 (m, 2 H), 8.22-8.28 (m, 2 H), 8.38 (s, 2 H).

3C-NMR (CD3sSOCD3, 300 MHz): 126.81, 126.99, 133.14, 134.34, 134.88, 137.37, 167.44,
181.53.

|R: 3166, 1638, 1618 cm™.

mp: (MeOH) 342 °C.
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Anthracene-2,3-dicar boxylic acid (3)

o] O o
OH OH
OH OH
(0] O (@)

ClGHBOG C16H 1004
296.24 266.26
2 3

Synthesized according to general method B.

Yield: 81 %, asayellow powder.

'H-NMR (CD3SOCD3, 300 MHz): 7.61-7.67 (m, 2 H), 8.14-8.18 (m, 2 H), 8.49 (s, 1 H), 8.78
(s,2H).

13C-NMR (CD3SOCD3, 75 MHz): 126.90, 127.77, 128.36, 129.26, 130.09, 132.53, 168.72.

IR: 3135, 1701, 1674 cm'™.

mp: (MeOH) 345 °C.

57



2 EXPERIMENTAL PART

Anthracene-2,3-dicar boxylic acid dimethyl ester (4)

(0] O]
O e
OH ONg

0] 0]

Ci6H100, CigH140,
266.26 294.31
3 4

Synthesized according to general method C.
Yield: 60 %, as orange crystals.

'H-NMR (CDCls, 300 MH2): 3.99 (s, 6 H), 6.53-7.69 (m, 2 H), 8.00-8.10 (m, 2 H), 8.44 (s, 2
H), 8.51 (s, 2 H).

3C-NMR (CDCl3, 75 MHz): 52.67, 126.84, 127.56, 127.98, 128.40, 130.43, 131.28, 133.09,
168.17.

IR: 1717 cm™.
Rt (Hex / EtOAcC, 7 : 3): 0.38, blue fluorescence.

mp: (EtOAc) 151 °C.
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Anthracene-2,3-dicar boxylic acid bis-[(3-hydroxy-propyl)-amide] (5)

0 0
o~ NH(CH,),OH
(L S —— L e
o o

ClSH 1404 C22 H 24N 204
294.31 380.45
4 5

Synthesized according to general method C.
Yield: 41 %, asatransparent oil.

'H-NMR (CDCls, 300 MHz): 1.90 (p, 4 H, J = 6.6 Hz), 3.52 (t, 4 H, = 7.0), 3.52 (t, 4H, J =
7.0Hz), 3.75 (t, 4H, J=6.2 Hz), 7.55 (M, 2 H), 8.03 (M, 2 H), 8.10 (s, 2 H), 8.44 (s, 2 H).

3C-NMR (CDCls, 300 MHz): 33.21, 38.07, 60.60, 127.59, 128.35, 129.33, 129.55, 131.69,
133.76, 134.29, 171.95.

Rt (tBME): 0.45, blue fluorescence.

mp: decomposition at 200 °C.
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Anthracene-2,3-dicar boxylic acid 2-({3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propyl}-amide) 3-[(3-hydroxy-propyl)-amide] (6)

0 0
NH(CH,);0H NH(CH,),0DMT
NH(CH,),0H NH(CH,),OH
o) o)

CaH2N;0, CasHyN;06
380.45 682.82
5 6

Synthesized according to general method D.
Yield: 35 %, asawhite solid.

'H-NMR (CD3SOCD3, 300 MHz): 1.86 (m, 4 H), 3.12 (t, 4 H, J =6.2 Hz), 3.68 (s, 6 H), 6.89
(d, 4H,J= 8.8Hz),7.18-7.42 (m, 9 H), 8.39 (M, 2 H).

3C-NMR (CD3SOCD3, 75 MHz): 54.98, 85.35, 113.19, 126.60, 127.71, 127.84, 129.69,
129.91, 132.11, 133.77, 136.00, 145.26, 158.00, 168.11.

Rt ( EtOAc/ MeOH, 3 : 1): 0.47, blue fluorescence and with cer reagent red discol ourisation.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 3-[(3-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propylcar bamoyl}-anthr acene-2-car bonyl)-amino]-propyl ester 2-cyano-ethyl ester (7)

NH(CHZ) ODMT NH(CH,),0DMT
NH(CH,), NH(CH,),OPAM

C43H42N Os CaoHsoN, o P
682.82 883.04
6 7

Synthesized according to general method E.

Yield: 31 %, as awhite foam.

'H-NMR (CDCl3, 300 MHz): 1.07 (d, 12 H, J = 6.8 Hz), 1.11-1.30 (m, 2 H), 1.93-2.08 (m, 4
H), 2.37 (t,2H, J=6.0Hz), 3.31 (t, 2 H, J= 5.5 HZz), 3.41-3.65 (m, 4 H), 3.67 (s, 6 H), 3.70-
391 (m, 4 H), 6.63 (d, 4 H, J=12.0 Hz), 6.75-6.83 (m, 4 H), 7.12-7.20 (m, 7 H), 7.26-7.51
(m, 6 H), 7.93-8.02 (m, 2H), 8.86 (d, 2H, J=11.3 Hz).

3C-NMR (CDCls3, 75 MHz): 20.21, 20.31, 24.50, 24.60, 38.21, 38,90, 42.97, 43.13, 55.21,
58.29, 62.39, 77.23, 86.48, 113.12, 123.04, 123.12, 124.99, 125.04, 126.34, 126.83, 127.85,
128.01, 128.54, 129.82, 132.06, 136.04, 144.40, 158.36, 169.03, 169.11.

$'P.NMR (CDCls, 122 MHz): 148.20.

Rt (EtOAC): 0.76, blue fluorescence and with cer reagent red discolourisation.

mp: decomposition.
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2.5.2 Synthesis of 152

1,4- Dihydroxynaphthalene (8)

o] OH
O — O
O OH
ClOHSOZ ClOHSOZ
158.16 160.18
8

A suspension of a-1,4-naphthoquinone (5.0 g, 31.6 mmol) and activated zinc dust (2.0 g, 126
mmol, 4 eq, washed with 1 M HCI and H,0) in glacial acetic acid (75 ml) was treated with
ultrasound. After 2 hr the color changed from dark brown to light yellow. The mixture was
filtered and the residue was washed with EtOAc. The combined filtrates then were
concentrated in vacuo to dryness 8 as a grey powder having ametallic luster.

Yield: 3.9 g(24.6 mmol, 78 %).

'H-NMR (CD3SOCD3, 300 MHz): 6.70 (s, 2 H), 7.43 (d, 2 H), 8.08 (d, 2 H), 9.33 (s, 2 H).
BBC-NMR (CD3SOCDs, 75 MHz): 107.92, 121.88, 124.66, 125.33, 145.43.

IR: 747(s), 764 (s), 1061 (s), 1339 (s), 1598 (M), 1643 (m) cm™,

Ry (CH2C|2): 0.11, UV active.

mp: (EtOAc) 192 °C.
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1,4-Dimethyl-anthraquinone (9)

OH 0
O —
OH 0
C10H8()2 C16H1202
160.18 236.00
8 9

In a50 ml round bottom flask with a reflux condenser 1,4-dihydroxynaphthalene (1.6 g, 10
mmol), acetonylacetone (1.14 g, 10 mmol, 1 eq), glacia acetic acid (7.5 ml) and concentrated
hydrochloric acid (6.5 ml) were stirred at 120 °C for 24 hr. The dark, partly crystalline, solid
was collected and washed with 50% acetic acid (10 ml) and then methanol (5 ml).
Recrystallization from ethyl acetate and ethanol then gave 9 as yellow needles.

Yield: 1.53 g (6.5 mmol, 65 %).

'H-NMR (CDCl3, 300 MH2): 2.78 (s, 6 H), 7.39 (s, 2 H), 7.55 (dd, 2 H, J = 5.8 and 3.5 H2),
8.16 (dd, 2 H, J= 5.8 and 3.5 Hz).

3C-NMR (CDCl3, 300 MHz): 23.7, 126.4, 132.6, 133.3, 133.9, 137.2, 140.1, 185.7.

R¢ (EtOAc/ MeOH, 1: 1): 0.85, UV active.

mp: (EtOH) 140-141 °C.
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9,10-Diox0-9,10-dihydr o-anthracene-1,4-dicar boxylic acid (10)

Os__OH
o} o}
) — o
o} o)
0~ "OH
C16H1202 C16H806
236.00 296.24
9 10

Synthesized according to general method A.

Yield: 40 %, asawhite solid.

H-NMR (CD3sSOCD3, 300 MHz): 7.85 (s, 2 H), 7.93 (m, 2 H), 8.16 (m, 2 H), 12.63 (s, 2 H).
BC-.NMR (CD3sSOCDs3, 75 MHz): 126.7, 129.9, 132.2, 132.6, 134.7, 136.5, 169.5, 181.4.

mp: (MeOH) >340 °C.




2 EXPERIMENTAL PART

Anthracene-1,4-dicarboxylic acid (11)

Oy -CH Os__OH

0
L — e

o)

07 “oH 07 ~OH
ClGHBOG C16H1004
296.24 266.26
10 11

Synthesized according to general method B.

Yield: 49 %, assmall yellow crystal plates.

'H-NMR (CDCls, 300 MHz): 7.6 (dd, 2 H, J = 6.5 and 3.1 Hz), 8.14 (s, 2 H), 8.16 (m, 2 H),

9.46 (s, 2 H), 13,5 (br s, 2 H).

13C-NMR (CD3SOCD3, 300 MHz): 125.3, 126.9, 128.0, 128.3, 128.6, 131.6, 132.4, 168.5.

mp: (MeOH) 246 °C.
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Anthracene-1,4-dicarboxylic acid dimethyl ester (12)

~
07 NOH 0” o~
C1H1004 CigH1,0,4
266.26 294.31
11 12

Synthesized according to genera method C.
The product 12 was isolated from the crude mixture viaLC (Hex / EtOAc, 7 : 3).
Yield: 65 %, asayellow solid.

'H-NMR (CDCls, 300 MH2): 3.99 (s, 6 H), 7.43-7.47 (m, 2 H), 8.00-8.01 (m, 4 H), 9.380 (s,
2 H).

B3C-NMR (CDCls, 75 MHz): 52.52, 76.60, 77.03, 77.45, 125.49, 126.62, 128.01, 128.58,
128.73, 131.58, 132.19, 167.58.

Rs (Hex / EtOAc, 7 : 3): 0.52, yellow fluorescent.

mp: (EtOAC) 85-90 °C.
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Anthracene-1,4-dicar boxylic acid bis-[(3-hydroxy-propyl)-amide] (13)

Ox_ O Ox__NH(CH,),OH
o” >0~ 07 > NH(CH,),0H
C18H 1404 CZZH 24N 204
204.31 380.45
12 13

Synthesized according to general method D.
After drying under reduced pressure the product was purified by LC (EtOAc/ MeOH, 3:1).
Yield: 87 %, asayellowish solid.

'H-NMR (CD3OD, 300 MHz): 1.98 (p, 4 H, J = 6.6), 3.66 (t, 4H, J = 7.0), 3.79 (t, 4 H, J =
6.3), 7.56-7.61 (M, 4 H), 8.05-8.08 (m, 2 H), 8.84 (s, 2 H).

3C-NMR (CDs0OD, 75 MHz): 34.13, 39.02, 61.52, 125.55. 126.67, 128.52, 130.14, 130.29,
134.29, 138.87, 172.93.

R (EtOAc/ MeOH, 1: 1): 0.67, blue fluorescent.

mp: decomposition at 210 °C.
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Anthracene-1,4-dicar boxylic acid 1-({3-[ bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propyl}-amide) 4-[(3-hydroxy-propyl)-amide] (14)

Ox__NH(CH,).OH O+__NH(CH,),ODMT
07 NH(CH,),OH 07 NH(CH,).OH
C22H 24N204 C43H42N206
380.45 682.82
13 14

Synthesized according to general method E.
Purification of the crude with LC (EtOAc/ MeOH, 10:1).
Yield: 41 %, as awhite solid.

'H-NMR (CDCLs3, 300 MHz): 1.19-1.23 (m, 4 H), 1.87-1.98 (m, 4 H), 3.67 (s, 6 H), 3.70-
3.87 (M, 4 H), 6.56-7.33 (m, 17 H), 7.48-7.59 (m, 2 H), 7.96-8.00 (m, 2 H), 8.86 (s, 2 H).

B3C-NMR (CDCL3, 75 MHz): 54.98, 85.35, 113.19, 126.60, 127.71, 127.84, 129.69, 129.91,
132.11, 133.77, 136.00, 145.26, 158.00, 168.11.

Rt (EtOAc/ MeOH, 10:1): 0.64, yellow fluorescent and with cer reagent red discol ourisation.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 3-[(4-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propylcar bamoyl}-anthracene-1-car bonyl)-amino]-propyl ester 2-cyano-ethyl ester (15)

Os__NH(CH,),ODMT Ox__NH(CH,),ODMT
o0 — e
07 “NH(CH,),0H 07 " NH(CH,),0PAM
C43H42N 206 C52H59N4O7P
682.82 883.04
14 15

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 31 %, asawhite foam.

'H-NMR (CDCL3, 300 MHz): 1.07 (d, 12 H, J = 6.8 Hz), 1.11-1.30 (m, 2 H), 1.93-2.08 (m, 4
H), 2.37 (t,2H, J= 6.0 Hz), 3.31 (t, 2 H, J = 5.5 HZz), 3.41-3.65 (m, 4 H), 3.67 (s, 6 H), 3.70-
3.91 (m, 4 H), 6.63 (d, 4 H, J=12.0 Hz), 6.75-6.84 (m, 2 H), 7.12-7.20 (m, 7 H), 7.24-7.34
(m, 3 H), 7.36-7.39 (m, 1 H), 7.45-7.51 (m, 2 H), 7.93-8.02 (m, 2 H), 8.86 (d, 2H, J=11.3
Hz).

3C-NMR (CDCL3, 375 MHz): 20.21, 20.30, 24.50, 24.60, 38.21, 38.90, 42.97, 43.13, 55.21,
58.29, 62.39, 86.48, 113.11, 123.04, 124.99, 126.34, 126.83, 127.89, 128.01, 128.54, 129.82,
132.06, 136.04, 136.83, 144.40, 158.36, 169.03, 169.11.

3 P_.NMR (CDCl3, 122 MHz): 148.20.

HR-MS (ESI+): C,HsxN.NaO,P: calc.: 905.0186 g/mol, found: 905.0155 g/moal.

Rt ( EtOAc): 0.52, blue fluorescent and with cer reagent red discolourisation.
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2.5.3 Synthesis of 18""**

3-[3-(3-Hydr oxy-pr opoxy)-naphthalen-2-yloxy]-pr opan-1-ol (16)

OH O(CH2)3OH
' ' :OH O(CH,),OH

C1OHBOZ C16H2004
160.17 276.34
16

Under nitrogen atmosphere 2,3-dihydroxy-naphthalene (500 mg, 3.12 mmol) was added to a
suspension of NaH (180 mg, 7.5 mmol, 2.4 eq) in absolute DMF (30 ml) and stirred for 1 hr
at room temperature. After cooling down the reaction mixture to 0 °C, 3-bromo-1-propanol
(0.85 ml, 9.37 mmol, 3 eq) in absolute DMF 10 ml was added dropwise. The reaction mixture
was concentrated under reduced pressure and then purified by liquid chromatography with
EtOAc as solvent. Concentration of the fractions gave pure 3-[3-(3-Hydroxy-propoxy)-

naphthal en-2-yloxy] -propan-1-ol as white powder.
Yield: 390 mg (1.4 mmol, 47 %).

'H-NMR (CD3OD, 300 MHz): 2.07 (m, 4 H), 3.81 (t, 4 H, J = 6.3 Hz), 421 (t, 4 H, J = 6.2
Hz), 7.22 (s, 2 H), 7.26-7.29 (m, 2 H), 7.65-7.68 (m, 2 H).

3C-NMR (CD30D, 75 MHz): 33.21, 60.07, 66.93, 108.94, 125.04, 127.33, 130.85, 150.34.

R (EtOAC): 0.11, UV active.
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3-(3-{3-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-pr opoxy}-naphthalen-2-yloxy)-
propan-1-ol (17)

O(CH,),OH O(CH,),ODMT
_—
‘ ‘ :O(CHZ)SOH ‘ ‘ :O(CH2)30H

C16H2004 C37H3806
276.34 578.71
16 17

Synthesized according to general method D.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 33 %, asawhite foam.

'H-NMR (CDCl3, 300 MHz): 2.04-2.11 (m, 2 H), 2.15-2.23 (m, 2 H), 3.77 (s, 6 H), 3.77-3.83
(m, 2 H), 4.27 (t, 4 H, J = 5.9 Hz), 6.76-6.81 (m, 4 H), 7.14-7.38 (m, 11 H), 7.43-7.46 (m, 2
H), 7.66-7.71 (m, 2 H).

3C-NMR (CDCls, 75 MHz): 29.71, 29.86, 31.55, 55.17, 59.61, 61.83, 65.55, 68.40, 85.87,
107.18, 107.43, 112.98, 124.10, 124.26, 126.28, 126.38, 126.58, 127.72, 128.15, 128.99,
129.45, 130.07, 136.43, 145.24, 148.64, 148.86, 158.29.

R (EtOAc/ Hex,1:1): 0.22, UV active and with cer reagent red discol ourisation.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 3-(3-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propoxy}-naphthalen-2-yloxy)propyl ester 2-cyano-ethyl ester (18)

O(CH,),ODMT O(CH,),ODMT
—_—
‘ ‘ :O(CH2)3OH ‘ ‘ :O(CH2)3OPAM

C37H3806 C46H55N 207P
578.71 778.93
17 18

Synthesized according to general method E.
The crude was purified by LC (EtOAC).
Yield: 95 %, asawhite foam.

'H-NMR (CDCl3, 300 MH2): 1.14-1.19 (m, 14 H), 2.08-2.19 (m, 4 H), 257 (t, 2 H, J = 6.2
Hz), 3.31 (t, 2 H, J = 5.9 Hz), 3.55-3.85 (m, 13 H), 4.09-4.25 (m, 4 H).

B3C-NMR (CDCls, 300 MHz): 20.42, 20.51, 24.69, 24.74, 24.77, 24.84, 29.84, 30.10, 30.99,
31.09, 43.11, 43.28, 55.31, 58.34, 58.60, 60.21, 60.40, 60.63, 65.64, 66.15, 86.09, 108.04,
108.18, 113.15, 124.14, 124.18, 126.38, 126.77, 127.87, 128.32, 129.36, 129.44, 130.17,
136.61, 145.34, 149.36, 158.50.

3 P.NMR (CDCls3, 122 MHZ): 148.40.

HR-MS (ESI+): C,Hx:N.NaO,P: calc.: 801.3644 g/mol, found: 801.3620 g/mol.

Rt (EtOAC): 0.70, UV active and with cer reagent red discolourisation.

mp: decomposition.
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2.5.4 Synthesis of 21%>1%

2-[4-(2-Hydr oxy-ethoxy)-naphthalen-1-yloxy]-ethanol (19)

o) O(CH,),OH
o) O(CH,),OH
ClOH 602 C14H 1604
158.16 248.10

19

In a separation funnel 1,4-naphtoquinone (2.75 g, 17 mmol) and sodium dithionite (2.75 g, 16
mmol) was added to H,O (30 ml) and diethylether (50 ml). After some shaking another
sodium dithionite (3.75 g, 22 mmol) was added was added in two portions, shaking after each
addition. The agueous phase was removed, and the ethereal solution was washed with brine
(20 ml) and dried over sodium sulfate. Remova of the solvent afforded a brownish solid
which was combined with ethylene carbonate (3.3 g, 28 mmol, 2eq), tetraethylammonium
bromide (1.0 g) and dimethylformamide (10 ml) and stirred at 150 °C for 8 hr. The mixture
was then concentrated under reduced pressure and liquid liquid extraction with
dichloromethane/ isopropanol (3/1) and water was done. Liquid column chromatography with
ethylacetate then gave 19 as adark solid.

Yield: 1.18 g (4.76 mmol, 28 %).

'H-NMR (CD3SOCD3, 300 MHz): 2.81 (s, 2 H), 4.30-3.81 (m, 8 H), 6.79 (s, 2 H), 7.56-7.30
(m, 2 H), 6 8.38-8.11 (m. 2 H).

3C-NMR (CDCl3, 75 MHz): 61.90, 70.15, 104.99, 121.84, 126.23, 126.60, 148.47.
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IR: 3413 (5), 2976 (M), 1629 (W), 1590 (8), 1443 (), 1420 (m), 1383 (M), 1366
(m), 1351 (m), 1261 (s), 1229 (s), 1150 (m), 1093 (s), 1066 (S), 1030
(m), 901 (), 893 (m), 885 (M), 794 (M), 763 (), 742 (m) cm™.

Rt (EtOAC): 0.48, UV active and blue discolourisation with cer reagent.

mp: (EtOH) 125-129 °C.
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2-(4-{2-[ Bis-(4-methoxy-phenyl)-phenyl-methoxy]-ethoxy}-naphthalen-1-yloxy)-ethanol
(20)

O(CH,),0H O(CH,),ODMT
O(CH,),0H O(CH,),0H
C14H 1604 C35H 3406
248.10 550.65
19 20

Synthesized according to general method E.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 43 %, asabeigeoil.

'H-NMR (CDCls, 300 MHz): 3.77 (s, 6 H), 4.07-4.14 (m, 4 H), 4.20-4.28 (m, 4H), 6.67-6.74
(m, 2 H), 6.79-6.84 (m, 4 H), 7.17-7.30 (m, 4 H), 7.39-7.43 (m, 4 H), 7.49-7.56 (m, 4 H),

8.17-8.37 (m, 1 H), 8.36-8.39 (m, 1 H).

3C-NMR (CDCls, 75 MHz): 33.60, 39.67, 55.18, 60.38, 61.26, 61.90, 70.15, 85.87, 104.99,
113.03, 113.17, 121.84, 126.23, 126.60, 126.65, 136.47, 145.23, 148.47, 158.37.

R ( EtOAC): 0.50, UV active and red discolourisation with cer reagent.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 2-(4-{2-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
ethoxy}-naphthalen-1-yloxy)-ethyl ester 2-cyano-ethyl ester (21)

O(CH,),ODMT O(CH,),0DMT
O(CH,),0H O(CH,),OPAM
C35H3406 C44H51N207P
550.65 750.88
20 21

Synthesized according to general method F.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 94 %, as abeige foam.

'H-NMR (CDCl3, 300 MHz): 1.18-1.21 (m, 12 H), 1.55 (s, 2 H), 2.54-2.59 (m, 2 H), 3.51-
3.54 (m, 2 H), 3.60-3.68 (m, 2 H), 3.77 (s, 6 H), 3.80-3.87 (m, 2 H), 4.26 (d, 4 H, J =4.7 Hz),
6.69 (s, 2 H), 6.79-7.17 (m, 4 H), 7.19-7.30 (m, 3 H), 7.39-7.47 (m, 4 H), 7.49-7.55 (m, 4 H),
8.24-8.35 (m, 2 H).

¥3C-NMR (CDCls, 75 MHz): 20.30, 20.39, 24.60, 43.08, 43.24, 55.21, 58.38, 58.62, 62.07,
62.30, 62.73, 68.19, 68.72, 68.82, 85.99, 104.50, 104.78, 113.08, 121.98, 122.03, 125.81,
125.83, 126.60, 126.72, 127.79, 128.26, 130.14, 136.25, 145.01, 148.67, 149.02, 158.43.
3P.NMR (CDCl3, 122 MHz): 148.40.

HR-MS (ESI+): C.H.N.NaO,P: calc.: 773.3331 g/mol, found: 773.3353 g/mol.

Rt ( EtOAc/ Hex, 1:1): 0.55, UV active and red discolourisation with cer reagent.
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2.5.5 Synthesis of 25'*

t,t-Hexa-2,4-dienedioic acid diethyl ester (22)

X ~
= =
N \
07 “OH 0= >o”
CeHeO4 CgH100,
142.11 170.17

22

In absolute MeOH (100 ml) we dissolved trans,trans-muconic acid (1.94 g, 13.7 mmol) and
added H,SO,4 (4 ml). After stirring at 70°C for 15 hr the reaction mixture was poured on
saturated NaHCO; ag (150 ml) and extracted with EtOAc (200 ml). The agueous phase was
extracted two more times with EtOAc (100 ml). The combined organic phases then were
washed with brine (200 ml), dried over N&SO, and concentrated under reduced pressure. It
resulted t,t-hexa-2,4-dienedioic acid diethyl ester as awhite powder.

Yield: 2.44 g (12.3 mmol, 90%).

'H-NMR (CDCl3, 300 MHz): 1.28 (s, 6 H), 6.13-6.18 (m, 2 H), 7.23-7.31 (m, 2 H).

3C-NMR (CDCl5, 300 MHz): 14.19, 128.38, 140.77, 165.89.

Rt (EtOAC): 0.76, UV active.

mp: (EtOAc) 75 °C.
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t,t-Hexa-2,4-diene-1,6-diol (23)

Oy O OH
_ _
B ——————
X X
o0 o~ OH
CSH 1004 CGH 1002
170.17 114.15
2 23

At —78°C 1M DIBAL-H (123 ml, 123 mmol, 10eq, diisobutylaluminium hydride) was added
sowly to t,t-hexa-2,4-dienedioic acid diethyl ester (2.44 g, 12.3 mmol) in absolute CH,Cl,
(200 ml). The yellowish solution was heated up to room temperature in 2 hr and then stirred
for 15 hr at room temperature. After 2 hr at 40°C the reaction mixture was cooled down to —
78°C and quenched with absolute EtOH (10 ml) followed by H,O (20 ml). After heating up to
room temperature the gel like mixture was extracted several time with MeOH by crushingin a
mortar and centrifugation. The organic phases were concentrated under reduced pressure and
the product purified by column chromatography with tBME. It resulted tt-hexa-2,4-diene-
1,6-diol as awhite luster solid.

Yield: 980 mg (8.60 mmol, 70%).

'H-NMR (CDCl3, 300 MHz): 1.35 (sbr, 2 H), 4.19 (sbr, 4 H), 5.79-5.88 (m, 2 H), 6.21-6.31
(m, 2 H).

B3C-NMR (CDCls, 75 MHz): 63.40, 130.62, 132.59.
Rt (EtOAC): 0.42, wake UV active and blue discolourisation with cer reagent.

mp: (EtOAc) 106 °C.
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2 EXPERIMENTAL PART

6-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-hexa-2,4-dien-1-ol (24)

OH ODMT

= =
_—

X X

OH OH
CGH 1002 C27H 2804
114.15 416.35

23 24

Synthesized according to general method E.

The crude was purified by LC (EtOAc / Hex, 2:3).

Yield: 52 %, as atransparent oil.

'H-NMR (CDCls, 300 MHz): 1.65 (s br, 1 H), 3.56-3.58 (m, 2 H), 3.70 (s, 6 H), 4.10-4.12
(m, 2 H), 5.67-5.81 (m, 2 H), 6.15-6.34 (m, 2 H), 6.75 (d, 4 H, J = 8.8 HZ), 7.10-7.28 (m, 7

H), 7.36-7.39 (m, 2 H).

3C-NMR (CDCls, 75 MHz): 14.31, 21.15, 55.32, 60.52, 63.42, 64.29, 86.37, 113.22, 123.88,
126.83, 127.92, 128.21, 130.08, 131.01, 131.19, 131.79, 136.46, 145.19, 149.87, 158.55.

R¢ ( EtOAc/ Hex, 2:3): 0.13, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

Diisopropyl-phosphoramidous acid 6-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-hexa-
24(trans,trans)-dienyl ester 2-cyano-ethyl ester (25)

ODMT ODMT
= =
B
NS N
OH OPAM
C27H2804 C36H45N ZOSP
416.35 616.74
24 25

Synthesized according to general method F.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 68 %, as atransparent glass.

'H-NMR (CDCls, 300 MHz): 1.23-1.36 (m, 14 H), 2.61 (t, 2 H, J = 5.9 Hz), 3.61-3.73 (m, 4
H), 3.77 (s, 6 H), 3.78-3.89 (m, 2H), 4.22-4.30 (m, 2 H), 5.80-5.86 (m, 2 H), 6.37 (p, 2 H, J=
16.2 Hz), 6.86 (d, 4 H, J = 9.0 HZ), 7.12-7.40 (m, 7 H), 7.50 (d, 2 H, J = 7.4 Hz).

B3C-NMR (CDCls, 75 MHz): 14.26, 20.33, 20.43, 21.07, 24.58, 24.67, 24.76, 29.74, 43.02,
43.18, 55.18, 58.36, 58.61, 60.37, 63.78, 64.02, 64.20, 86.23, 113.13, 117.77, 126.76, 127.86,
128.10, 129.85, 129.94, 129.98, 130.03, 130.79, 131.34, 136.32, 145.16, 158.47.

3P.NMR (CDCl3, 122 MHz): 148.40.

HR-MS (ESI+): C,H.:N.NaO.P: calc.: 639.2963 g/mol, found: 639.2946 g/mol.

Rt (EtOAc/ Hex, 1:1): 0.64, UV active and red discol ourisation with cer reagent.
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2 EXPERIMENTAL PART

2.5.6 Synthesis of 2910

1,6-Dibromo-hexa-2t,4t-diene (26)

Br

=
HO
OH ™
Br
CsH100, C;HgBr,
114.15 239.94

26

A solution of hexa-1,6-diene-3,4-diol (1.50 g, 13.1 mmol) in absolute EtOEt (5 ml) was added
dropwise, at 0°C, to phosphorus tribromide (2.24 g, 9.0 mmol, in excess) in absolute EtOEt (5
ml). After the addition was complete, the mixture was alowed to warm to room temperature.
After 3 hr the reaction mixture was poured sowly into stirring ice-water and then was
carefully neutralized with saturated aqueous sodium carbonate. The crude was extracted with
ether and then purified by LC (EtOAc / MeOH, 19:1). The product is a strong lacrymator and
should be handled in afume hood.

Yield: 2.63 g (11.4 mmol, 87 %).

'H-NMR (CDCl3, 300 MHz): 4.00 (d, 4 H, J = 7.7 Hz), 5.84-5.99 (m, 2 H), 6.21-6.31 (m, 2
H).

3C-NMR (CDCl3, 300 MHz): 32.50, 130.86, 133.25.
R; (tBME): 0.58, UV active.

mp: (EtOAc) 85-87 °C.
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2 EXPERIMENTAL PART

2-[6-(2-Hydr oxy-ethoxy)-hexa-2t,4t-dienyloxy]-ethanol (27)

Br O(CH,),OH
= =
N N
Br O(CH,),0H
CeHgBr, Cy0H1504
239.94 202.26
26 27

Synthesized according to general method G.

The crude was purified by LC (EtOAc/ MeOH, 19:1).

Yield: 24 %, asayellowish ail.

'H-NMR (CDCl3, 300 MHz): 2.02 (s br, 2 H), 3.52-3.57 (m, 4 H), 3.73 (t, 4 H, J = 4.4 H2),
4.05(d, 4 H, J= 5.6 Hz), 5.71-5.80 (M, 2 H), 6.22-6.27 (m, 2 H).

B3C-NMR (CDCls, 75 MHz): 61.92, 71.26, 77.24, 129.90, 132.03.

R¢ (EtOAC): 0.12, UV active, with permanganate reagent yellow and with cer reagent blue
discol ourisation.
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2 EXPERIMENTAL PART

2-(6-{2-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-ethoxy}-hexa-2t,4t-dienyloxy)-ethanol
(29)

O(CH,),0H O(CH,),ODMT

\
\

XN XN
O(CH,),OH O(CH,),0H
ClOH 1804 C31H3606
202.26 504.63
27 28

Synthesized according to general method E.

The crude was purified by LC (EtOAC).

Yield: 30 %, as atransparent glass.

'H-NMR (CDCl3, 300 MHz): 2.02 (s br, 2 H), 3.52-3.57 (m, 4 H), 3.73 (t, 4 H, J = 4.4 Hz),
4.05 (d, 4 H, J = 5.6 Hz), 5.71-5.80 (m, 2 H), 6.22-6.27 (m, 2 H), 6.77-6.82 (m, 4 H), 7.17-
7.35(m, 7H),7.45(d, 2H, J=7.2 Hz).

3C-NMR (CDCls, 75 MHz): 14.34, 21.17, 32.26, 60.36, 60.52, 62.07, 67.74, 69.45, 71.05,
71.43, 85.89, 113.12, 126.71, 127.82, 128.33, 129.62, 130.16, 130.62, 131.52, 132.25, 136.74,
145.46, 158.47.

R¢ (EtOAC): 0.48, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

Diisopropyl-phosphoramidous acid 2-(6-{2-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
ethoxy}-hexa-2t,4t-dienyloxy)-ethyl ester 2-cyano-ethyl ester (29)

O(CH,),ODMT O(CH,),ODMT
Z p
N X
O(CH,),0H O(CH,),OPAM
C31H3606 C4OH53NZO7P
504.63 704.86
28 29

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 98 %, as atransparent oil.

'H-NMR (CDCl3, 300 MHz): 1.15-1.18 (m, 12 H), 1.54 (s, 2 H), 2.61 (t, 2 H, J = 6.4 HZ),
3.20 (t, 2H, J= 5.1 Hz), 3.55-3.63 (M, 6 H), 3.77 (s, 6 H), 3.73-3.87 (m, 2 H), 4.06 (t, 4 H, J
= 6.0 Hz), 5.71-5.78 (m, 2 H), 6.24-6.28 (m, 2 H), 6.77-6.82 (m, 4 H), 7.17-7.35 (m, 7 H),
7.45(d, 2H,J=7.2 Hz).

B3C-NMR (CDCls, 75 MHz): 20.27, 24.52, 24.59, 24.62, 24.68, 42.98, 43.14, 55.21, 58.38,
58.63, 62.53, 62.78, 63.24, 69.68, 70.00, 70.09, 71.24, 71.32, 77.44, 113.03, 126.64, 127.74,
128.21, 129.72, 130.07, 130.30, 131.44, 132.03, 136.33, 145.07, 158.37.

3P.NMR (CDCl3, 122 MHz): 148.78.

HR-MS (ESI+): C.H«N.NaO,P: calc.: 727.3488 g/mol, found: 727.3497 g/mol.

Rt (EtOAC): 0.49, UV active and red discolourisation with cer reagent.




2 EXPERIMENTAL PART

2.5.7 Synthesis of 321610

3-[6-(3-Hydr oxy-pr opoxy)-hexa-2t,4t-dienyloxy]-propan-1-ol (30)

Br O(CH,),OH
= =
NS X
Br O(CH,),OH
CgHgBr, CoH5,0,4
239.94 230.31
26 30

Synthesized according to general method G.

The crude was purified by LC (EtOAc/ MeOH, 19:1).

Yield: 24 %, as wet, transparent crystals.

'H-NMR (CDCls, 300 MHz): 1.57-1.65 (m, 4 H), 2.39 (s br, 2 H), 3.43 (t, 4 H, J = 5.9 H2),
3.61 (t, 4 H, 3.0 Hz), 3.98 (d, 4 H, J = 5.6 Hz), 5.68-5.77 (M, 2 H), 6.16-6.23 (M, 2 H).

3C-NMR (CDCl3, 75 MHz): 30.14, 62.78, 70.25, 71.01, 129.86, 131.97.

R (EtOAC): 0.12, UV active, with permanganate reagent yellow and with cer reagent blue

discolourisation.
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2 EXPERIMENTAL PART

3-(6-{3-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-pr opoxy}-hexa-2t,4t-dienyloxy)-
propan-1-ol (31)

O(CH,),OH O(CH,),0DMT
pZ Z
N X
O(CH,),OH O(CH,),0H
C12H2204 C33H4006
230.31 532.68
30 31

Synthesized according to general method E.

The crude was purified by LC (EtOAc / Hex, 2:3).

Yield: 59 %, as atransparent ail.

'H-NMR (CDCl3, 300 MHz): 1.80-1.87 (m, 4 H), 3.13 (t, 2 H, J = 5.9 Hz), 3.53-3.58 (m, 4
H), 3.76 (s, 6 H), 3.95-4.01 (m, 4 H), 4.07-4.14 (m, 2 H), 5.68-5.75 (m, 2 H), 6.18-6.23 (m, 2
H), 6.77-6.82 (m, 4 H), 7.18-7.31 (m, 7 H), 7.41 (d, 2H, J = 7.0 H2).

B3C-NMR (CDCls, 75 MHZ): 14.34, 21.17, 30.60, 32.26, 55.33, 60.36, 60.52, 62.07, 67.74,
69.45, 71.05, 71.43, 85.89, 113.12, 126.71, 127.82, 128.33, 129.62, 130.16, 130.62, 131.52,
132.25, 136.74, 145.46, 158.47.

Rt (EtOAC): 0.48, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

Diisopropyl-phosphoramidous acid 3-(6-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propoxy}-hexa-2t,4t-dienyloxy)-propyl ester 2-cyano-ethyl ester (32)

O(CH,),ODMT O(CH,),ODMT

\
\

X N
O(CH,),0H O(CH,),OPAM
C33H4006 C42H57N207P
532.68 732.91
31 32

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 99 %, as atransparent glass.

'H-NMR (CDCl3, 300 MHz): 1.09-1.19 (m, 16 H), 1.81-1.89 (m, 4 H), 2.58-2.63 (m, 2 H),
3.13(t, 2H, J=6.2 Hz), 3.48-3.61 (m, 6 H), 3.71-3.85 (M, 2 H), 3.76 (s, 6 H), 3.97 (t, 2 H, J
= 5.5 Hz), 5.67-5.76 (m, 2 H), 6.16-6.26 (m, 2 H), 6.77-6.83 (M, 4 H), 7.14-7.32 (m, 7 H),
7.41(d,2H,J=7.1Hz2).

3C-NMR (CDCl3, 300 MHz): 14.06, 20.31, 20.40, 22.99, 24.52, 24.61, 24.70, 30.44, 31.47,
31.57, 42.91, 43.08, 55.19, 58.19, 58.45, 60.22, 60.43, 60.66, 66.88, 67.60, 70.98, 71.05,
85.73, 112.97, 126.58, 127.69, 128.17, 130.01, 130.15, 131.60, 131.75, 136.57, 145.32,
158.31.

$P_.NMR (CDCl3, 122 MHz): 147.72.

HR-MS (ESI+): C.,H:N.O.P: calc.: 733.3981 g/moal, found: 733.3971 g/mol.

Rt (EtOAC): 0.80, UV active and red discolourisation with cer reagent.
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2 EXPERIMENTAL PART

2.5.8 Synthesis of 35110

4-[6-(4-Hydr oxy-butoxy)-hexa-2t,4t-dienyloxy]-butan-1-ol (33)

Br O(CHZ) ,OH
= =
N NS
Br O(CH,),OH
CeHgBI, C14H560,4
239.94 258.36
26 33

Synthesized according to general method G.
The crude was purified by LC (EtOAc/ MeOH, 9:1).
Yield: 17 %, asayellowish ail.

'H-NMR (CDCls, 300 MHz): 1.57-1.65 (m, 8 H), 2.39 (s br, 2 H), 3.43 (t, 4 H, J = 5.9 H2),
3.61(t, 4 H, 3.0 Hz), 3.98 (d, 4 H, J = 5.6 Hz), 5.68-5.77 (M, 2 H), 6.16-6.23 (M, 2 H).

B3C-NMR (CDCls, 75 MHz): 26.75, 30.14, 62.78, 70.25, 71.01, 129.86, 131.97.

R¢ (EtOAc / MeOH, 9:1): 0.40, UV active, with permanganate reagent yellow and with cer

reagent blue discolourisation.
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2 EXPERIMENTAL PART

4-(6-{4-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-butoxy}-hexa-2t,4t-dienyloxy)-butan-
1-ol (34)

O(CH,),OH O(CH,),ODMT
= =
™ ™
O(CH,),OH O(CH,),OH
C14H2604 C35H4406
258.36 560.73
33 34

Synthesized according to general method E.

The crude was purified by LC (EtOAC).

Yield: 37 %, asabeige solid.

'H-NMR (CDCl3, 300 MHz): 1.64 (s, 8 H), 3.04 (t, 2H, J= 5.8 Hz), 3.37 (t, 2H, J = 6.0 HZ),
345 (t, 2 H, J=5.7 Hz), 3.60-3.77 (m, 2 H), 3.77 (s, 6 H), 3.98 (dd, 4 H, J = 5.9 and 15.5
Hz), 5.68-5.77 (m, 2 H), 6.15-6.26 (m, 2 H), 6.78-6.82 (m, 4 H), 7.15-7.32 (m, 7 H), 7.41 (d,
2H,J=7.1H2).

3C-NMR (CDCls, 75 MHz): 26.71, 26.80, 30.25, 55.19, 62.78, 63.05, 70.22, 70.29, 70.89,
71.08, 112.95, 126.55, 127.68, 128.20, 129.54, 130.01, 130.45, 131.54, 132.15, 136.67,
145.36, 158.28.

Rt (EtOAC): 0.44, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

Diisopropyl-phosphoramidous acid 4-(6-{4-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
butoxy}-hexa-2t,4t-dienyloxy)-butyl ester 2-cyano-ethyl ester (35)

O(CH,),ODMT O(CH,),ODMT

\
\

N X
O(CH,),0H O(CH,),OPAM
C35H4406 C44H61N207P

560.73 760.96
34 35

Synthesized according to general method F.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 97 %, as atransparent ail.

'H-NMR (CDCl3, 300 MHz): 1.14-1.17 (m, 14 H), 1.65 (t, 8 H, J= 3.0 Hz), 2.61 (t, 2 H, J =
6.4 Hz), 3.04 (t, 2 H, J = 5.8 Hz), 3.35-3.44 (m, 4 H), 3.51-3.74 (m, 4 H), 3.77 (s, 6 H), 3.96
(t, 4H, J = 6.8 Hz), 5.68-5.77 (m, 2 H), 6.15-6.26 (m, 2H), 6.77-6.82 (m, 4 H), 7.15-7.32 (m,
7H),7.41(d,2H,J=122Hz).

3C-NMR (CDCls, 75 MHz): 20.32, 20.41, 24.52, 24.60, 24.70, 26.31, 26.72, 28.02, 42.90,
43.07, 55.19, 58.17, 58.42, 63.05, 69.95, 70.26, 70.94, 77.21, 112.95, 126.55, 127.67, 128.19,
130.01, 130.09, 130.15, 131.69, 136.66, 158.29.

¥P.NMR (CDCl3, 122 MHz): 147.45.

HR-MS (ESI+): C.H:N.OP: calc.: 761.4294 g/mol, found: 761.4283 g/moal.

Rt (EtOAc/ Hex, 1:1): 0.67, UV active and red discol ourisation with cer reagent.
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2.6 Ene Phosphoramidites

2.6.1 Synthesis of 39"+

Dimethyl maleate (cis-But-2-enedioic acid dimethyl ester) (36)

o o)
O/
[ o ——— [ ¢
~N
O o)

C,H04 CeHsO,
98.06 144.13
36

Synthesized according to general method C.

The crude was purified by LC (EtOAC).

Yield: 95 %, as atransparent oil.

H-NMR (CDCl3, 300 MHZ): 5.72 (s, 6 H), 8.19 (s, 2 H).
3C-NMR (CDCl3, 300 MHz): 52.01, 129.63, 165.51.

R¢ (EtOAC): 0.78, UV active.

2 EXPERIMENTAL PART
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2 EXPERIMENTAL PART

cis-But-2-enedioic acid bis-[(3-hydr oxy-propyl)-amide] (37)

0 0
o~ | NH(CH,),0H
—_—
o NH(CH,),OH
o) o)

C6H804 ClOH 18N204
144.13 230.27
36 37

Synthesized according to general method D.

The crude was purified by LC (EtOAc/ MeOH, 1:1).

Yield: 65 %, as white foam which turns slightly red when stored at rt.

IH-NMR (MeOD, 300 MHz): 2.69 (t, 4 H, J = 4.0 Hz), 3.20-3.28 (m, 4 H), 3.29-3.35 (m, 4
H), 6.83 (s, 2 H).

BBC-NMR (CDsSOCDs, 75 MHzZ): 14.32, 30.06, 32.26, 32.38, 35.80, 36.54, 38.69, 57.75,
57.81, 58.36, 58.58, 78.71, 163.83, 169.15, 170.93.

R¢ (EtOAc / MeOH, 1:1): 0.37, UV active and yellow discolourisation with permanganate
reagent.
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2 EXPERIMENTAL PART

cis-But-2-enedioic acid {3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-propyl}-amide (3-
hydr oxy-propyl)-amide (38)

0 0
| NH(CH,),OH | NH(CH,),ODMT
—
NH(CH,),OH NH(CH,),OH
o} o}
ClOH 18N 204 C31H36N206
230.27 532.64
37 38

Synthesized according to general method E.
The crude was purified by LC (EtOAc/ Hex, 1:1).
Yield: 12 %, as abeige foam.

'H-NMR (CDCl3, 300 MHz): 2.69 (t, 4 H, J = 4.0 Hz), 3.20-3.28 (m, 4 H), 3.29-3.35 (m, 4
H), 6.83 (s, 2 H), 6.78-6.82 (m, 4 H), 7.15-7.32 (m, 7 H), 7.41 (d, 2 H, J = 7.1 Hz).

3C-NMR (CDsSOCDs, 75 MHz): 29.30, 29.57, 32.30, 32.49, 36.15, 36.32, 37.38, 38.21,
39.65, 39.70, 55.38, 58.59, 58.92, 59.26, 59.60, 61.56, 62.09, 77.58, 78.93, 113.32, 113.41,
126.89, 127.96, 128.02, 130.05, 130.16, 136.28, 145.10, 158.59, 169.27, 172.81.

Rt (EtOACc/ Hex, 1:2): 0.47, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

Diisopropyl-phosphoramidous acid 3-(3-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propylcar bamoyl}-(cis)acryloylamino-propyl ester 2-cyano-ethyl ester (39)

| NH(CH,),ODMT NH(CH,),ODMT
—_—
NH(CH,),OH NH(CH,),OPAM

Ca1H36N206 CaoHzsN,O7P
532.64 732.86
38 39

Synthesized according to general method F.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: Product undergoes intramolecular maleimide formation.
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2 EXPERIMENTAL PART

2.6.2 Synthesis of 435>

Dimethyl fumar ate (t-But-2-enedioic acid dimethyl ester) (40)

0 0
OH o~
B ——
HO e
o o
CH,0, CeHgO4
116.07 144.13

Synthesized according to general method C.

The crude was purified by LC (EtOAC).

Yield: 100 %, as transparent crystals.

'H-NMR (CDCl3, 300 MHz): 3.79 (s, 6 H), 6.84 (s, 2 H).

3C-NMR (CD3SOCD3, 75 MHz): 52.29, 133.38, 165.35.

Rf (EtOAC): 0.77, UV active.

mp: (EtOAc) 105 °C.

95



2 EXPERIMENTAL PART

t-But-2-enedioic acid bis-[(3-hydroxy-propyl)-amide] (41)

o) o)
| o~ | NH(CH,),OH
B ——

_o HO(CH,),HN

o) o)

C6H804 C10H18N204

144.13 230.27

40 41

Synthesized according to general method E.

The crude was purified by LC (EtOAc/ MeOH, 2:1).

Yield: 74 %, as atransparent oil.

'H-NMR (CD3sSOCDs, 300 MHz): 2.82 (t, 4 H, J = 7.0 Hz), 3.04-3.16 (m, 4 H), 3.44-3.49
(M, 4 H), 4.74-4.78 (m, 2 H).

BC-NMR (CDsSOCDs, 75 MHZ):14.32, 30.06, 32.26, 32.38, 35.80, 36.54, 38.69, 57.75,
57.81, 58.36, 58.58, 78.71, 163.83, 169.15, 170.93.

R¢ (EtOAc / MeOH, 2:1): 0.29, UV active and yellow discolourisation with permanganate
reagent.
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2 EXPERIMENTAL PART

t-But-2-enedioic acid {3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-pr opyl}-amide (3-
hydr oxy-propyl)-amide (42)

o) o)
| NH(CH,),OH | NH(CH,),ODMT
HO(CH,),HN ————=  HO(CH,),HN
o) o]
ClOH 18N 204 C31H36N206
230.27 532.64
41 42

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 45 %, as ayellowish foam.

'H-NMR (CDCl3, 300 MHz): 1.59-1.76 (m, 4 H), 3.07-3.14 (m, 2 H), 3.26-3.46 (m, 4 H),
3.52-3.58 (m, 2 H), 3.72 (s, 6 H), 6.76 (d, 4 H, J=8.8 Hz), 7.14-7.25 (m, 7 H), 7.36 (d, 2 H, J
=7.0Hz).

3C-NMR (CDsSOCD3, 75 MHz): 29.30, 29.57, 32.30, 32.49, 36.15, 36.32, 37.38, 38.21,
39.65, 39.70, 55.38, 58.59, 58.92, 59.26, 59.60, 61.56, 62.09, 77.58, 78.93, 113.32, 113.41,
126.89, 127.96, 128.02, 130.05, 130.16, 136.28, 145.10, 158.59, 169.27, 172.81.

Rt (EtOAC): 0.53, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

Diisopropyl-phosphoramidous acid 3-(3-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propylcarbamoyl}-(trans)acryloylamino-propyl ester 2-cyano-ethyl ester (43)

0 0
| NH(CH,),ODMT | NH(CH,),ODMT
HO(CH,),HN ——=  PAMO(CH,)HN
C31H36N206 C40H53N4O7P
532.64 732.86
42 43

Synthesized according to general method F.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 43 %, as ayellow foam.

'H-NMR (CDCl3, 300 MHz): 1.09-1.19 (m, 16 H), 1.81-1.89 (m, 4 H), 2.58-2.63 (m, 2 H),
3.13(t, 2H,J=6.2Hz), 3.48-3.61 (m, 6 H), 3.71-3.85 (m, 2 H), 3.76 (s, 6 H), 3.97 (t, 2H, J
= 5.5 Hz), 6.16-6.26 (m, 2 H), 6.77-6.83 (m, 4 H), 7.14-7.32 (m, 7 H), 741 (d,2H,J=7.1
Hz).

B3C-NMR (CDCls, 75 MHZ): 14.06, 20.31, 20.40, 22.99, 24.52, 24.61, 24.70, 30.44, 31.47,
31.57, 42.91, 43.08, 55.19, 58.19, 58.45, 60.22, 60.43, 66.88, 67.60, 70.98, 71.05, 85.73,
126.58, 127.69, 130.01, 130.15, 131.60, 131.75, 136.57, 145.32, 158.31.

3P.NMR (CDCl3, 122 MHZ): 148.65.

Rt (EtOAC): 0.29, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

2.6.3 Synthesis of 47%*°

Cyclopent-3-ene-1,1-dicar boxylic acid dimethyl ester (44)

(0] (0]
~ ~ "', (@)
(0] (0) n/ ~
0]
CsHgO, CyH,0,
132.12 184.19
44

To a stirring solution of dimethylmalonat 10.56 g (9.18 ml, 80 mmoal) in absolute DMF 150
ml, LiH 1.59 g (0.2 mol, 2.5 eq) was added slowly at 0°C under nitrogen atmosphere. After 2
hr at rt, one added cis-1,4-dichloro-2-buten 11.99 g (10.1 ml, 96 mmol, 1.2 eq) in absolute
DMF. After 2 d tirring at rt, the beige suspension was diluted with Hex/tBME (200 ml, 4:1)
and then poured on of ice-water 1 |. The organic layer was dried over sodium sulphate and

evaporated under reduced pressure. Drying in the kugelrohr gave 44 as white crystals.
Yield: 10.7 g (58.4 mmol, 73 %).

H-NMR (CDCl3, 300 MHz): 4.22 (s, 4 H), 3.73 (s, 6 H), 5.60 (s, 2 H).

BC-NMR (CDCl3, 300 MH2z): 40.92, 52.82, 58.73, 127.78, 172.64.

Rt (Hex/EtOAC, 11:1): 0.29, yellow discol ourisation with permanganate reagent.

mp: (EtOAc) 61 °C.
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2 EXPERIMENTAL PART

Cyclopent-3-ene-1,1-dicarboxylic acid bis-[(3-hydroxy-propyl)-amide] (45)

(0] (0]
O —— Do
n/ ~ ’an/NH(CHZ)3OH
0] 0]
CQH 1204 C13H22N204
184.19 270.33
44 45

Synthesized according to general method D.
The crude was purified by LC (EtOAc/ MeOH, 1:1).
Yield: 98 %, as white solid.

'H-NMR (CD3SOCD3, 300 MHZ): 1.47-1.56 (m, 4 H), 3.02-3.13 (m, 4 H), 3.30-3.41 (m, 4
H), 4.45 (sbr, 2 H), 5.56 (s, 2 H), 7.52 (t, 2 H, J = 5.9 H2).

B3C-NMR (CDsSOCD3, 75 MHz): 22.69, 32.14, 32.52, 35.83, 36.75, 58.53, 60.53, 128.41,
169.41, 172.14.

R (EtOAc/ MeOH, 1:1): 0.60, yellow discol ourisation with permanganate reagent.
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2 EXPERIMENTAL PART

Cyclopent-3-ene-1,1-dicar boxylic acid {3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propyl}-amide (3-hydr oxy-propyl)-amide (46)

O O

@)L NH(CH,),OH D)L NH(CH,),ODMT
¢_' "'
ﬂ/ NH(CH,),OH ”/ NH(CH,),0H
o) o)
C13H 22N 204 C34H 40N 206
270.33 572.71
45 46

Synthesized according to general method E.

The crude was purified by LC (EtOAC).

Yield: 50 %, as abeige solid.

'H-NMR (CDCl3, 300 MHz): 2.78-2.98 (m, 4 H), 3.22 (dt, 4 H, J = 26.5 and 5.9 Hz), 3.31-
341 (m,6H), 356 (t,2H, J=5.1Hz), 3.80 (s, 6 H), 5.57 (s, 2 H), 6.81-6.87 (m, 4 H), 7.15-
7.35(m, 7H), 7.41-7.42 (m, 2 H).

3C-NMR (CDCls3, 75 MHz): 14.20, 21.06, 23.25, 28.99, 29.31, 32.15, 36.48, 38.08, 38.21,
41.79, 55.22, 59.20, 59.30, 60.41, 61.26, 62.14, 86.20, 113.10, 126.77, 127.84, 128.03,
129.94, 130.01, 136.04, 136.10, 144.89, 158.44, 169.89, 173.59, 174.29.

Rt (EtOAC): 0.24, UV active and red discolourisation with cer reagent.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 3- [ (1- {3- [bis- (4-methoxy-phenyl)-phenyl-
methoxy]-propylcar bamoyl}-cyclopent-3-ennecar bonyl)-amino]-pr opyl ester 2-cyano-
ethyl ester (47)

0 o)
@)LNH(CHZ)@DMT @)LNH(CHZ)@DMT
',_ _——— "
ﬂ/ NH(CH2)30H ﬂ/ NH(CH2)30PAM

0 o]
C34H 40N206 C43H57N4O7P
572.71 772.93
46 a7

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 59 %, as transparent viscous oil.

'H-NMR (CDCls3, 300 MHz): 1.13-1.17 (m, 12 H), 1.19-1.30 (m, 2 H), 1.70-1.79 (m, 4 H),
2.63t,2H,J=6.6 Hz), 2.77-2.94 (m, 4 H), 3.09 (t, 2H, J=5.9 Hz), 3.27-3.37 (m, 4 H), 3.50-
3.67 (m, 4 H), 3.77 (s, 6 H), 5.55 (s, 2 H), 6.80 (d, 4 H, J = 8.8 Hz), 7.16-7.29 (m, 7 H), 7.39
(d,2H,J=7.0H2z).

B3C-NMR (CDCls, 75 MHZ): 20.46, 20.55, 24.73, 24.82, 29.59, 30.67, 30.77, 37.46, 38.09,
41.63, 41.81, 43.11, 43.27, 55.34, 58.39, 58.65, 59.65, 61.33, 61.38, 61.62, 113.23, 126.86,
127.94, 128.26, 128.67, 128.71, 130.14, 136.32, 145.09, 158.58, 173.23.

P.NMR (CDCl3, 122 MHzZ): 147.88.

Rt (EtOAC): 0.63, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

2.6.4 Synthesis of 49

4-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-cyclopent-2-enol (48)

OH ODMT OH
QR

OH OH ODMT
CSHSOZ C24H2604
100.12 402.49

48

Synthesized according to general method E.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 71 %, as awhite foam.

H-NMR (CDCls, 300 MHz): 3.77 (s, 6 H), 4.07-4.14 (m, 2 H), 5.18 (d, 1 H, J = 5.5 Hz),
5.77 (d, 1 H, J= 55 Hz), 6.82 (d, 4 H, J = 85 Hz), 7.17-7.30 (m, 3 H), 7.38 (d, 4 H, J= 8.8

Hz), 7.49 (d, 2 H, J = 7.4 H2).

3C-NMR (CDCls, 75 MHZ):14.52, 43.26, 55.53, 74.93, 77.80, 87.06, 113.48, 124.08, 127.04,
128.18, 128.51, 130.45, 136.00, 136.27, 137.35, 146.04, 150.04, 158.80.

Rt (EtOAc/ Hex, 1:1): 0.35, UV active and red discol ourisation with cer reagent.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 4-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
cyclopent-2-enyl ester 2-cyano-ethyl ester (49)

ODMT ODMT OPAM
ODMT OPAM ODMT
C24H 2604 C35H43N ZOSP
402.49 602.72
48 49

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 96 %, asayellowish resin like solid.

'H-NMR (CDCls3, 300 MHz): 1.12-1.19 (m, 12 H), 1.20-1.30 (m, 2 H), 1.56-1.74 (m, 2 H),
3.45-3.66 (m, 4 H), 3.80 (m, 6 H), 4.40-4.44 (m, 1 H), 4.48-4.45 (m, 1 H), 5.05-5.22 (m, 1 H),
5.74 (dd, 1 H, J=5.5 and 25.7 Hz), 6.81-6.85 (m, 4 H), 7.20-7.42 (m, 7 H), 7.51 (d, 2H, J=
8.5 Hz).

B3C-NMR (CDCl3, 75 MHZ):20.21, 20.29, 20.44, 20.53, 23.06, 23.11, 23.14, 24.52, 24.59,
24.84, 41.87, 41.93, 42.13, 43.1643.33, 45.43, 45.52, 55.34, 55.37, 58.25, 58.31, 58.37, 58.54,
58.62, 75.42, 75.66, 75.74, 113.27, 126.82, 127.94, 128.42, 130.31, 134.49, 134.56, 134.65,
134.71, 135.76, 135.83, 137.26, 145.94, 158.63.

3 P.NMR (CDCls3, 122 MHZ): 148.20.

Rt (EtOAC): 0.79, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

2.6.5 Synthesis of 51

4-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-but-2-en-1-ol (50)

OH ODMT
ﬁ
OH OH
C4H802 C25H2604
88.10 390.48

50

Synthesized according to general method E.
The crude was purified by LC (EtOAc/ Hex, 1:1).
Yield: 68 %, as atransparent oil.

'H-NMR (CDCl3, 300 MH2): 3.66-3.68 (m, 2 H), 3.77 (s, 6 H), 4.02 (m, 2 H), 5.67-5.80 (m,
2 H), 6.82 (d, 4H, J= 8.8 Hz), 7.17-7.34 (m, 7 H), 7.43 (d, 2 H, J = 7.4 Hz).

3C-NMR (CDCls, 75 MHz): 55.33, 58.93, 60.14, 86.65, 113.25, 123.88, 126.89, 127.97,
128.19, 129.10, 130.08, 131.17, 136.16, 136.26, 145.01, 149.87, 158.56.

Rt (EtOAc/ Hex, 1:1): 0.41, UV active and red discol ourisation with cer reagent.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 4-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-but-2-
enyl ester 2-cyano-ethyl ester (51)

ODMT ODMT
< <
OH OPAM
C25H2604 C34H43N205P
390.48 590.71
50 51

Synthesized according to general method F.

The crude was purified by LC (EtOAcC).

Yield: 96 %, as atransparent oil.

'H-NMR (CDCl3, 300 MHz): 1.05-1.23 (m, 14 H), 2.55 (t, 2 H, J = 6.2 Hz), 2.73 (t, 6.2 H2),
3.77 (s, 6 H), 3.95-4.24 (m, 4 H), 5.61-5.78 (m, 2 H), 6.80 (d, 4 H, J = 8.8 Hz), 7.15-7.33 (m,
7H),741(d,2H,J=7.0H2).

B3C-NMR (CDCls, 75 MHz): 20.21, 20.29, 20.38, 20.46, 23.03, 23.06, 23.14, 24.61, 24.69.
24.81, 43.09, 43.26, 45.43, 45.51, 55.35, 58.25, 58.32, 58.50, 58.75, 59.60, 59.84, 60.38,
76.74, 113.25, 126.84, 127.94, 128.28, 129.14, 129.18, 129.24, 130.14, 136.39, 145.11,
158.58.

¥P.NMR (CDCl3, 122 MHz): 148.40.

Rs (EtOAC): 0.65, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

2.6.6 Synthesisof 53

4-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-but-2(cis)-en-1-ol (52)

OH ODMT
<

OH OH
C4HB()2 C25HZG()4
88.10 390.48

52

Synthesized according to general method E.
The crude was purified by LC (EtOAc / Hex, 2:3).
Yield: 72 %, as atransparent oil.

'H-NMR (CD3SOCD3, 300 MHz): 3.54 (d, 2 H, J = 3.7 Hz), 3.73 (s, 6 H), 3.80 (t, 2 H, J =
44 Hz),558 (t, 2H,J=4.0Hz), 6.89 (d, 4 H, J = 8.8 Hz), 7.19-7.40 (m, 9 H).

BC-NMR (CD3SOCD3;, 75 MHz): 55.10, 57.10, 59.68, 85.73, 113.27, 126.49, 126.74,
127.69, 127.94, 129.66, 132.73, 135.82, 145.02, 158.11.

R (EtOAc/ Hex, 2:3): 0.49, UV active and red discolourisation with cer reagent.

mp: decomposition.
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Diisopropyl-phosphoramidous acid 4-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-but-
2(cis)-enyl ester 2-cyano-ethyl ester (53)

ODMT ODMT
ﬁ ﬁ
OH OPAM
C25H2604 C34H43N205P
390.48 590.71
52 53

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 97 %, as atransparent oil.

'H-NMR (CDCl3, 300 MHz): 1.06-1.30 (m, 14 H), 2.55 (t, 2 H, J = 6.6), 3.4-3.59 (m, 4 H),
3.64 (d, 2H,J=5.9Hz), 3.75 (s, 6 H), 3.77-3.82 (m, 4 H), 5.61-5.79 (m, 2 H), 6.80 (d, 4 H, J
=8.8Hz), 7.16-7.31 (m, 7 H), 7.41 (d, 2H, J = 7.4 HZ).

B3C-NMR (CDCls, 75 MHz): 20.24, 20.33, 24.47, 24.57, 24.68, 42.97, 43.13, 55.21, 58.36,
58.62, 59.46, 59.71, 60.25, 86.33, 113.11, 117.56, 126.72, 127.82, 128.15, 129.01, 129.06,
129.11, 130.00, 136.27, 144.98, 158.45.

¥P.NMR (CDCl3, 122 MHz): 148.40.

HR-M S (ESI+): CsH43N2OsNaP: calc.: 613.2807 g/mol, found: 613.2810 g/mol.

Rt (EtOAC): 0.88, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

2.6.7 Synthesis of 56"°°1%°

3-[4-(3-Hydr oxy-propoxy)-but-2(cis)-enyloxy]-propan-1-ol (54)

cl O(CH,),OH
| — |l
Cl O(CH,),OH
C4H 8C2| C10H 2004
125.00 204.27
54

Synthesized according to general method G.

The crude was purified by LC (EtOAc/ MeOH, 9:1).

Yield: 63 %, as atransparent oil.

'H-NMR (CDCls, 300 MHz): 1.77-1.85 (m, 4 H), 2.49 (s br, 2 H), 3.59 (t, 4 H, J = 5.9 H2),
3.74(t,4H, J=55Hz), 4.03 (d, 4H, J= 4.8 Hz), 5.70 (t, 2 H, J = 2.9 H2).

3C-NMR (CDCls, 75 MHz): 32.13, 61.41, 66.65, 69.19, 129.39.

Rt (EtOAc/ MeOH, 9:1): 0.47, yellow discolourisation with permanganate reagent.
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2 EXPERIMENTAL PART

3-(4-{3-[Bis-(4-methoxy-phenyl)-phenyl-methoxy]-pr opoxy}-but-2(cis)-enyloxy)-pr opan-
1-ol (55)

O(CH,).OH O(CH,),ODMT
| — = |
O(CH,),0H O(CH,),OH
C1OHZOO4 C31H 3806
204.27 506.64
54 55

Synthesized according to general method E.

The crude was purified by LC (EtOAC).

Yield: 48 %, as atransparent glass.

'H-NMR (CDCl3, 300 MHz): 1.76-1.90 (m, 4 H), 2.26 (t, 2 H, J= 5.2 Hz), 3.13 (t, 2 H, J =
6.2 Hz), 3.53-3.59 (M, 4 H), 3.77 (s, 6 H), 4.01 (t, 4 H, J = 5.2 HZ), 5.65-5.68 (M, 2 H), 6.78-

6.83 (M, 4 H), 7.16-7.26 (m, 7 H), 7.41 (d, 2 H, J = 7.0 Hz).

B3C-NMR (CDCls, 75 MHz): 30.43, 32.08, 55.21, 60.23, 61.90, 66.57, 67.82, 69.44, 76.61,
85.74,112.97, 126.61, 127.71, 128.15, 128.88, 129.75, 130.01, 136.54, 145.27, 158.31.

Rt (EtOAC): 0.48, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

Diisopropyl-phosphoramidous acid 3-(4-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propoxy}-but-2(cis)-enyloxy)propyl ester 2-cyano-ethyl ester (56)

O(CH,),ODMT O(CH,),0DMT
| —— |l
O(CH,),0H O(CH,),0PAM
C31H3806 C40H55N207P
506.64 706.85
55 56

Synthesized according to general method F.

The crude was purified by LC (EtOAC).

Yield: 84 %, as awhite solid.

IH-NMR (CDCl3, 300 MH2): 0.16-1.15m, 14 H), 1.87 (t, 4H, =6.3Hz),261 (t,2H,J=
6.2 Hz), 3.48-3.61 (m, 6 H), 3.77 (s, 6 H), 4.02 (d, 4 H, J = 4.4 Hz), 5.67 (s br, 2 H), 6.80-6.86
(m, 4 H), 7.25-7.33(m. 7H, 7.43 (d, 2H, 7.0 HZ).

BC-NMR (CDCl3, 75 MH2): 20.44, 20.53, 24.66, 24.75, 24.83, 29.84, 30.59, 31.61, 31.71,
55.33, 58.33, 58.58, 60.40, 66.79. 67.16, 67.90, 76.74, 85.89, 113.11, 126.73, 127.83, 128.32,
129.30, 129.58, 130.15, 136.71, 145.44, 158.47.

SIp_NMR (CDCl3, 122 MHz): 148.78.

Rt (EtOAC): 0.76, UV active and red discolourisation with cer reagent.

mp: decomposition.
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2 EXPERIMENTAL PART

2.7 Dimaleimides

2.7.1 Synthesis of 57'¢:1¢7

[1,1']Bipyrrolyl-2,5,2' 5 -tetraone (57)

O O O
O O o
C4H 203 C8H4N204

98.08 192.13
57

Synthesized according to general method H.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 60 %, asayellow solid.

'H-NMR (CDCl3, 300 MHz): 6.93 (s, 4 H).

BC-NMR (CDCls3, 75 MHZ): 133.82, 164.99.

Rt (EtOAC): 0.54 UV active and yellow discol ourisation with permanganate reagent.

mp: EtOAC)178 °C.
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2 EXPERIMENTAL PART

2.7.2 Synthesis of 59117

1-Hydroxymethyl-pyrrole-2,5-dione (58)

o o
| N — EIéN/\OH
o o
C,HNO, CeHNO,
97.08 127.11

58

In NaOH (20 ml, 40 mM) we dissolved maemide (200 mg, 2.0 mmol) and
paraformaldehyde (100 mg, 3.3 mmol, 1.7 eq). After stirring for 3 h at 80 °C the reaction
mixture was poured into water and extracted with EtOAc. The concentrated crude product
was then purified by LC (EtOAc/ Hex, 1:2).

Yield: 196 mg (1.54 mmol, 77 %), as a white solid.

'H-NMR (CDCl3, 300 MHz): 3.07 (sbr, 1H), 5.07 (d, 2H, J= 7.2 Hz), 6.75 (s, 2 H).
3C-NMR (CDCls, 300 MHz): 61.14, 134.64, 170.09.

Rt (EtOAc/Hex , 1:2): 0.2, UV active and yellow discolourisation with permanganate reagent.

mp: EtOAc) 106 °C.
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2 EXPERIMENTAL PART

N,N’-M ethylenedimaleimide (59)

o o o
oo e
o) 0 @)
CsHsNOg CyHgN,O,
127.11 206.16
58 59

In 10 ml absolute CH,Cl, we dissolved 140 mg (1.1 mmol) 1-hydroxymethyl-pyrrole-2,5-
dione 140 mg (1.1 mmol) and 160 mg (1.65 mmol, 1.5 eg)maemidel60 mg (1.65 mmol, 1.5
eg). We added BF3z*EtOEt 250 mi ( 1.0 mmol, 1 eq), diluted in absolute CH.Cl, 2 ml and
stirred for 4 h at 40 °C with a reflux condenser. The reaction mixture was then poured into
water and extracted with EtOAc. The solvent was evaporated under reduced pressure and the
crude was purified by LC (EtOAC).

Yield: 147 mg (0.72 mmol, 65 %), as a white solid.

'H-NMR (CDCls3, 300 MHz): 3.73(s, 4 H), 6.73 (s, 2 H).

B3C-NMR (CDCls, 75 MHz): 42.75, 134.17, 170.48.

Rt (EtOAC): 0.65, UV active and yellow discolourisation with permanganate reagent.

mp: (EtOAc) 171 °C.
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2 EXPERIMENTAL PART

2.7.3 Synthesis of 6017

N,N’-Ethylenedimaleimide (60)

(@] (@] fe)
CH
L ey
o o]

o]
C4HZO3 C10H8N204
98.08 220.18

60

Synthesized according to general method H.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 15 %, as awhite solid.

'H-NMR (CDCls, 300 MH2): 3.73(s, 4 H), 6.68 (s, 4 H).

3C-NMR (CDCl3, 75 MHz): 36.50, 134.17, 170.48.

R¢ (EtOAC):0.60, UV active and yellow discolourisation with permanganate reagent.

mp: (EtOAc) 196 °C.
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2 EXPERIMENTAL PART

2.7.4 Synthesisof 61'"

N,N’-Tetramethylenedimaleimide (61)

O O e)
CH
O - | N/( 2)4‘N§E
o o}

0]
CH0, C1oH1N,0,
98.08 248.24

61

Synthesized according to general method H.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 51 %, as awhite solid.

'H-NMR (CDCl3, 300 MH2): 1.53-1.58 (m, 4 H), 3.47-3.54 (m, 4 H), 6.66 (s, 4 H).

3C-NMR (CDCls, 300 MHz): 25.76, 37.17, 134.10, 170.74.

Rt (EtOAC): 0.58, UV active and yellow discolourisation with permanganate reagent.

mp: (EtOAC) 206 °C.
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2 EXPERIMENTAL PART

2.7.5 Synthesis of 62'"

N,N’-Hexamethylenedimaleimide (61)

O (@] 0]
CH

. E‘ém( Z)G\Ni\;

0] 0] 0]

C,H,0;, CyH16N0O,4
98.08 276.29
62

Synthesized according to general method H.
The crude was purified by LC (EtOAc/ Hex, 1:1).
Yield: 60 %, as awhite solid.

'H-NMR (CDCl3, 300 MHZ): 1.20-1.29 (m, 4 H), 1.50-1.59 (m, 4 H), 3.47 (t, 4H, J=7.3
Hz), 6065 (s, 4 H).

13C-NMR (CDCl3, 300 MHz): 26.15, 28.32, 37.67, 134.03, 170.84.
Rt (EtOAC): 0.3, UV active and yellow discolourisation with permanganate reagent.

mp: (EtOAc) 144 °C.
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2.7.6 Synthesisof 6317

N,N’-o-Phenylenedimaleimide (63)

] ]
Eé 04;-\\@\

G0, s
Synthesized according to general method H.
The crude was purified by LC (EtOAC).
Yield: 23 %, as awhite solid.
H-NMR (CD3SOCDs, 300 MHZ): 7.14 (s, 4 H), 7.46 (m, 2 H), 7.59 (m, 2 H).
BC-.NMR (CD3SOCDs3, 75 MHz): 128.41, 128.99, 129.60, 134.73, 168.69.
Rt (EtOAC): 0.56, UV active and yellow discolourisation with permanganate reagent.

mp: (CH3CN) 243 °C.
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2.7.7 Synthesis of 64'7"'"®

N,N’-m-Phenylenedimaleimide (64)

N
o — =
(@]
(6]
N
\
O
C,,HgN,O
C,H,0;, 141Ny
98.08 268.23

Synthesized according to general method H.

The crude was purified by LC (EtOAC).

Yield: 32 %, asayellow solid.

2 EXPERIMENTAL PART

'H-NMR (CD3SOCD3, 300 MHz): 7.20 (s, 4 H), 7.38 (m, 1 H), 7.40 (m, 2 H), 7.62 (m, 2 H).

3C-NMR (CD3sSOCD3, 75 MHz): 124.70, 125.92, 129.14, 131.98, 134.64, 169.57.

Rt (EtOAC): 0.64, UV active and yellow discolourisation with permanganate reagent.

mp: ( Et OAc) 204 °C.
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2.7.8 Synthesis of 65

N,N’-p-Phenylenedimaleimide (65)

o OIN\/QO
O
@]
C,,HgN,O
C,H,0, 1471gN20y
08.08 268.23

65

Synthesized according to general method H.

The crude was purified by LC (EtOAC).

Yield: 37 %, asayellow solid.

'H-NMR (CD3sSOCD3, 300 MH2): 7.14 (s, 4 H), 7.46 (m, 2 H), 7.59 (m, 2 H).

3C-NMR (CD3SOCD3, 75 MHz): 127.36, 129.34, 134.67, 169.59.

Rt (EtOAC): 0.62, UV active and yellow discolourisation with permanganate reagent.

mp: (EtOAc) 346 °C.
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2.8 Maleimides
2.8.1 Synthesisof 66'7"'%

N-Benzylmaleimide (66)

o O
o - . E‘é’\'
( 8
C,H,04 C;1HgNO,
98.08 187.20

66

Synthesized according to general method H.

The crude was purified by LC (CH.Cl>).

Yield: 62 %, as transparent crystals.

'H-NMR (CDCls, 300 MH2): 4.66 (s, 2 H), 6.68 (s, 2 H), 7.23-7.34 (M, 5 H).

3C-NMR (CDCl5, 300 MHz): 41.56, 76.74, 128.00, 128.53, 128.83, 134.34, 136.31, 170.55.

R (CHCl,): 0.54, yellow discolourisation with permanganate reagent.

mp: (EtOAc) 95 °C.
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2.8.2 Synthesis of 67

N-(1-Pyrenyl)maleimide (67)

CZOHllN 02
297.32
67

From Fluka.

'H-NMR (CD3sSOCD3, 75 MHz): 7.05 (s, 2 H), 7.70-7.90 (m, 2 H), 8.00-8.32 (m, 7 H).

3C-NMR (CDsSOCDs, 75 MHz): 122.2, 123.5, 124.3, 125.2, 1255, 126.0, 126.2, 126.9,
127.2,127.3, 128.3, 128.4, 128.7, 130.3, 130.6, 131.3, 135.2, 170.9.

Rt (EtOAC): 0.64, UV active and yellow discolourisation with permanganate reagent.

mp: (MeOH) 239 °C.
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2.8.3 Synthesis of 68

N-[2-(2,5-Dioxo-2,5-dihydr o-pyrr ol-1-yl)-ethyl]-6-(6-hydr oxy-3-oxo-3H-xanthen-9-yl)-
isophthalamic acid (68)

From Vector Laboratories (USA).
| em 520 NM
| & 492 nm
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2.8.4 Synthesis of 70

3-([2,2';6',2""| Terpyridin-4'-yloxy)-propylamine (69)

cl 07" NH,
4 g
- =
X \N | X X \N | X
/N N~ /N N =~
C15H10N3C| ClSH18N4O
267.71 306.37

In 10 ml absolute DM SO we dissolved 63 mg (1.13 mmol, 1.2 eq) KOH, and 75 m (1.0
mmol, 1.1 eq) 3-amino-1-propanol. After stirring for 1 h at rt, we added 250 mg (0.93 mmol,
1 eq) 4-chloroterpyridine. The reaction mixture was heated for 1 h to 50 °C and then the
solvent was evaporated under reduced pressure. The crude was extracted with CH,Cl, from
water, dried over NaSO, and solvent was evaporated. The product was used without further

purification for the next step.

Yield: 171 mg (0.56 mmol, 60 %), as a beige solid.

'H-NMR (CDCl3, 300 MHz): 1.96-2.01 (m, 2 H), 2.91-2.96 (m, 2 H), 4.28-4.32 (t, 2 H, J =
6.2 Hz), 7.24-7.32 (M, 2 H), 7.78-7.84 (m, 2 H), 7.98 (s, 2 H), 8.56-8.66 (M, 4 H).

BC-NMR (CDCls, 300 MHz): 32.86, 39.14, 66.19, 107.36, 121.15, 121.34, 121.39, 123.81,
124.28, 136.79, 149.03, 155.03, 156.12, 156.75, 157.09, 167.19.

R¢ (EtOAc/MeOH, 9:1): 0.5, UV active and yellow discolourisation with permanganate
reagent.
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1-[3-([2,2';6',2"] Terpyridin-4'-yloxy)-propyl]-maleimide (70)

07" NH,
"]
XN -
N N| P
CysHiN,O

Synthesized according to general method H.

The crude was purified by LC (EtOAc/ MeOH, 8:2).

Yield: 45 %, as abrown solid.

H-NMR (CDCl3, 300 MHz): 1.96-2.01 (m, 2 H), 2.91-2.96 (m, 2 H), 4.28-4.32 (t, 2 H, J =
6.2 Hz), 6.37 (s, 2 H), 7.24-7.32 (m, 2 H), 7.78-7.84 (m, 2 H), 7.98 (s, 2 H), 8.56-8.66 (M, 4

H).

3C-NMR (CDCls, 300 MHz): 32.86, 39.14, 66.19, 107.36, 121.15, 121.34, 121.39, 123.81,
124.28, 134,17 136.79, 149.03, 155.03, 156.12, 156.75, 157.09, 167.19, 170.48.

Ri (EtOAc/MeOH, 8:2). smeary spot from baseline to 0.75, UV active and yellow
discol ourisation with permanganate reagent.
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2.9 Trimalemide
2.9.1 Synthesisof 71'"

Tris-(2-ethlenemaleimide)amine (71)

\LN/\/NHz © IN/\/Q
H 0

NH, N

Ov (0]
CeH1gN, CigH1gN4Og
146.24 386.40

Synthesized according to general method H.

The crude was purified by LC (EtOAc/ Hex, 1:1).

Yield: 53 %, asalight yellow solid.

'H-NMR (CDCl3, 300 MHz): 2.70 (t, 6 H, J = 6.2 Hz), 3.50 (t, 6 H, J = 6.6 Hz), 6.65 (s, 6 H).
BC-NMR (CDCl3, 300 MHz): 35.66, 51.67, 134.09, 170.63.

Rt (EtOAC): 0.59, UV active and yellow discolourisation with permanganate reagent.

mp: 109 °C.
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2.10 Oligodeoxyribonucleotide Synthesis

For reasons of simplicity we have decided to keep the compound numbers of the respective
phosphoramidite building blocks also for the modifications after their incorporation into

oligonucleotides.

For the synthesis of non modified oligodeoxyribonucleotides, common 0.2 mmol synthesis has
been carried out by using standard programs on ABI 392 and 394 Nucleic Acid Synthesizers
from Applied Biosystems.

Modified oligodeoxyribonucleotides have been synthesized in 1.0 mmol scale on the same
apparatuses. Due to the lower coupling efficiency of some phosphoramidite building blocks,
the coupling time was extended from 25 seconds to 5 minutes. During working time the time
was extended by using the hold function of the apparatus, while for over night synthesis a

modified program with generally extended coupling time was used.

The DNA synthesis was terminated with detritylation of the 5'-end (trityl of synthesis), and

cleavage was accomplished manually.

After the automated DNA synthesis, the columns with the solid support bound
oligodeoxyribonucleotides have been dried under reduced pressure to get rid of acetonitrile.
The dried material was then transferred to a 1.5 ml screw micro tube. After adding 1.0 ml
25% agqueous ammonia the tubes have been shaken several times and were then incubated for
15 hours at 55°C in a heating block.

To get rid of the solid support, the supernatant of the centrifuged tubes was passed through a
0.45 mm syringe filter. After careful lyophilization of the crude oligodeoxyribonucleotide
solution, the white residue was dissolved in about 2 ml starting buffer and purified by reverse
phase HPLC. The dried fractions were desalted via Sep-PakO Cardriges from Waters. After
repeated lyophilization was ready for MS, PAGE, bioconjugation and cross-linkage.
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2.10.1 Oligodeoxyribonucleotidesfor Ene-Diene Cross-Linkage

In the following Tables (Table 1-2) synthesised oligonucleotides and their most important
physical data are shown.

Table 1 Oligodeoxyribonucleotides containing electron poor ene- or anthracene-

moi eties.
seq. sequence length extinct. Tzsf Tzsf D mass
name G5'® 3) [bases] e calc. mess.

L/(mol~cm) [g/mol] [g/mol] [g/mol]
N1 CTGAATCGACCGGTATCAGT 20 194100 6117 6117 0
N2 ACT GATACCGGT CGATTCAG 20 195500 6117 6117 0
D1 CTGAATCGACI15CGGTATCAGT 21 194100 6558 6558 0
El ACTGATACCG39GTCGATTCAG 21 195500 6408 3043 - 3365
E2 ACTGATACCG43GTCGATTCAG 21 195500 6407 6441 +34
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Table 2 GC-rich oligodeoxyribonucleotides containing ene- or anthracene-moieties.

seq. sequence length  extinct. T?_ff‘ T?_ff’ D mass
name B5'® 3) [bases] e cac. mess.

L/(mol-cm) [g/mol] [g/mol] [g/mol]

N3 TGC CGA CGG CTC CGG ACG CGT

GCG CAG GCC 30 267600 9210 9210 0
N4 TGC CGA CGGCTC 12 104500 3621 3621 0
N5 CGGACGCGT GCG CAG GCC 18 163300 5526 5526 0
N6 GGC CTG CGC ACG CGT CCG GAG

CCG TCG GCA 30 270400 9210 9211 +1
N7 GGCCTGCGCACG CGT CCG 18 156500 5477 5477 0
N8 GAG CCGTCG GCA 12 115300 3670 3670 0
N9 TGCCGA CGGCTCT CGG ACG

CGT GCG CAG GCC 30 267600 9514 9514 0
D2 TGC CGA CGG CTC 15CGG ACG

CGT GCG CAG GCC 31 267600 9653 9652 -1
D3 TGC CGA CGG CTC 18 CGG ACG

CGT GCG CAG GCC 31 267600 9549 9549 0
D4 TGC CGA CGG CTC 32 CGG ACG

CGT GCG CAG GCC 31 267600 9503 9503 0
D5 GGCCTGCGCACGCGT CCG 15

GAG CCG TCG GCA 31 270400 9653 9653 0
D6 GGCCTGCGCACGCGT CCG 18

GAG CCG TCG GCA 31 270400 9549 9549 0
D7 GGCCTGCGCACGCGT CCG 32

GAG CCG TCG GCA 31 270400 9503 9502 -1
E3 GGCCTG CGC ACG CGT CCG 47

GAG CCG TCG GCA 31 270400 9541 9542 +1
E4 GGC CTG CGCACG CGT CCG 56

GAG CCG TCG GCA 31 270400 9476 9477 +1
ES GGCCTGCGCACGCGT CCG 49

GAG CCG TCG GCA 31 270400 9372 9372 0
E6 GGCCTGCGCACGCGT CCG53

GAG CCG TCG GCA 31 270400 9360 9360 0
E7 GGCCTGCGCACGCGT CCG51

GAG CCG TCG GCA 31 270400 9360 9360 0
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2.10.2 Hairpin and Hair pin-Mimic Oligodeoxyribonucleotides containing a Diene

In the following Tables (Table 3-5) synthesised oligonucleotides and their most important

Moiety

physical data are shown.

Table 3 Oligodeoxyribonucleotides for the fluorescein bioconjugation.

seq. sequence length  extinct. TaHs+s TaHs+s D mass
name B5'® 3) [bases] e cac. mess.
L/(mol-cm) [g/mol] [g/mol] [g/moal]

D8 TCGTGCAGCGTCGTTTTCGAC

15CTG CACGA 29 264100 9302 9301 -1
D9 ACGTGCCAGTGTTTTCACT32G

CAGGT 26 228000 7961 7962 @ +1
N10 CGGTACTGA CTT TTG TCA GTA

CCG 24 223300 7334 7334 0
N11 CGGTACCTGACTTTT GTCAGT

ACCG 25 230500 7623 7623 0
D10 CGGTACCTGACTTTT GTCA 32

GTA CCG 25 230500 7916 7913 -3
N12 TCA CTGCAGAGTTTT CTCTGC

AGT GA 26 242400 7951 7950 -1
D11 ACT GTAGTGC15GCACTACAGT 21 193500 9559 6558 -1
D12 CGA ACCTACA3R2TGTAGGTTCG 21 194100 6454 6454 0
D13 TCA CTGCAGAGT 32CTCTGC

AGT GA 24 208200 7027 7025 -2

130




2 EXPERIMENTAL PART

Table 4 Oligodeoxyribonucleotides for bioconjugation and dimaleimide linkage.

seq. sequence length  extinct. T?_isf‘ T?_isf' D mass
name 5'® 3) [bases] e cac. mess.
L/(mol-cm) [g/mol] [g/mol] [g/mol]

N13 TCT GAA TG 8 77700 2424 2424 0
N14 TACG 4 39800 1173 1172 -1
N15 ATT GCT TTT GCA AT 14 129000 4243 4243 0
N16 ATT GCA AAA GCA AT 14 146000 4279 4279 0
D14 ATT GC 25 GCA AT 11 97200 3203 3204 +1
D15 ATT GC 32 GCA AT 11 97200 3319 3319 0
D16 ATT GC 29 GCA AT 11 97200 3291 3292 +1
D17 ATT GC35GCA AT 11 97200 3347 3348 +1
D18 25CT GAA TG 8 68900 2296 2296 0
D19 32CT GAA TG 8 68900 2412 2412 0
D20 25ACG 4 31800 1046 1046 0
D21 32ACG 4 31800 1162 1162 0
D22 CGGCG32CGCCGAGGGATTT

AAA ATCCCT 28 254000 8578 8577 -1
D23 GCCCGGATGGTGCCCTTT TGG

32 CAC CAT CCG GGT ACCA 38 335600 11611 11611 O
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Table 5 Oligodeoxyribonucleotides for templated dimaleimide cross-linkage.

seq. sequence length  extinct. TaHs+s TaHs+s D mass
name 5'® 3) [bases] e calc. mess.
L/(mol-cm) [g/mol] [g/mol] [g/mol]
N17 CTGAAT CGA CCG GTA TCA GT 20 194100 6116 6118  +2
N18 TACCGG TCGATT CAG 15 140000 4567 4568  +1
D24 CTGAAT29CGA CCGGTATCAGT 21 194100 6381 6382 +1
D25 TACCGG TCG 29 ATT CAG 16 140000 4832 4832 0
D26 CTGAAT32CGA CCGGTATCAGT 21 194100 6409 6409 0
D27 TACCGGTCG 32ATT CAG 16 140000 4860 4860 0
D28 CTGAAT35CGA CCGGTATCAGT 21 194100 6437 6437 0
D29 TACCGGTCG35ATT CAG 16 140000 4888 4888 0
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2.11 Cross-Linkage and Bioconjugation of Oligodeoxyribonucleotides

For reasons of simplicity we have decided to keep the compound numbers of the respective
maleimides and dimaleimides also for the bioconjugate and the cross-linking bridge after the

Dids-Alder reaction with the diene-modifications.

Pure oligodeoxyribonucleotide lyophilizates were dissolved in MQ water and the
concentration was calculated via extinction coefficient, from the absorbance at 260 nm.
Possible influence of ene- and diene building blocks on the extinction coefficient have been
ignored for the calculation of the concentrations.

2.11.1 Ene-Diene Oligodeoxyribonucleotide Cross-Linkage

Cross-Linking Experiments of Oligodeoxyribonucleotides containing a electron-poor

Ene- Moiety with Oligodeoxyribonucleotides containing a Anthracene-M oiety

For the incubation at different temperatures tree times 1.0 ml oligonucleotide solution was
prepared. Final concentration of both D1 and E2 were 5.0 nM. Further 100 mi 0.1 M
NaH,PO, (pH 7.0) and 400 m 2.5 M NaCl was added to achieve final buffer concentrations of
10 mM NaH,PO4 and 1.0 M NaCl.

The samples were heated up to 80 °C and slowly cooled down to get the duplex. The samples
were then incubated for 7 days at 55 °C, 61°C and 100°C.

Cross-Linking Experiments of GC-rich Oligodeoxyribonucleotides containing a Ene-

Moiety with Oligodeoxyribonucleotides containing a Anthracene-M oiety

Different solutions of 50 m volume, containing 5000 pmol of diene modified
oligodeoxyribonucleotide (D2, D3 and D4) and the same amount of ene modified
oligodeoxyribonucleotide (E3 — E7), of complementary sequence, with 25 mM TEAAc (pH
5.5) and 0.1 M NaCl were prepared. The samples were heated up to 80 °C and slowly cooled
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down to get the duplex. The samples were then incubated for 7 days at 50 °C, 70°C and
100°C.

2.11.2 Bioconjugation of Oligodeoxyribonucleotides with Maleimides and

Linkage with Dimaleimides
Fluor escein Bioconjugation of Oligodeoxyribonucleotides

The diene modified oligodeoxyribonucleotides (D4-D7, D10 and D13) were incubated in
10mM phosphate buffer at pH 5.5, with 10 equivaents of fluoresceine malemide at 20 to
30°C for 24 hours.

The modified oligodeoxyribonucleotides were incubated in purified dissolved form as well as
directly after automated synthesis, still bound on solid support and with protected bases.
Dissolved fluoresceine labeled oligodeoxyribonucleotides were purified directly, and solid
support bound ones after cleavage and deprotection in 25% agqueous ammoniaat 55 °C, by RP
HPLC. The dried fractions were desalted via Sep-Pako Cardriges from Waters. The mass was
determined from 10 m agueous solutions containing about 100 pmol/m

oligodeoxyribonucleotide (Table 6).

Table 6 Identification of the isolated oligonucleotides via ESI-MS.

mass mass
_H+ _H+
oligonucleotides calc. meas.
[g/mol] [g/mol] [g/mol]

D mass

D4-68 10001 10002 +1
D7-68 10001 10001 0
D10-68 8414 8414 0

D13-68 7525 7525 0
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Bioconjugation and Dimaleimide Linkage of Oligodeoxyribonucleotides

Solutions of D15 were incubated in aqueous medium (10mM NaOAc buffer, pH 6.5) for 7
days at 20 °C with 10 equivalents of the maleimide-derived dienophiles shown in.
After RP HPLC and desdlting via Sep-PakO Cardriges the masses were determined from

aqueous sol utions containing 50-500 pmol/m oligodeoxyribonucleotide (Table 7).

Table 7 Identification of the isolated oligonucleotides via ESI-MS.

mass mass

" "

oligonucleotides calc. meas.

[¢/mol] [g/mol] [g/mol]
D15-58 3345 3346 +1
D15-66 3505 3507 +2
D15-67 3615 3615 0
D15-62 3594 3595 +1
D15-70 3705 3705 0
D15-68 3817 3817 0

D mass

Diene modified oligodeoxyribonucleotides were incubated in agueous media (10 mM TEAAc
buffer, pH 5.5) with 10 to 100 equivalents (solubility dependent) of different dimaleimides.
After RP HPLC and desdlting via Sep-PakO Cardriges the masses were determined (Table 8).
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Table 8 Identification of the isolated oligonucleotides via ESI-MS.

mass mass mass mass

_H _y+ Dmass _H _p+ Dmass
oligonucleotides calc. meas. oligonucleotides calc. meas.
[g/mol] [g/mol] [g/moal] [g/mol] [g/mol] [g/moal]
D4-63 9771 9772 +1 D10-60 8136 8136 0
9789 +18 D13-60 7247 7247 0
D4-64 9771 9789 +18 D15-71 3705 3704 -1
D4-65 9771 9789 +18 D15-62 3595 3595 0
D4-65 9723 9722 -1 D18-62 2573 2573 0
9742 +19 D22-62 8855 8855 0
D4-57 9695 9713 +19 D23-62 11887 11888 +1

The oligodeoxyribonucleotide dimaleimide bioconjugates were incubated in agqueous media
(10 mM TEAAc buffer, pH 55) with 1 to 10 equivalents of diene modified
oligodeoxyribonucleotides at 20 °C to 70 °C.

The reactions were controlled by denaturating PAGE and M S.
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Oligodeoxyribonucleotide Templated Dimaleimide Cross-Linkage

Couples of complementary diene modified oligodeoxyribonucleotides were incubated in
agueous media (0.1mM Tris-HCL buffer, pH 4.2 and 100mM NaCl) with 1 to3 equivalents of
different dimaleimides. The reaction mixtures were heated up to 70 °C and slowly cooled
down to achieve the duplex formation.

The reaction was followed by, recording melting curves, denaturating PAGE and MS. After
RP HPLC and desalting viaSep-Pako Cardriges the masses were determined (Table 9).

Table 9 Identification of the isolated oligonucleotides via ESI-MS.

mass mass D mass
oligonucleotides calc. meas.

[¢/mol] [g/mol] [g/mol]
D24-60-D25 11434 11433 -1
D24-61-D25 11462 11459 -3
D24-62-D25 11490 11490 0
D24-60-D29 11490 11488 -2
D26-60-D27 11490 11487 -3
D26-61-D27 11518 11515 -3
D26-62-D27 11546 11542 -4
D26-71-D27 11656 11653 -3
D28-60-D29 11546 11542 -4
D28-61-D29 11574 11570 -4
D28-62-D29 11602 11599 -3
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3 RESULTSAND DISCUSSION

3 RESULTSAND DISCUSSION

3.1 Synthesisof the Building Blocks and the M odified Oligonucleotides

3.1.1 Synthesisof Phosphoramidites

For the automated synthesis of modified oligodeoxyribonucleoctides, a variety of diene- and

ene-phosphoramidites was synthesized (Scheme 25).

O NH(CH,),0DMT

o
O(CH,),ODMT
NH(CH,);,ODMT
NH(CH,),0PAM
O(CH,),OPAM

g

07 NH(CH,),0PAM

) W
.0
7.

ODMT O(CH,),ODMT O(CH,),ODMT O(CH,),ODMT
O(CH,),ODMT
z =z
(0]
O N S g
O(CH,),OPAM OPAM O(CH,),OPAM O(CH2)3OPAM O(CHZ)AOPAM - ODMT
21 25 29

N
NH(CH,).,ODMT
NH(CH,),ODMT | NH(CH,);,0DMT (CHa)4 \( j/

NH(CH,),OPAM
NH(CH.,0PAM  PAMO(CH,),HN |]/

O=(=>=O

4 O - OPAM
39 43
ODMT ODMT O(CH,),ODMT
ODMT
Q | | |
OPAM OPAM OPAM O(CH,),0PAM
49 51 53 56

Scheme 25 Phosphoramidites synthesized and used in this work.
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The general methods described in the experimental part led generaly to pure

phosphoramidites in reasonable overall yields. Enes and dienes were used as derivatives of

the corresponding alcohols or acids. They were further derivatised with spacer groups. The

latter were either akyl-diols, which were linked via ether bonds, or aminoalkyl alcohols,
which were linked through amide bonds (Scheme 26).
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Scheme 26 Schematic illustration of the synthesis path of phosphoramidites with
amide-spacers (A) and ether-spacers (B).




3 RESULTSAND DISCUSSION

The ether bond-linked dialcohols eventually turned out to have clear advantages. Thus, some
of the amide derivatives gave rise to side-reactions (e.g. intramolecular imide formation)
during their preparation. Intramolecular imide formation was also the major reason for the
failure of oligodeoxyribonucleotide synthesis with diene building block 7 and ene building
block 39. Furthermore, all bis-amides were rather difficult to purify, due to their much higher
polarity. Once obtained in pure form, however, the phosphoramidites proved to be stable upon
storage in the fridge. On the other hand with all types of phosphoramidites decomposition was
observed when stored in solution. Even when stabilized with silver, traces of HCI led to
decomposition of the phosphoramidite, if deuterated chloroform was not passed through basic

alox before it was used as solvent for NMR.

3.1.2 Synthesisof Dimaleimides

Dimaleimides with various linkers of different length and flexibility (Scheme 27) were
synthesized. This set of dienophiles, provided alarge set of different derivatives, which were

tested in the cross-linkage experiments with diene-modified oligonucleotides.

O o o) Q o) o) o) o)
_(CH _(CH
O O o) o o] o) o o)

57 59 60 62

Scheme 27 Dimaleimides synthesized and used in this work.
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Most of the dimaleimides were synthesized from maleic acid anhydride and diamines via
amid formation followed by condensation (Scheme 28). While amide formation happened
immediatly upon combining anhydride and diamine in dichloromethane, heating in acetic acid
anhydride containing dry sodium acetate was needed for the condensation to the maleimides

and dimaeimides.

0 i O 0 Q
2x e | H/{/\]FH | \ N/{/\]WN /
+ HZN/{/\}FNH2 o 0 -
o)
OH OH O (@]

Scheme 28 Synthesis of the dimaleimides.

Too high temperatures or heating for too long, during the condensation step, led to the
formation of insoluble black material and to a dramatic decrease in yield. The purified and
dried dimalemides showed good stability. Under basic agueous conditions, however,
hydrolysis of the maleimide rings was observed already at room temperature. For more

detailed information on the yields of the individual dimaleimides see chapter 2.7.
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3.1.3 Synthesisof Maleimides

Several maleimides (Scheme 29) were synthesized from maleic acid anhydride and aminesin

the same way as described for the dimaleimides in chapter 3.1.2.

0
| N—\
OH
o}
58

Scheme 29 Maleimides synthesized in thiswork.

Maleimides 58 and 66 were easy to synthesize and purify in good yields (77% and 62%). The
synthesis of the terpyridine 70 was more difficult due to problems in the purification steps. It

was obtained in an overal yield of 27%.
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3.1.4 Trimaleimide Synthesis

Tris-(2-ethlenemaleimido)amine (71, Scheme 30) was synthesized in the same way as the
maleimides and the dimaemides. Tris(2-aminoethyl)amine was added to maleic acid
anhydride in dichloromethane, followed by condensation in acetic acid anhydride in the
presence of sodium acetate. Standard purification via column chromatography led to pure tris-
(2-ethlenemaleimido)amine in amoderate yield (53%).

OUO

71

Scheme 30 Trimaleimide synthesized in this work.

3.2 Oligodeoxyribonucleotide Synthesis

The phosphoramidites described in chapter 3.1 contain both functional groups needed for the
phosphoramidite method. Due to that they are compatible with most aspects of the automated
DNA synthesis. They can be placed at the 3'-end, the 5'-end or anywhere in the middle of a
sequence. The phosphoramidites were well soluble in absolute acetonitrile. Generally, 0.1 M
solutions were used, except for 1,4-anthracene derivative 15, which was used as 0.05 M
solution to avoid crystalisation during the synthesis.Coupling times for the ene and diene
building blocks were extended from the usual 25 seconds to up to five minutes in order to
achieve maximum coupling yields. Internal trityl assay (via conductivity) or manual trityl

assay (via absorbance) were used to calculate the coupling efficiencies. Coupling efficiencies
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varied from 98% to 40%. While most of the modified oligonucleotides needed for our studies
could be synthesized this way, incorporation of the building blocks 7 and 43 failed.

It was possible to assemble modified oligodeoxyribonucleotides with the 2,3-anthracene-
dicarbocylic acid derivative 7 on solid support, but intramolecular imide formation during the
deprotection with agueous ammonia at 55 °C alowed only isolation of fragmented

oligonucleotides (Scheme 31).

5-oligonucleotide— O O— oligonucleotide-® 5-oligonun C otide— O O— oligonucleotide-*

J i

o

Scheme 31 The presumed way of intramolecular imide formation observed with a

2,3-anthracenedicarboxylic acid derivative.

Oligodeoxyribonucleotides containing fumarate building block 43 aways showed a
difference between calculated and measured mass of about +34 daltons. This difference in
mass hints to the oxidation of the double bond of the fumaric acid derivative. Such oxidation
leds to oligodeoxyribonucleotides which are, because of the missing functional group, useless
for Diels-Alder reactions.

RP HPLC at 40 °C gave the modified oligodeoxyribonucleotides in pure form. For RP HPLC
as well as in the desalting procedure with the Sep Pak® Cyg-columns of Waters, conditioning
of the columns and sample preparation with 100 mM TEAACc was essentia to avoid heavy

|osses of material.

! For reasons of simplicity we have decided to keep the compound numbers of the respective phosphoramidite
building blocks also for the modifications after their incorporation into oligonucleotides.
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3.3 Cross-Linkage of Ene- and Diene-Modified Oligodeoxyribonucleotides

3.3.1 First Experiments Towardsthe Direct Cross-Linking of Two
Hybridised Strands

In this chapter we describe our efforts aimed at the direct cross-linking of two complementary
oligodeoxyribonucleotides. In each of the two strands, one nucleotide has been replaced by a
diene or a dienophile building block. Diels-Alder reaction between the two partners should
result in a cross-linked duplex (Scheme 32). We first attempted a classical Diels-Alder
reaction, i.e. an electron rich diene and an electron poor dienophile. Anthracene derivatives

and fumaric as well as maleic acid were chosen as reactive groups.

i Organic-Synthesis l
{ Vo
7 Y
2CN NCg

i Automated-DNA-Synthesis l

§

l Linker

L:
s—(L) (L= D: Diene
’e , E: Ene
s—L) On DAP: Diels-Alder-Product

Scheme 32 Direct cross-linking of two strandsin DNA via the Diels-Alder reaction.
Subsequent studies should then show if it were possible to design DNAs with defined
structural motifs, such as bends by using linkers of different lengths in the two strands
(Scheme 33). This approach might be a first step towards the synthesis of mimics of

functional nucleic acids.
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Scheme 33 Illustration of akink in aduplex generated by a Diels-Alder adduct.

3

Anthracene derivatives were chosen to take advantage of the hydrophobic effect and to obtain
arigid Diels-Alder product (Scheme 34).

Scheme 34 Attempted Diels-Alder reaction.

To bridge the distance between the phosphate backbones and to get a certain flexibility,
derivatives bearing 3-amino-1-propanol linkers on both sides were used. Molecular modeling

with the program Insight |1 predicted this length of linker to be optimal.
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As mentioned earlier, connection of the linkers via an amide group turned out to have serious
disadvantages. Compounds with two 3-amino-1-propanol linkers (5, 13, 37 and 41) are very
polar and the yield of the reactions decreased because of loss during the work up. In addition
to that the two amide groups of 2,3-anthracene derivatives and maleic acid derivatives can
undergo intramolecular cyclisation by imide formation. Probably due to this latter fact, the
synthesis of the maleic acid phosphoramidite (39) and the oligodeoxyribonucleotide synthesis
with the 2,3-anthracene phosphoramidite (7) failed (Scheme 35). Compound 7 was
successfully coupled during automated DNA synthesis, but the oligomer was cleaved under

deprotection conditions. Efforts to replace the amide groups by ether groups failed.

Os__NH(CH,),0DMT
o)
NH(CH,),ODMT
NH(CH,),OPAM
o)
07 “NH(CH,),0PAM
7 15
o) 0
| NH(CH,),0DMT | NH(CH,),ODMT
NH(CH,);,OPAM PAMO(CH,),HN
o o
39 43

Scheme 35 Ene- and diene-phosphoramidite building blocks.

Incorporation of the 1,4-anthracene derivative (15) into oligodeoxyribonucleotides as well as
deprotection and purification was successful. A coupling efficiency of 85 % was obtained
with this building block. Due to the limited solubility of the phosphoramidite it was not
possible to increase the coupling efficiency by the use of phosphoramidite solutions of higher

concentration.
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Only a low coupling efficiency of 25% could be achieved with the fumaric acid
phosphoramidite 43. The mass spectra of the deprotected and purified sequence, showed a
difference of +34 compared to the calculated mass. Further investigations showed that
addition of H,O to the double bond of fumaric acid derivatives can take place under basic
agueous conditions'®*8 aswell as during the oxidation step in the automated DNA synthesis.
This fact explains the observed difference in mass and why no Diels-Alder reaction could be
observed.
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Table 10 Duplex sequences and incorporated building blocks; Comparison of melting
temperatures.

0.01M NaCl 1.0M NaCl
oligonucleotides Tm DTm Tm DTm
[°C] [°C] [°C] [°C]
N1/N2 59.5 +3.0 66.5 +3.0
D1/E2 56.5 0.0 63.5 0.0

N1 °5-CTGAAT CGA CCGGTA TCA GT-3
N2 3-GACTTA GCT GGC CAT AGT CA->

15

/\
D1 ®-CTGAATCGA C CGGT ATCAGT-3
E2 3-GACTTA GCT G\ /G CCA TAGTCA-S

43 ox.
Os_NH(CH,),0+~
" |
O e
—~0O(CH,),;HN OH
. o)
15 0™ “NH(CH,),0+ 43 ox.

The melting points of both, the modified and the unmodified duplex are 7 °C higher at high
salt concentration compared to low concentration (Table 10). Interesting is the fact that the
modified duplex, at both salt concentrations, is just destabilized by 3 °C. One could expect
that modifications of this size, placed in the middle of the sequence should disturb p-stacking
in away that the hybrid would behave like two flexibly linked 10 base pair sequences, rather

than a 20 base pair sequence.

p-stacking is a very important factor for the stability of DNA duplexes. Based on the high
melting temperatures, p-stacking seemsto be intact in the modified duplex. The modifications

are either taking part in the p-stacking or, what is more likely, are looped out of the helical
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structure. A small destabilization, as observed, would be in agreement with such looped-out
structure.

To circumvent oxidation of the ene-modified oligodeoxyribonucleotide (E2) during
deprotection, we tried to react the purified diene modified sequence (D1) in aqueous buffer
(10 mM NaH»PQO,4, 1.0M NaCl, pH 5.5) to the still solid supported and protected ene sequence
(E2) followed by cleavage from the support, deprotection and purification. No cross linkage
was observed according to denaturating PAGE. Since we could not find out whether the ene
was aready oxidized during the DNA synthesis, we can not establish the reason for the
failure. An aternative explanation could ssmply be the absence of duplex formation between

the solid supported strand with the protected nucleobases and the complementary strand in
solution.

Melting experiments of the modified and the corresponding unmodified duplex show the
expected sigmoid curves which visualize the highly cooperative denaturation of the duplex
(Figure 3). In the case of the unmodified duplex, two transitions were observed. The reason
for thiswas, however, not further investigated.

20.00 +
§ 15.00 - X .
S ° . ma x N1N2 0.01M NaCl
§ 10.00 - » NIN2 1.0 M NaCl
S e D1E2 0.01M NaCl
§ .00 4 = D1E2 1.0M NaCl
T

0.00

80

Temperature (°C)

Figure 3 Melting curves of the natural- and the “ene”-diene ( oxidised fumaric acid
building block after addition of H,O); Conditions: 1.0 M duplex in 10 mM NaH,PO,
(pH 5.5) at different salt concentrations.
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3.3.2 Cross-Linking Experiments of GC-rich Oligodeoxyribonucleotides

Containing Electron-Rich Ene- and Diene-M odifications

After the first attempt with electron poor dienophile building blocks (chapter 3.2.1) did not
lead to the expected results, new ene-phosphoramidites, without electron withdrawing groups
at the ene-function, were synthesized (Scheme 36). To have the possibility of combining
different complementary ene- and diene-oligonucleotides, an additional diene-
phosphoramidite (18) was synthesized. To avoid the negative effects of amide groups in the
molecules, ether type linkages (56 and 18) or no additional linkers were used (49, 51 and 53),
with the exception of 47, which was still used as the di-amide.

0 ODMT ODMT O(CH,),ODMT
ODMT
D)L NH(CH,),0DMT
”/ NH(CH,),OPAM
OPAM
© OPAM O(CH,),0PAM
47 56

Os__NH(CH,),ODMT
II I O(CH,),ODMT
‘ ‘ ‘ O(CH,),OPAM
0% OPAM 18
15 NH(CH,),OPA

Scheme 36  Phosphoramidites used for the synthesis of modified, GC-rich
oligodeoxyribonucleotides.

All the phosphoramidites shown in Scheme 36 could be incorporated into oligonucleotides.
Coupling efficiencies in the automated DNA synthesis of phosphoramidites without linkers,
however was poor. In particular, the cyclopentene derivative 49 was rather bad (£ 10 %).
Steric hindrance in combination with the rigidity of the building block is a possible
explanation for this phenomenon.
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Because the new ene-building blocks are not electron poor they are expected to be less
reactive in the Diels-Alder reaction. In order to incubate the duplex at higher temperature
without denaturation, a different oligodeoxyribonucleotide sequence was used than the one
used in the former experiments. Since a higher temperature was likely to be required for the
Diels-Alder reaction, due to the lower reactivity of the dienophile, the length of the
oligonucleotides and the GC-content was increased. In addition we planned to use high salt
concentrations to further support hybrid formation. This should allow formation of the duplex
even at elevated temperatures and should, thus, increase the chances of a successful cross-

linking reaction.
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To compare the melting temperatures of the modified duplexes, the respective unmodified
duplex was synthesized. Additionally all combinations of the unmodified 30 base long
oligodeoxyribonucleotides and the complementary 12 and 18 nucleotide sequences were
prepared (Table 11). These shorter sequences correspond to the ones flanking the ene- and
diene-building blocks in the analogous modified oligonucleotides (Table 11).

Table 11 Melting temperatures of the unmodified duplex and different
combinations of its parts at different salt concentration and oligonucleotide

sequences of several unmodified sequences relevant for interpreting the Tm's,

0.01M NaCl 1.2M NaCl
oligonucleotides Tm DTm Tm DTm
[°C] [°C] [°C] [°C]
N3/N6 58.5 0.0 85.5 0.0
N3/N7/N8 42.5 -16.0 725 -13.0
N6/N4/N5 42.5 -16.0 72.5 -13.0
N4/N5/N7/N8 42.5 -16.0 72.5 -13.0

N3 5-TGC CGA CGG CTC CGG ACG CGT GCG CAG GCC-3
N6 3-ACG GCT GCC GAG GCC TGC GCA CGC GTC CGG->

N3 5-TGC CGA CGG CTC------ CGG ACG CGT GCG CAG GCC-®
N7/N8 3-ACG GCT GCC GAG-%* 3-GCC TGC GCA CGC GTC CGG-~

N4/N5 5-TGC CGA CGG CTC-5 3-CGG ACG CGT GCG CAG GCC-®
N6 3-ACG GCT GCC GAG-----GCC TGC GCA CGC GTC CGG->

N4/N5 5-TGC CGA CGG CTC-% 3-CGG ACG CGT GCG CAG GCC-3
N7/N8 3-ACG GCT GCC GAG-5 3-GCC TGC GCA CGC GTC CGG-5'

At low salt concentration the denaturation process of the sequence parts amongst themselves
and with the complete complementary strand seems to be much less cooperative than the
denaturation of the full-length duplex (Figure 4). This might be because there are two

different systems, the 12 base pair and the 18 base pair duplexes. This should result in two
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melting temperatures. The relatively flat curve could be the result of two melting temperatures

which are so close together that the two transitions are not separate events anymore.

20.00 -
s
< 15.00 -
%* x N3/N6
£ 10.00 - » N3/N7/N8
< o N6/N4/N5
g 5.00 4 8 N4/N5/N7/N8
>
I

OOO »o5EE8 BEKETERBEEEES '<f"t't"t'tL"""“'zzz"

Temperature (°C)

N3/N7/N8
N6/N4/N5
N4/N5/N7/N8

Hyperchromicity (%)

20 40 60 80

Temperature (°C)

Figure 4 Melting curves of the complementary oligonucleotides shown in Table 11.
Conditions: 1.0 nM oligonucleotide in 10 mM NaH,PO, (pH 5.5) at different salt
concentrations (0.01 M NaCl - above and 1.2M NaCl - below).

Higher salt concentration shifts the curves to higher temperature. The shape of the melting
curves is better defined than at low salt concentration. Below 60 °C one can guess a second
transition, caused by the 12 base fragment. Since the change in absorbance, compared to the

major transition, is so small, no exact second melting temperature can be calcul ated.
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The change of the melting temperatures of approximately 30°C going from low to high salt
concentration is reasonable for unmodified duplexes of this length (Table 11). Since the base
composition in both strands is equal there is no difference in melting temperature between one
complete strand with a complementary 12 bases long strand, compared with the
complementary system. Finally in the system with all 4 fragments, just the denaturation of the
12 base pair duplex was observed. The ene- and diene-modifications were no longer
incorporated in the middle of the sequence as it was done in the previous experiments. The
dienes were placed after base 12 from the 5'-end, while the enes were placed after base 18
from the 5'-end of the complementary strand. In this way the ene-diene “pair” is flanked by a

12 base pair duplex on one and a 18 base pair duplex on the other side (Table 12).

The sequence containing the 1,4-anthracene derivative (D2) was paired with different ene-
modified complementary sequences (Table 12). The melting temperatures in Table 12 were

calculated from the melting curves shown in Figure 5.

The destabilizations observed for the different modifications were in the range of 7 °C to 9
°C. This was more than we expected after the experiments described in chapter 3.3.1. The
difference between low and high salt concentration of the modified duplexes, of 27 °C,

corresponds to the one of the unmodified duplex.
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Table 12 Melting temperatures of the unmodified duplex and the hybrids between
the 1,4-anthracene modified strand (D2), paired with different ene-modified
complementary strands (E3Y =47, E4AY =56, E6 Y =53, E7 Y =51) at different
salt concentrations.

0.01M NaCl 1.2M NaCl
oligonucleotides Tm DTm Tm DTm

[°C] [°C] [°C] [°C]
N3/N6 58.5 0.0 85.5 0.0
D2/E3 51.5 -7.0 78.5 -7.0
D2/E4 49.5 -9.0 78.5 -7.0
D2/E6 50.5 -8.0 78.5 -7.0
D2/E7 51.5 -7.0 78.5 -7.0

N3 5-TGC CGA CGG CTC CGG ACG CGT GCG CAG GCC-3
N6 3-ACG GCT GCC GAG GCC TGC GCA CGC GTC CGG-°

D2 5-TGC CGA CGG CTC 15 CGG ACG CGT GCG CAG GCC-2
EX 3-ACG GCT GCCGAGY GCC TGC GCA CGC GTC CGG-*

0s__NH(CH,),07 ,
., 07 0+ OCH)0~

O-,'-

O @* o
H(CH

o—'— ) o
07 TNH(CH,),0~~ 0~ O7— O(CH),0~
15 47 49 51 53 56
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The melting curves show just one transition, at low as well as at high salt concentration. A
strong destabilization is observed going from the unmodified to the modified duplexes, while
there is no significant difference between the different modified duplexes (Figure 5).
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Figure 5 Mdting curves of the unmodified duplex and of the 1,4-anthracene
modified strand paired with different ene-modified complementary strands.

Conditions: 1.0 mM duplex in 10 mM NaH,PO, (pH 5.5) at low (above) and high salt
concentration (below).

Oligodeoxyribonucleotide D3 with the new diene-modification 18, a 2,3-naphthalene

derivative with 1,3-propandiol spacers, was paired with different ene-modified
complementary strands.
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The duplexes between the 1,4-naphthalene derivative modified strand (D3) and the different
ene-modified strands are destabilized by 5 °C, compared to the unmodified one. Higher salt
concentration results again in a 27°C increase (Table 13).

Table 13  Médting temperatures of the unmodified duplex and of the 1,4-
anthracene-modified strand (D3) paired with different ene-modified complementary
strands at different salt concentrations (E3Y =47,E4Y =56,E6Y =53, E7 Y =51).

0.01M NaCl 1.2M NaCl
oligonucleotides Tm DTm Tm DTm
[°C] [°C] [°C] [°C]
N3/N6 58.5 0.0 85.5 0.0
D3/E3 53.5 -5.0 80.5 -5.0
D3/E4 53.5 -5.0 80.5 -5.0
D3/E6 52.5 -6.0 80.5 -5.0
D3/E7 53.5 -5.0 80.5 -5.0

N3 5-TGC CGA CGG CTC CGG ACG CGT GCG CAG GCC-2
N6 3-ACG GCT GCC GAG GCC TGC GCA CGC GTC CGG-°

D3 5-TGC CGA CGG CTC 18 CGG ACG CGT GCG CAG GCcC-3
EX 3-ACG GCT GCCGAGY GCC TGC GCA CGC GTC CGG->

- 0+ O(CH,),0~
OCH
O(CH )05 H(CHz) O

18 47

0+~ O(CH), 0+~
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All denaturation curves showed cooperative transitions at both salt concentrations (Figure 6).
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Figure 6 Mélting curves of the unmodified duplex and of the 2,3-naphthalene
derivative (18) modified strand (D3) paired with different ene-modified
complementary strands. Solutions of 1.0 nM duplex in 10 mM NaH,PO, (pH 5.5) at
low (above) and high salt concentration (below).

We tried to achieve cross-linkage of the different ene-diene duplexes by incubating them in
agueous buffer (25 mM TEAAc, 0.1 M NaCl, pH 5.5) at 50 °C. After two weeks of
incubation, denaturating PAGE did not show any cross-linked product. Incubation at 70 °C, at
which most of the strands should still be paired, also did not bring any cross linkage. Finally
the samples were incubated at 100 °C in sealed micro tubes. These harsh reaction conditions
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resulted in the slow degradation of the oligodeoxyribonucleotides; no cross linkage could be
observed.

Apparently the ene-residues used here are too electron rich to undergo a Diels-Alder reaction
at temperatures below 100°C. A further explanation could be the geometrical constraints
given by the duplex geometrie. The Diels-Alder reaction can only take place if the two
partners are properly oriented. It is well possible, that, although model considerations
predicted differently, this proper orientation is just not possible within the framework given
by the duplex.
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34 Cross-Linkage of Diene-Modified Oligodeoxyribonucleotides

3.4.1 Interstrand Cross-Linkage with Di-Functional M aleimides

As shown in chapter 3.1 and 3.2, our attempts directed towards the direct interstrand cross-
linking of an ene/diene-modified duplex via the Diels-Alder reaction failed. The most likely
reason were — in our opinion — the steric constraints imposed by the duplex geometry. This
prevented the two reaction partners to adopt the proper arrangement for the reaction. The
missing flexibility could be overcome by using a bifunctional (e.g. maleimide) reagent to
cross-link two complementary diene-modified strands. Thus, we set out to explore this
“indirect” possibility of interstrand cross-linking via the Diels-Alder reaction.

We used the three different diene-phosphoramidites of the building blocks shown in Table 14.
They contain spacers of different lengths, which are connected via ether bonds to the diene-
moiety. Spacers of different lengths were chosen in order to introduce different degrees of
flexibility in the modified duplex, which was, again, expected to play an important role.
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The different diene-building blocks, one at a time, were integrated into the strands opposite to
each other, resulting in the oligonucleotide pairs shown in Table 14.

First, we investigated the pairing properties of the modified strands. The modified duplexes
were compared with the unmodified duplex of the same sequence, just without the diene-
building blocks. The Tm-valuesin Table 14 were calculated from the melting curvesin Figure
7.

Table 14 Mélting temperatures of the natural and diene-modified duplexes, at 100

mM NaCl and the oligonucleotide sequences with the corresponding diene-

phosphoramidites.
oligonucleotides mp Dmp
[°C] [°C]

N17/N18 49.5 0
D24/D25 30.5 -19.0
D26/D27 325 -17.0
D28/D29 33.0 -16.5
D24/D29 275 -22.0

N17 5-CTGAAT CGA CCG GTA TCA GT-2
N18 3-GACTTA GCT GGC CAT-%

D24 5-CTGAAT 29 CGA CCG GTA TCA GT-3
D25 3-GACTTA 29 GCT GGC CAT-5

D26 5-CTGAAT 32CGA CCGGTA TCA GT-8
D27 3-GACTTA 32 GCT GGC CAT-%

D28 5-CTGAAT 35CGA CCG GTA TCA GT-3
D29 3-GACTTA 35GCT GGC CAT-5

O(CH,),0+~ O(CH,),0+~ O(CH,), 0+~

7 N\
7 N\
7 N\

O(CH,),0+~ O(CH,);07~ O(CH,), 0+~
29 32 35
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Melting curves of the unmodified and the modified duplex as well as of a duplex with

different diene-modifications in the two complementary strands show sigmoidal shapes with
one transition (Figure 7).

20.00 -
g X N17/N18
=~ 15.00 -
z » D24/D25
E 10.00 . o D26/D27
g « D28/D29
g 5.00 - + D24/D29
T

0.00 -

0 20 40 60 80

Temperature (°C)

Figure 7 Mélting curves of the natural and diene-modified duplexes. Conditions: 1.0
nmM duplex in 10 mM TrisHCI (pH 4.2) and 100mM NaCl.

Within the experimental error of the melting experiments, all duplexes with the same
modification in both strands showed the same degree of destabilization. We observed an
average destabilization of 18 °C compared to the unmodified duplex. In the case of the duplex
with unequal modifications in the complementary strands, an even larger destabilization of
22°C was found. Destabilizations of these dimensions show that the modifications do not
support a continuous duplex. The observed melting temperatures are even lower than the one
of the longer partial duplex. The Tm of the shorter stem, which is estimated between 15 °C
and 20, °C was not observed.
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In a next step, the diene-modified duplexes were incubated in agueous solution, at room
temperature, under dlightly acidic conditions (10 mM TrisHCI, pH 5.2), with the different
dimaleimides. The expected cross-linking process isillustrated in Scheme 37.

5- CTG AAT - linker vlinker -CGA CCGGTA TCA GT -2

2. GACTTA - linker —7  N—|inker - GCT GGC CAT -5

0O o]
[im—nnker—Ni]
O
© \

O

o-_N
5-CTG AAT - Iinkerz;; linker - CGA CCG GTA TCA GT -8

3-GACTTA - linker linker - GCT GGC CAT -5

O7™™N"o

Scheme 37 Schematic illustration of the crosslinkage of a diene-modified
oligodeoxyribonucleotide duplex with a dimaleimide.
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To determine the influence of the dimaleimide bridge, dimaleimides with akyl chain linkers
of different lengths were used in the cross-linking experiments. In addition, a trimaleimide
was included in these studies (Scheme 38).

o) O 0
E/é/(CHz)z\Ni\’E E‘éN/(CHz)tNiE [/éN/(CHz)e |
(@]
60 ° 61 62

(@)

74

! N
N/\/N

Scheme 38 Dimaleimides and trimaleimide used to cross-link diene-modified

oligodeoxyribonucleotides.

The cross-linking process was monitored by melting curve experiments. We first recorded the
melting curve of a solution of duplex D24/D25, modified with the ethleneglycol spaced
butadiene 29, in 10 mM TrisHCI (pH 5.2) and 100 mM NaCl. Straight after adding one
equivalent of dimaleimide 62 a second melting curve was recorded, which was still congruent
with the first one. The solution was then incubated at 25 °C and additional melting
experiments were taken after three days and one week. The different stage of the cross-linking
reaction are shown in Figure 8. The melting curves revea arise in duplex stability. The curve
taken after three days shows the presence of some non-cross-linked (lower transition) and

some cross-linked material. After seven days, only cross-linked duplex is observed.
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Figure 8 Meélting curves of different stages of a cross-linking experiment of the
duplex D24/D25 with the dimaleimide 62. Reaction times are indicated in days.
Conditions: 1.0 nM duplex in 10 mM TrisHCI (pH 4.2) and 100 mM NaCl.

After establishing an approximate reaction time required for this type of cross-linking, an
extended study involving the diene-modified duplexes D24/D25, D26/D27 and D28/D29 with
the maleimides 60-62 was performed. The different modified duplexes were incubated under
the same conditions as mentioned above with two equivalents of the different dimaleimides,
one a a time. After one week of incubation, the solutions were desalted and analysed by
denaturating PAGE (Figure 9). The two bands of the modified 16 and 21 bases long
complementary sequences D26 and D27 can be observed in lane 2 of the gel, serving as
controls. The following lanes of the gel, show the different reaction products. An additional
band, which corresponds to the respective cross-linked duplexes, can be seen in al reactions.
In lane 3, an additional band with slightly higher mobility than the cross-linked duplex is
observed. Mass spectrometry showed only the masses of the educts and the cross-linked
product. We have, at present, no firm explanations for the existence of two different species
with the same mass.
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Figure 9 Denaturing PAGE of the modified and partially cross-linked
oligodeoxyribonucleotides after incubation with 2 equivalents of dimaleimide.
Lanes: 1 dye, 2 D26/D27, 3 D24/D25/61, 4 D26/D27/60, 5 D26/D27/61,
6 D26/D27/62, 7 D28/D29/60, 8 D28/D29/61, 9 D28/D29/62, 10 empty.
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The mass spectra of duplex D24/D25 after incubation with two equivalents of dimaleimide
62, for one week at 25 °C (Figure 10), shows the mass of the two single strands D24 (B) and
D25 (C), and the mass of the cross-linked duplex D24-62-D25 (A). The sample was desalted
but not further purified. A very interesting aspect is the absence of peaks with the mass
corresponding to single strands that reacted with the dimaleimide without subsequent cross-
linkage. Since the reactions were carried out in the presence of an excess of dimaleimide, this
product might — a priori — be expected. The absence of these products, however, indicates that
the Diels-Alder reaction of the dimaleimide with the first strand is slow, while the cross-

linkage to the complementary strand is fast. So the first reaction is the rate limiting step.

100~ o
11489.50 |
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i
!
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i E i
| : 1135725 |

Figure 10 ES-MS of the crude material obtained from the cross-linking reaction of
the duplex D26/D27 with the dimaleimide 62.

The reaction mixtures obtained from the cross-linking reactions were further purified with RP
HPLC. The cross-linked products were obtained in high in purity for further investigations. A
dramatic increase of the melting temperature was observed after cross-linking of the modified
duplex D24/D25 with each of the three dimaleimides (Table 15). Obvioudy, the stability
increases with the length of the cross-linking chain. While the 1,2-ethylenedimaleimide linked
duplex (D24-60-D25) is 19 °C more stable than the modified duplex (D24/D25), the longer
dimaleimide linkers rise the melting temperature by 45 °C and 53 °C. The 1,6-hexamethylen
cross-linked duplex shows a second transition at 68 °C (Table 15).
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Table 15 Medlting temperatures of the ethyleneglycole linked bis-diene-modified
duplex D24/D25' and the crosslinked duplexes after the reaction with the
dimaleimides 60-62 at 100mM NaCl.

oligonucleotides Tm DTm
[°C] [°C]
D24/D25 30.5 0
D24-60-D25 59.5 +19.0
D24-61-D25 75.5 +45.0

D24-62-D25 67.5/83.5 +37.0/ +53.0

D24 5-CTGAAT 29 CGA CCG GTA TCA GT-3
D25 3-GACTTA 29 GCT GGC CAT-®

E o_\_o/_\\_//_\o_/_ o7
29

O o] O o} [9) o]
_(CH _(CH,), _(CH
E‘é’\' ( Z)Z*N;le E‘éN (CH,) ‘N;E EléN ( 2)6~N>,»j|
e} o) o 0 ¢} (e}
60 6l 62

The cross-linked duplex can aso be regarded as two connected hairpin mimics, which may
denaturate at different temperatures. What we observe at 67.5 °C might therefore correspond
to the denaturation of the six base pair stem of the shorter hairpin and the 84 °C transition
would consequently correspond to the melting of the longer stem. We assume that in the
cross-linked duplex D24-61-D25 the analogous two transitions are simply not resolved.

Therefore, only one apparent transition with an average Tm is observed (Figure 11).

! For reasons of simplicity we have decided to keep the compound numbers of the respective dimaleimides also
for the cross-linking bridge after the Diels-Alder reaction with the diene-modifications.
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Figure 11 Meélting curves of the ethyleneglycole linked bis-diene-modified duplex
D24/D25 and the cross-linked duplexes after the reaction with the dimaleimides 60-
62. Conditions: 1.0 M duplex in 10 mM TrisHCI (pH 4.2) and 100mM NaCl.

The strands with the 1,3-propanediol spaced building blocks D26/D27 were, in addition to the
three dimaleimides, also reacted with tris-(2-ethlenemaleimide)amine (71). The melting
curves of the product duplexes are shown in Figure 12. All cross-linked duplexes show two

more ore less pronounced transitions, which become more obvious in the curves of the first
derivate (Figure 13).

20.00
S 15.00 | x D26/D27
%’ s D26-60-D27
g 10.00 - o D26-61-D27
£ s D26-62-D27
L 5.00 4 o D26-71-D27
T

0.00 -

0

Temperature (°C)

Figure 12 Mélting curves of the 1,3-propanediol bis-diene-modified duplex D26/D27
and the cross-linked duplexes after the reaction with the dimaleimides 60-62 as well as
the trimaleimide 71, at 100mM NaCl.
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Figure 13 First derivate of the melting curves shown in Figure 12.

While alarge difference in stability was observed in the previous melting experiment between
the product with the short linker and the two others, al three cross-linked hybrids showed
very similar melting curves (Figure 14) and transition temperatures in the present series
(Table 16). Apparently, the present duplex (D26/D27) with somewhat extended spacers
connecting the dienes into the phosphate backbones of the two strands posesses more
flexibility and, thus, better tolerates the relatively short ethyleneglycol linker of the
dimaleimide 60.
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The analogous experiment with trimaleimide 71 gave rise to a cross-linked duplex just as with
the dimaleimides. MS analysis showed that the third maleimide was unreacted. It provides,
thus, an additiona reactive function, which is available for further conjugation or

modification.

Table 16 Meélting temperatures of the 1,3-propanediol linked, bis-diene-modified
duplex D26/D27 and the cross-linked duplexes after the reaction with the
dimaleimides 60-62 as well asthe trimaleimide 71, at 100mM NaCl.

oligonucleotides Tm DTm
[°C] [°C]
D26/D27 325 0
D26-60-D27 60.5/78.5 +28/+46.0
D26-61-D27 60.5/78.5 +28/ +46.0
D26-62-D27 63.5/80.5 +31/+48.0
D26-71-D27 64.5/80.5 +32/+48.0

D26 5-CTGAAT 32 CGA CCG GTA TCA GT-3
D27 3-GACTTA 32 GCT GGC CAT->

- O—/\—O/_\\—//—\O—/\—OTI_
32

O (@] (@] O (6] O (o)
_(CH) _(CH,), _(CH
E‘éN 2 Z\Ni\,jl [‘éN (CH,) \Nijl [‘éN ( Z)G\N;jl IiléN
+N
o o} 0 0 ¢ o) [ o) 3
60 61 62 71
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Cross-linkage of the duplexes containing the 1,4-butanediol spaced modification 35 results,

again in a considerable stabilization. Two transitions are observed with all three dimaleimides
(Figure 14).

20.00 -
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> 15.00 1 x D28/D29
Zg a D28-60-D29
g 10.00 - e D28-61-D29
o s D28-62-D29
2 5.00
>
I

0.00 -

0 20 40 60 80

Temperature (°C)

Figure 14 Méting curves of the 1,4-butanediol linked, bis-diene-modified duplex
D24/D25 and the cross-linked duplexes after the reaction with the dimaleimides 60-
62. Conditions: 1.0 M duplex in 10 mM TrisHCI (pH 4.2) and 100mM NaCl.
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One dlight difference was observed, however: while in the previous two series a steady

increase in stability was observed with increasing length of the cross-linker, the middle sized,
1,4-butane derivved cross-linker was the least stable of all three products (Table 17), although

the differences are relatively small.

Table 17 Melting temperatures of 1,4-butanediol, linked bis-diene-modified duplex
D24/D25 and the cross-linked duplexes after the reaction with the dimaleimides 60-62

at 100mM NacCl.
oligonucleotides Tm DTm
[°C] [°C]
D28/D29 33.0 0
D28-60-D29 59.5/80.5 +26.5/ +47.5
D28-61-D29 59.5/76.5 +26.5/+43.5
D28-62-D29 63.5/82.5 +30.5/ +49.5

D28 S5-CTGAAT 35CGA CCG GTA TCA GT-3
D29 3-GACTTA 35GCT GGC CAT->

7’— o_/_\_ O/_\\—//_\O—/_\—O—,"—
35

0 (e} O 0 O e}
~(CH _ P
[‘éN ( Z)Z\nyjl [‘éN (CH2)4\N;\II [lé'\' (CHZ)S\N;\’E
o] 0 o] 0 9 o]
60 61 62

Finally, we also investigated — in one case — the cross-linking reaction of two complementary

strands containing non-identical diene-modifications. For this purpose, the duplex D24/D29,

prepared from building blocks 29 and 35, respectively, was incubated with dimeleimide 60

under the same conditions as described before (Table 18).
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Only margina differences were obtained compared to the product obtained with the duplex
containing identical dienes. Figure 15 shows the melting curve obtained in this reaction. It is

nearly superimposable to the one obtained in the previous cross-linking experiment of the
duplex D28/D29 with dimaleimide 60.
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Figure 15 Melting curves of the cross-linked duplexes D28/D29, with the same diene-
modifications in both strands, and D24/D29 with the short diene-modification 29 in
the first and the long one 35 in the second strand, with ethylenedimaleimide (60).
Conditions: 1.0 nM duplex in 10 mM TrisHCI (pH 4.2) and 100mM NaCl..
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Table 18 Comparison of melting temperatures of the cross-linked duplexes D28/D29
and D24/D29 linked via dimaleimide 60.

oligonucleotides m DTm
[°C] [°C]
D28-60-D29 59.5/80.5 0
D24-60-D29 58.5/77.5 -1.0/-3.0

D24 5-CTGAAT 29 CGA CCG GTA TCA GT-3

D28 5-CTGAAT 35CGA CCG GTA TCA GT-3
D29 3-GACTTA 35GCT GGC CAT-®

TN\
29

2ot/ o T v on

35

O o}
E‘éN/(CHZ)Z‘ Nijl
o o]
60

We subsequently compared the influence of the spacer length in the diene-modifications, on

the stability of cross-linked duplexes. Therefore, the following tables contain the Tms of the

different duplexes cross-linked with a given dimaleimide. We assume, that the transition at

higher temperature correspond to the melting of the longer hairpin-moiety (as described

before). The melting temperatures of the different duplexes, cross-linked with the ethylene-

bridge (60) indicate an increasing stability towards longer akyl spacers in the diene-

modifications. While the first extension of the spacers in the phosphate backbones resultsin a
stabilisation of 19 °C, the second extension had just an additional stabilising effect of 2 °C.
This fact indicates the necessity of a minimal flexibility of the diene-modifications, which is
not warranted in the case of the cross-linked duplex D24-60-D25 (Table 19).
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Table 19 Méelting temperatures of the ethylenedimaleimide (60) cross-linked
duplexes, at 100mM NaCl. DTm refersto the transition at higher temperature.

oligonucleotides Tm DTm
[°C] [°C]
D24-60-D25 59.5 0
D26-60-D27 60.5/78.5 +19.0
D28-60-D29 59.5/80.5 +21.0

The melting temperatures of all duplexes linked with dimaleimide 61 are in the same range
(Table 20). The largest difference in stability among the duplexes is 3 °C, which is ailmost
within the experimental tolerance. The longer dimaleimide 61 seems to compensate the
missing flexibility of the short diene-modifications observed in cross-linking with
dimaleimide 60.

Table 20 Meélting temperatures of the tetramethylenedimaleimide (61) cross-linked
duplexes, at 100mM NaCl. DTm refersto the transition at higher temperature.

oligonucleotides Tm DTm
[°C] [°C]
D24-61-D25 75.5 0
D26-61-D27 60.5/78.5 +3.0
D28-61-D29 59.5/76.5 +1.0

Also the comparison of the diene-modified duplexes cross-linked with dimaleimide 62 does
not result in large differences. The dightly lower Tm of the cross-linked duplex D28-62-D29,
with the longest diene-modification, could indicate the beginning of a decrease of stability

caused by excessive flexibility of the diene — dimaleimide combination (Table 21).
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Table 21 Melting temperatures of the hexamethylenedimaleimide (62) cross-linked
duplexes, at 100mM NaCl. DTm refersto the transition at higher temperature.

oligonucleotides Tm DTm
[°C] [°C]
D24-62-D25 67.5/83.5 0
D26-62-D27 63.5/80.5 +3.0
D28-62-D29 63.5/82.5 +2.0

There seems to exist a minimal flexibility of the cross-link part, which is dependent on the
length of the spacers in the diene-modification and of the length of the dimaleimide linker to
result in a good duplex stabilization. Once, this flexibility is reached, longer spacers and
linkers have a minor influence on duplex stability. Table 22 gives an overview of the Tms

observed with the different cross-linked duplexes.
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Table 22 Melting temperatures of all cross-linked duplexes, at 100mM NaCl.

oligonucleotides

mp [°C]

N17/N18

49.5

D24/D25

30.5

59.5

75.5

67.5/835

D26/D27

325

60.5/78.5

60.5/78.5

63.5/80.5

D28/D29

33.0

59.5/80.5

59.5/76.5

63.5/825

D24/D29

27.5

585/775

N17
N18

D24
D25

D26
D27

D28
D29

5-CTG AAT CGA CCG GTA TCA GT-2
3-GACTTA GCT GGC CAT-®

5-CTG AAT 29 CGA CCG GTA TCA GT-2
3-GACTTA 29 GCT GGC CAT-5

5-CTG AAT 32 CGA CCG GTA TCA GT-3
3-GACTTA 32 GCT GGC CAT-5

5-CTG AAT 35CGA CCG GTA TCA GT-8
3-GACTTA 35 GCT GGC CAT-5
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3 RESULTSAND DISCUSSION

3.4.2 Experiments Towards the Cross-Linking of Non-complementary DNAswith

Dimaleimide Reagents

Here we describe our efforts to cross-link diene-modified oligodeoxyribonucleotides, which
are not complementary. For this purpose, severa oligodeoxyribonucleotides bearing a diene-
modification in different places were synthesized using phosphoramidites 25 and 32. The
different modified oligodeoxyribonucleotides prepared this way are shown in Scheme 39.

D15 S-ATT GC 32GC AAT-3 ODMT O(CH,),ODMT

D18 5-25CTGAAT G-® yZ pZ

D19 5-32CTGAAT G-? X X

D20 5-25ACG-3 OPAM O(CH,),OPAM
25 32

D21 5-32 ACG-?

D22 5-CGGCG32CGCCGAGGGATTT
AAA ATC CCT-3

D23 5-GCCCGGATGGTGCCCTTT TGG
32 CAC CAT CCG GGT ACCA-2

Scheme 39 Sequences of different diene-modified oligonucleotides used in this study.
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Incubation of the different diene-modified oligodeoxyribonucleotides (Scheme 40) with 0.5
equivalent of dimaleimide 62, in aqueous media, resulted in apartial dimaleimide conjugation
to single strands. In no case, however, linkage of two strands via the dimaleimide could be
detected, neither by denaturing PAGE analysis nor by mass spectrometry.

0 o)
S-ATT GC- spacer
N{/\]‘rN |
3-TAA CG- spacer
o] o]

O O
O (0]
j spacer- CG TTA-5
S-ATT GC- spacerE jspacer- CGTTA-S Z spacer-GC AAT-3
I-TAA CG- spacer—S  Z— gpacer-GC AAT-3
O (@]
()]
O (6]

0 0
S-ATT GC-spacer spacer-CG TTA->
NHN
3-TAA CG-spacer- gpacer-GC AAT-3
o] o]

Scheme 40 Linkage of hairpin mimics via Diels-Alder raction, with the hairpin mimic

— dimaleimide adduct as the only product.

To gain more detailed insight into the problem, and to have the possibility of interconnecting
two different diene-modified oligodeoxyribonucleotides, the experiment was divided into two
steps. First, one type of oligodeoxyribonucleotide was incubated with an excess of the

dimaleimide to obtain the respective conjugate. After isolation and characterisation of these
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first adducts they were incubated with one equivalent of the second, diene-modified nucleic
acid (Scheme 41).

T

T CCC GTG GTA GGC CCG -5'

Maleimide T_GGy CAC CAT CCG GGT ACCA -3
T

Diene

1 T

T CCC GTG GTA GGC CCG -5'

T_GGy CAC CAT CCG GGT ACCA -3'

T

5 Dimaeimide Diene

—_—
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Scheme 41 Stepwise linking of different diene-modified DNAs with difunctional
maleimides.

The mono-adducts could be isolated in good yields. Their identity was verified by mass

spectroscopy. However, neither denaturing PAGE nor MS showed any sign of successful
linkage of two strands in subsequent reactions.
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In 2001 Hill et al”” mentioned the successful cross-linkage of a 5'-end diene-modified,
truncated, oligodeoxyribonucleotide of the sequence >-CCA GTA CAA GGT GCT AAA
CGT AAT GG-*3-T->"°_T-¥  using conditions similar to ours. They reported an 80 % yield,
relative to the dimaleimide, of the cross-linked oligodeoxyribonucleotide after treatment with
0.33 equivalents of 1,6-hexamethyldimaleimide (62). No experimental or analytical details

were given (Scheme 42).

Ollgo Ollgo
Qligo 0-P=0 0=p—0"
o= P o E\f Hﬁ\;]
X 25 mM phosphate
pH 6.8
= 25°C

16h

Scheme 42 Conjugation reaction described by Hill et al.”’

Surprisingly this remains the only hint to a successful linkage of non-complementary
oligonucleotides. In other reports of non-enzymatic templated linkage of oligonucleotides
bearing a big variety of modifications via different reaction types, no or very little linkage was

observed in the absence of atemplate.*®
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3.5 Bioconjugation of Diene-M odified Oligodeoxyribonucleotides

As described in the previous chapters, we could successfully realise the cross-linkage of two
complementary diene-modified DNA strands with dimaleimides. Analogous cross-linking
experiments with non-complementary nucleic acids, however, failed. The failure could be
attributed to the second step of the process. While the formation of mono-adducts via a Diels-
Alder reaction took place quite readily, the second Diels-Alder reaction, the cross-linking,
could not be observed. Apparently, template assistance is required for an efficient second
step. We therefore decided to concentrate on the “first” reaction, i.e. the formation of mono
Diels-Alder adducts. Some applications (and the scope) of this method for the bioconjugation

of synthetic nucleic acids will be shown in this section.

3.5.1 Hairpin Mimics containing Diene-Building Blocks as L oop Replacements

The hairpin belongs to the most common secondary structural motifs found in nucleic
acids.’® In RNA, it is an essential element for the assembly of higher order structures. By
enabling the proper folding, the hairpin contributes to the many functional properties of RNA.
Extra stable hairpins containing four bases in the loop (tetraloops) have emerged as a distinct

class of hairpins, which forms highly specific interactions with tetraloop receptor sites,’®%*

The hairpin motif is also found in DNA,%%1%

though to a much lesser extent due to the
intrinsically double stranded nature of DNA. This central role of the hairpin as a structural
and functional element has stimulated the design and synthesis of chemically modified hairpin
analogs. Hairpin mimics can serve as tools for the investigation of structure and function of
nucleic acids. In addition, they are increasingly gaining importance as building blocks for the
construction of defined, nucleic acids based molecular structures.*** Thus, the hairpin loop has
been replaced with flexible oligo ethylene glycol linkers'*>**" as well as with more rigid
aromatic derivatives™®?% and metal complexes.?®*?** Furthermore, the construction of a

stilbene-based hairpin mimic forming G-tetrades has been reported very recently.?%>2%
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Replacement of the loop region of a diene-building block would lead to a reactive hairpin
mimic and, thus, add an additional level of functionality. To study the stability of diene-
modified hairpin mimics, diene-phosphoramidites shown in Scheme 43 were incorporated

into self complementary oligodeoxyribonucleotides.

<O(CH2)ZODMT <O(CH2)3ODMT <O(CH2)4OD | iNH(CH2)3ODMT
O(CHz)zoPAM O(CH2)3OPAM O(CH2)4OPAM NH(CH,),OPAM

Scheme 43 Phosphoramidites used for hairpin mimic synthesis.
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The hairpin mimics were designed to have afive base pair stem. The different diene-building

blocks served as a loop replacements. Their stabilities were compared with unmodified

hairpins containing the same stem and a loop of four natural bases, A or T. The data are

shown in Table 23.

Table 23 Melting temperatures of the different diene-modified hairpin mimics and the
respective T, and A4 hairpins, at 100 mM NaCl.

oligonucleotides m DTm
[°C] [°C]
N15 57.8 0
N16 56.8 -1.0
D15 66.5 +8.7
D16 63.5 +5.7
D17 65.5 +7.7
N15 S-ATT GCT TTT GCA AT-3
N16 5-ATT GCA AAA GCA AT-3
D15 5-ATT GC 32 GC AAT-3
D16 5-ATT GC 29 GCA AT-3
D17 5-ATT GC 35GC AAT-3
O(CH,),07= O(CH,),07~ O(CH,),07
= _— —
N A A
O(CH,),0-~ O(CH,);0-~ O(CH,),0+~
29 32 35
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The melting curves of the unmodified hairpins and the hairpin mimics all show sigmoidal

shape, which indicates a cooperative melting process (Figure 16).
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Figure 16 Mélting curves of different hairpin mimics and the respective T4- and As-
hairpins. Oligomer concentration 2.5 uM, 10 mM Tris-HCI, 100 mM NaCl, pH 7.5.

Circular dichroism spectroscopy of diene-modified hairpin mimic D15 and of the
corresponding unmodified hairpins was consistent with a B-form DNA (Figure 17). This

structural information was later used for molecular modeling studies of the hairpin mimic
structures.

x D15
2 N16
e N15

Wavelength [nm]

Figure 17 CD spectra of the hairpins and the diene-modified hairpin mimic. Oligomer
concentration 2.5 uM, 10 mM Tris-HCI, 100 mM NaCl, pH 7.5.
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The melting temperatures of the hairpins with the T4- and As-loops, are about 57 °C while the
hairpin mimics are between 5.7 °C and 8.7 °C more stable. Oligodeoxyribonucleotide D15
with building block 32 has the highest stability. One could expect to observe acorrelation of
the melting temperature versus spacer length, and a maximal melting temperature at a certain
spacer length. In fact, however, the stabilities of the different hairpin mimics do not vary
dramatically. Furthermore, considering the experimental error involved in the measurements,
which is about 1 °C, the three values are rather close. Thus the influence of the spacer length

is, within these dimensions, not as big as it might have been expected.

Molecular modelling and structure optimisation with Hyperchem™ resulted in the models
shown in Figure 18. The diene-function of the building blocks is positioned on the top of the
hydrophobic core of the hairpins. The distance between the ring systems of the base pair next
to the modification and the diene-function, corresponds approximately to the distances
between the different base pairs. Since a butadiene is not likely to contribute substantially to
p-stacking the close proximity of the linker and the bases of the stem is rather due to general

hydrophobic interactions.

Figure 18 Optimised structures of the hairpin mimics D16 (left), D15 (middle) and

D17 (right), according to amber force field calculations (Hyperchem™).

189



3 RESULTSAND DISCUSSION

Anincrease in the melting temperature of 8.7 or 9.7°C was observed for D15 compared to the
analogous hairpins containing a T4 or A4 loop, respectively. The melting curves (Figure 16)
showed a single, cooperative transition. Furthermore, melting temperatures were independent
of the oligomer concentration, which indicates a unimolecular process, i.e. formation and

melting of the hairpin.

According to amber force field calculations (Hyperchem™), both possible diene
conformations (i.e. s-cis and s-trans) form a stable hairpin-like secondary structure. The
phosphate-phosphate distance between the two strands (17.7A and 17.5A for the s-cis and s-
trans conformer, respectively) corresponds well with the 17.5A observed in an ideal B-DNA.
Since the s-cis isomer represents the relevant conformation for the subsequent Diels-Alder
reaction, the hairpin mimic is presented in this orientation in Figure 19. The model shows the
non-nucleotidic linker on top of the helix, bridging the two nucleic acid strands. The plane of
the diene is oriented parallel to the adjacent base pair, providing the proper arrangement for

reaction with dienophiles.

Figure 19 Molecular model of 1,3-butadiene-derived DNA hairpin mimic D15
(HyperChem™ 7.0, amber force field); view perpendicular (left) and along the helical
axis. The synthetic linker is displayed in a space filling representation (right) and the

butadiene moiety is shown in the s-cis conformation.
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3 RESULTSAND DISCUSSION

Finally the properties of the 1,4-anthracene derivative 15, as |oop replacement, was studied in
a hairpin with a stem of 11 base pairs. Since the difference between a T4- and an As-loop,
according to previous studies is not too big, we compared this hairpin mimic just with the
respective T4-hairpin (Table 24).

Table 24 Melting temperatures of the 1,4-anthracene modified hairpin mimic and the
corresponding T4 hairpin, at 200 mM NaCl.

oligonucleotides m DTm
[°C] [°C]
N12 79.5 0
D13 45.5/86.0 +6.5

N12 S-TCACTGCAGAGTTTT CTCTGCAGT GA-3
D13 S5-TCACTGCAGAGI15CTCTGCAGT GA-3

o) NH(CH,),0-~

07 “NH(CH,),0—+

15
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3 RESULTSAND DISCUSSION

While the T4-hairpin shows the expected sigmoid melting curve, the hairpin mimic shows two
different transitions at 45.5 and 86 °C (Figure 20).

15.00 -
g
P
'S 10.00 +
€
S x N12
S
5 5.00 4 4 D13
o
>
I

0.00

10 30 50 70 90

Temperature (°C)

Figure 20 Melting curves of thel,4-anthracene hairpin mimic and the corresponding

T4-hairpin Solutions of 1.0 "M oligonucleotide in 10 mM NaH,PO, (pH 5.5) and 200
mM NaCl.

The higher melting temperature of the hairpin mimic shows a stabilisation of 6.5 °C compared
with the T4-hairpin. Thisisin the same range as already observed with the butadiene building
blocks. The lower melting temperature corresponds, according to calculations, to the
denaturation of a duplex of about 10 base pairs.

Thus, this transition could arise from a partial duplex formed by one of the strands flanking
the anthracene building block. On the other hand, it can not be excluded that the hairpin
coexists with a duplex containing the anthracene building blocks in the middle. Such a
behaviour was aso observed with phenanthrene-modified, self-complementary
oligonucl eotides.**

Generally the tested diene-building blocks serve well as loop replacement in hairpins. The
dimension of the stabilization is, compared with T4- and As-looped hairpins, in the range of
5°C to 10°C. The importance of this new hairpin mimics becomes obvious in the following
experiments where we show that, in addition to the higher stability, we concurrently inserted a

novel functional group for bioconjugation under aqueous conditions.
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3 RESULTSAND DISCUSSION

3.5.2 Bioconjugation of Diene-Modified Hairpin Mimics

We next invetigated the described hairpin mimics containing diene-building blocks as loop
replacements regarding their reactivity towards functionalised maleimides. For this purpose
the hairpin mimic D15, obtained with diene-building block 32, was reacted with the series of

different dienophiles shown in Scheme 44.

¥
o=N_o0
¥
(|ink<) (Ii;ker) — (IinI|<er) (Iinll<er)
cC—G C— G
G—C G—¢C
T— A H,O T—A
T— A pH 5.2 T—/A
A—T ATTT
5 3 5' 3
O(CH,),ODMT
o ()
| : Y,
O ()
N E:i'“_\ _@ )
OH e}
O(CH,),OPAM o) o
32 58 66 67

Scheme 44 Illustration of the Diels-Alder reaction between the diene-modified hairpin
mimic D15 and a maleimide (above). Diene-phosphoramidite building block (32) and
the different maleimide derived molecules for the Diels-Alder bioconjugation (below).
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3 RESULTSAND DISCUSSION

D15 was chosen, because this hairpin mimic had previously turned out to be the most stable
one in a series of three hairpins (chapter 3.5.1). We found that in aqueous media, under
dlightly acidic conditions, all maleimides undergo a [2+4] cycloaddition with the diene-

modification of the hairpin mimic.

Thermal Diels-Alder reactions proceed through a concerted syn addition, therefore the imido

group will maintain its cis geometry in the cycloadduct.'®’

If the dienophile approaches the
diene with its imido carbonyls p system over the cyclohexadiene's p system, the endo
product is formed. (Endo refers to the position of the dienophile’s substituent relative to the
saturated two-carbon bridge in the final product). If the dienophile orients itself with its
substituent’s p-systems pointing away from the cyclohexadiene’'s p system, then the exo
stereoisomer is formed. The endo pathway is usually favored by far owing to a lowering of
its transition state’s energy as a result of this secondary p overlap (Alder’s rule). Therefore,
we can assume the preferred formation of the endo products in our experiments. Since the
dienophile is symmetrical, this leaves us with two unique ways in which the two partners can
approach each other. The two faces of the diene are rendered diastereofacial by the chiral

nucleic acid. Therefore, we can obtain two diastereomeric products (Figure 21).

Figure 21 Perpendicular view on molecular models of 1,3-butadiene-derived DNA
hairpin mimic D15 (middle) and the endo bioconjugate D15-58, with orientation of
the Diels-Alder product to the minor groove on the left and to the major groove on the
right side (HyperChem™ 7.0, amber force field).
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3 RESULTSAND DISCUSSION

The obtained Diels-Alder adducts were subsequently purified by reverse phase HPLC, and
analyzed by mass spectrometry. The pure oligomers were analysed by thermal denaturing
experiments. The melting temperatures are given in Table 25. As can be seen from the data,
al derivatives obtained by conjugation via the Diels-Alder reaction form stable hairpin
structures. Although there is a variation in the stabilities of the different conjugates, in general

they are comparable to the one of the parent hairpin mimic D15.
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3 RESULTSAND DISCUSSION

Table 25 Meélting temperatures of the hairpin mimic and the different bioconjugated
diene-modified hairpin mimics at 100mM NaCl. The bioconjugated hairpin mimics
are named after the respectively used maleimide (Y = 58, 66, 67, 68 and 70).

oligonucleotides Tm DTm
[°C] [°C]
D15 66.7 0

D15-58 64.2 -25
D15-62 66.3 -04
D15-66 66.5 -0.2
D15-67 575 -9.2
D15-68 67.1 +0.4
D15-70 59.7 -7.0

DI5Y  5-ATT GC
S TAA GG 32V

O(CH,),0+

7/

O(CH,),0-
32
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3 RESULTSAND DISCUSSION

The shapes of the denaturing curves show a single, cooperative transition for all conjugates
(Figure 22).

20.00
= x D15
L
g 15.00 + 2 D15-58
g e D15-66
o 10.00 + = D15-67
~
S + D15-62
e 5.00 -
z 2 D15-70

o D15-68

0.00

Temperature (°C)

Figure 22 Meélting curves of the different bioconjugates synthesized via the Diels-
Alder reaction. Oligomer concentration 2.5 uM, 10 mM Tris-HCI, 100 mM NaCl, pH
7.5.

Concentration [mM]

Figure 23 Meéltingtemperatures of hairpin mimic D15 and the pyrene bioconjugate
D15-67, as afunction of oligonucleotide concentration.

To verify that the observed transitions correspond to the melting of the hairpin structure, the

dependence of the Tm on the oligomer concentration was established for the parent hairpin

197



3 RESULTSAND DISCUSSION

D15 as well as for the pyrene conjugate D15-67. Asit is expected for a unimolecular process,
the Tm is independent from the oligonucleotide concentration over a range from 0.5 to 5.0
mM (Figure 23).

Finaly, circular dichroism spectra of the differently derivatised hairpin mimics were
consistent with a B-form DNA (Figure 24).

X D15-58
a D15-66
e D15-67
= D15-62
* D15-70
a D15-68

CD

Wavelength [nm]

Figure 24 CD spectra of the hairpin mimic and the different bioconjugates. Oligomer
concentration 2.5 uM, 10 mM Tris-HCI, 100 mM NaCl, pH 7.5.
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3 RESULTSAND DISCUSSION

With al the data collected, a model of the terpyridine conjugate was derived. Figure 25 shows
arepresentation of this functionalised hairpin mimic.

Figure 25 Molecular model of terpyridine bioconjugated 1,3-butadiene-derived DNA
hairpin mimic D15-70 (HyperChem™ 7.0, amber force field). Perpendicular view
displayed in a space filling representation. The terpyridine moiety (highlighted in red)
Is orientated to the major groove.

These results demonstrate, that the diene-modified hairpin mimic D15 is amenable to
derivatisation though Diels-Alder reaction with suitable dienophiles. A variety of different
groups can be attached to the hairpin loop, including aromatic residues, fluorescent dyes,
metal coordinating ligands, as well as chemically reactive groups. The latter can serve as a
site for attachment of further substituents.
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3 RESULTSAND DISCUSSION

3.5.3 Fluorescein Bioconjugation of Oligodeoxyribonucleotides

As discussed in the previous chapter, diene-modified hairpins were found to react readily with
different dienophiles. The obtained functionalised hairpin mimics formed stable secondary
structures. We next extended these studies to nucleic acids containing Diels-Alder

modifications in the stem.

O(CH,),ODMT

2)3

7 N\

O(CH,),OPAM
32

Scheme 45 Diene phosphoramidit building block (32) and fluorescein maleimide
(68).

We concentrated on reactions with the fluorescein-derived maleimide 68 (Scheme 45). This
brings the advantage of a straightforward detection of reacted vs. unreacted (or, in other
words, labelled versus unlabelled) oligonucleotides. The fluorescein-modified single strands
were prepared shown in Scheme 46. The labelling step involving reaction of the diene-
modified oligonucleotide with the dienophile 68, could be either done on solid support or in
solution. Both of the two approaches have certain advantages and disadvantages. On solid
support, the fluoresceine maleimide could be added as concentrated a solution. Excess of the
fluoresceine maleimide was washed away from the immobilized oligodeoxyribonucleotides.
The disadvantage, which can not be ignored, is that during the cleavage and deprotection
procedure the imide function of the bioconjugate gets partially damaged by hydrolyses. This
can be reduced, but not prevented, by deprotection at room temperature instead of 55 °C. The
pure products were isolated after reverse phase HPLC.
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3 3 3 |3 3
Oligonucleotide o) Oligonucleotide o) Oligonucleotide Oligonucleotide Oligonucleotide
X d, e F a,b,c F d, b, c X a, b, c X
—_— — N —_— —N - -
= z =
Oligonucleotide o Oligonucleotide o Oligonucleotide Cl)ligonucleotide Oligonucleotide
5

5 5 b
Scheme 46 Fluorescein labeling of diene-modified oligodeoxyribonucleotides on

solid support and in solution: @) 25% ag ammonia, 55°C; b) HPLC; c) desalting; d)
labeling with 68; €) H2O, CH3CN washing.

The second, more conventional approach involved the bioconjugation of a purified modified
oligodeoxyribonucleotide in agueous solution. In this case, to get rid of the excess of
fluorescein maleimide, the product had to be purified via HPLC. This additional purification
step is time intense, but avoids hydrolysis of the imide function. Bioconjugation in solution is
obviously to favor if timeisnot an issue.

We next investigated the influence of the modifications on duplex stability. The data given in
Table 26 show that incorporation of building block 32 (N3/D7) leads to a decrease in Tm of
13 °C compared to the unmodified 30mer duplex (N3/N6) at low salt concentration. If the
diene-modification is placed opposite to an extra T (N9/D7) the decrease is reduced to 6 °C.
The fluoresceine bioconjugated duplexes show a substantial further destabilisation of 19 °C
and 15 °C respectively, depending on whether there was no extrabase or if a T was poritioned

opposite to the Diels-Alder fluorescein modification..

The degree of destabilisation was substantially smaller at 0.2 M NaCl. Almost equal melting
temperatures of the unmodified and the diene-modified (N3/D7) duplexes were obtained. The
duplex N9/D7, where the diene building block forms a sort of a missmach with a T of the
complementary strand, however, is again destabilized by approximately 19 °C compared with
the duplex N3/N6.

201



3 RESULTSAND DISCUSSION

Thus we can summarise that bioconjugation of the modified duplexes with fluorescein

maleinmide results in a substantial destabilization of 15 - 20 °C (Table 26).

Table 26 Mélting temperatures of the unmodified duplexes, of the hybrides between
unmodified and diene-modified strands and of the fluoresceine labelled hybrides at
low and high salt concentrations.

0.01M NaCl 0.2M NaCl

oligonucleotides Tm DTm Tm DTm

[°C] [°C] [°C] [°C]
N3/N6 71.0 0 86.0 0
N9/N6 70.5 -0.5 84.0 -2.0
N3/D7 58.0 -13.0 83.0 -3.0
N9/D7 65.0 -6.0 s e
N3/D7-68 52.5 -18.5 67.5 -185
N9/D7-68 56.0 -150 s e

N3 5-TGC CGA CGG CTC CGG ACG CGT GCG CAG GCC-#
N6 5-GGC CTG CGC ACG CGT CCG GAG CCG TCG GCA-2
N9 5-TGC CGA CGG CTC T CGG ACG CGT GCG CAG GCC-2
D7 5-GGC CTG CGC ACG CGT CCG 32 GAG CCG TCG GCA-2

D7-68 5-GGC CTG CGC ACG CGT CCG 3|2 GAG CCG TCG GCA-®
68

O(CH,), 0+
O(CH,),0+-
=
N O(CH,),0+~
O(CH,),0
32
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3 RESULTSAND DISCUSSION

The melting curves of the tested duplexes show build sigmoidal curves at 0.01 M as well as
at 0.2 M NaCl concentration (Figure 26).

15.00 - ;.'W
< C
: ..’0:A$ N X X N3/N6
£ 10.00 - ot F X a N9/N6
E K |l'. o N3/D7
= (]
S 5 00 = N9/D7
g V] » N3/D7-68
>
T » N9/D7-68
0.00 ‘
80
Temperature (°C)
15.00 -
S
>
5 10.00 7 x N3/N6
5 » N9/ING
g 5.00 | e N3/ID7
o s N3/D7-68
T
0.00

Temperature (°C)

Figure 26 Melting curves of the duplexes between unmodified
oligodeoxyribonucleotides and the corresponding unmodified, modified and
fluorescein labelled complementary strands. Oligomer concentration 2.5 uM, 10 mM
TrissHCI, pH 7.5 at low (above) and high salt concentration (below).

We furthermore examined the effect of a second fluorescein label which was placed right
opposite to the first one (Table 27). A duplex containing two opposite dienes (D4/D7) is
destabilised by 9 °C at both low and high salt conditions. Again, placement of one fluorescein
Diels-Alder adduct (D4/D7-68) brings an additional 10°C in destabilisation. The second

fluorescein opposite to the first one, however, has no further influence (D4-68/D7-68).
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204

Table 27

Melting temperatures of the unmodified duplexe, of the duplex of the

respective diene-modified strands and of the duplex labelled with one and two
fluoresceine maleimides at low and high salt concentrations.

0.01M NaCl 0.2M NaCl

oligonucleotides Tm DTm Tm DTm

[°C] [°C] [°C] [°C]

N3/N6
D4/D7

71.0 0.0 86.0 0.0
62.0 -9.0 77.0 -9.0

D4/D7-68 51.5 -19.5 68.0 -18.0
D4-68/D7-68 51.0 -20.0 67.5 -18.5

N3
N6
D4
D7

D4-68
D7-68

5-TGC CGA CGG CTC CGG ACG CGT GCG CAG GCC-2
5-GGC CTG CGC ACG CGT CCG GAG CCG TCG GCA-2
5-TGC CGA CGG CTC 32 CGG ACG CGT GCG CAG GcCec-2
5-GGC CTG CGC ACG CGT CCG 32 GAG CCG TCG GCA-2

K-8

5-TGC CGA CGG CTC CGG ACG CGT GCG CAG GCe-#
3-ACG GCT GCC GAG GCC TGC GCA CGC GTC CGG->

8—8<

O(CH

7\

O(CH
32

2)3: ."

2)3: ."

O(CH,),0=-

VA

O(CH,), 0+~

32-68




3 RESULTSAND DISCUSSION

Again, the melting curves show a cooperative melting process (Figure 27). These findings

show that incorporation of dienes, either in one strand or in two strands in opposite positions
leads to a considerable destabilisation of up to 10 °C. This is in disagreement to other

observations in our group with non-nucleosidic building blocks containing a phenanthrene-

rather than a diene-moiety; those phenanthrene building blocks were very well tolerated in a

DNA duplex.®® Diels-Alder addition of a fluorescein maleimide brings a further strong
decrease in duplex stability of approximately 10 °C. Apparantly, the bulky substituent is not
well tolerated. On the other hand, a second fluorescein opposite to the first one, has no effect

at all.

Hyperchromicity (%)

Hyperchromicity (%)

15.00

10.00 -

5.00 -

0.00 %

15.00 4

10.00 -

5.00 -

0.00
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X
S X x N3/N6
s D4D7
o D4/D7-68

= D4-68/D7-68
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X

A X
A X
X

A

% X N3/N6

» D4/D7

e D4/D7-68

= D4-68/D7-68

AREREREH

30 50 70 90
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Figure 27 Meélting curves of natural, modified and fluorescein labelled duplexes.
Oligomer concentration 2.5 pM, 10 mM Tris-HCI, pH 7.5 at low (above) and high

salt concentration (below).
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Finaly, different hairpins with a T4-loop were synthesized, to study the influence of a
fluorescein modification in the stem part of the hairpin (Table 28). Hairpin N11 bears a C

insertion, while D10 contains the diene insertion and D10-64 corresponds to D10 after
bioconjugation.

At both salt concentrations, al insertions in the stem result in a dramatic decrease of the
stability. The insertion of the natural base C lowers the melting temperature by 8.5 °C. The
modified hairpin with the diene insertion shows a Tm decrease of even a 14 °C compared to
the respective unmodified hairpin (Table 28).

12.00 -
g 10.00
2 8.00
S
g 6.00 4 x N10
= a N11
é 4.00 4 . ®® o D10
2 2.00 m“““““:: .s” = D10-68
0.00 : L L ‘ :
20 30 40 50 60 70

Temperature (°C)

Figure 28 Mélting curves of unmodified, modified and fluorescein labelled hairpins
Oligomer concentration 2.5 uM, 10 mM Tris-HCI, pH 7.5 at low (above) and high
salt concentration (below).
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Table 28 Méting temperatures of unmodified, diene-modified and fluorescein

labelled hairpins at different salt concentrations.

0.01M NaCl 0.2M NaCl
oligonucleotides Tm DTm Tm DTm
[°C] [°C] [°C] [°C]
N10 59.0 0.0 69.0 0.0
N11 50.5 -85 63.5 -6.5
D10 435 -155 55.0 -14.0
D10-68 47.0 -12.0 575 -115
C
T /\ T
N10 S-CGGTACTGAC T N11 S-CGGTACTGAC T
3-GCCATGACTG T 3-GCCATGACTG T
T T
T T
D10 S-CGGTACTGAC T D10-68 S5-CGGTACTGAC T
3.GCCATGACTG T 3-GCCATGACTG T
\V T V T
32 3|2
68
O(CH,),0~
o}
O(CH,),0+~
N
y e
. 0
O(CH,),0+~
O(CH,),0+~
32 32-68
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3.6 Conclusions

Phosphoramidites containing electron rich dienes are suitable building blocks for automated
DNA synthesis. Self complementary oligodeoxyribonucleotides with a diene-building block
serving as loop, form stabilized hairpin mimics. Diene-modified oligodeoxyribonucleotides
react in agueous media, as well as in organic solvents, with maleimide derivatives via the
Diels-Alder reaction. Diene-modified complementary strands can be cross-linked with
dimaleimides via the Diels-Alder reaction. Cross-linkage of non complementary diene-
modified oligodeoxyribonucleotides, without a template, however, is not possible under the
used conditions.

3.7 Outlook

Several additional experiments could be carried out with the methods developed in this work.
Better understanding of the obtained results, by using additional modifications and cross-
linking agents could top off the studies. In the following, we propose various potential
applications of the cross-linking method based on this Diels-Alder reaction.

To investigate whether the stabilization of 48 °C, observed by cross-linkage of the duplex
D26/D27 with dimaleimide 62, is the highest reachable with hexadiene building blocks and
dimaleimides, one had to repeat the experiments under consideration of dienes and

dimaleimides with longer spacers and linkers respectively.

In several publications Liu et al.>*® observed that the reactivity in DNA-template assisted
processes was rather insensitive to the distance between the reactive groups. Insertion of
additional base pairs between the diene-building blocks on the complementary strands could

show if this phenomenon is also valid for our system (Scheme 46).
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Scheme 46 Dimaemide cross-linkage of modified duplexes with diene-building
blocks separated by n base pairs.

The stability of secondary structures of self complementary oligonucleotides, i.e. hairpins,
could be increased via the cross-linkage of oligonucleotide with two diene-modifications
(Scheme 47). Formation of these kind of “locked” structures should be similar to the one
observed in the successful cross-linking of diene-modified duplexes.””?%

s — LI
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e,

Scheme 47 Dimaeimide crosslinkage of self complementary oligonucleotides
bearing two diene-modifications.
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3 RESULTSAND DISCUSSION

Since our diene-phosphoramidites are synthetically equivalent to the phosphoramidites of the
natural building blocks, there is no limitation of the number nor the place of incorporated
diene-modifications in an oligonucleotide (Scheme 48). Even longer parts of an
oligonucleotide could be replaced by the repeated insertion of one ore several kind of diene-

building blocks.

Scheme 48 Cross-linkage of diene-modified self complementary oligonucleotides via

atrimalemide.

Dimaleimides with a further substitution would allow to realize cross-linkage and
bioconjugation in one step (Scheme 49). One step in this direction, the cross-linkage with
trimaleimide 71, is already described in chapter 3.4.4 of this work. Similar to the maleimide
bioconjugation["], functional groups, ligands towards metal complexation, fluorophores and

many other moieties could be attached to the dimaleimides.

||||||m|||| ||||IIHIIIIN—R

- 7/

Scheme 49 Criss-linking followed by bioconjugation with further substituted

dimaleimides.
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Cross-linking agents with more than two maleimides obviously allow cross-linking of more
than two diene-modified oligonucleotides. Trimaleimide (71) could be used to cross-link
diene-modified three way junctions (Scheme 50) under the same reaction conditions used for
dimaleimide cross-linking. Scheme 51 shows a hypothetical two dimensional lattice built of

cross-linked three way junctions.

(0]
X
N o
A
T
(0]

Scheme 50 Illustration of the cross-linking of a diene-modified tree way junction with
trimaleimide (71).
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Scheme 51 lllustration of a two dimensional oligonucleotide lattice built from

trimaleimide cross-linked diene-modified three way junctions.

All our efforts towards cross-linking non-complementary diene-modified oligonucleotides
failed. Since these experiments were carried out with the identical reactive groups and under
the same reaction conditions used in the successful cross-linking of complementary diene-
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modified oligonucleotides, the missing sterical preorganisation seems to be responsible for
thisfailure.

In the experiments reported in this work, the diene-modified oligodeoxyribonucleotides
served, at the same time, as reactants and as templates. By the use of a third strand, which is
complementary to parts of the sequences of two modified oligodeoxyribonucleotides, as
temlate, it should be possible to cross-link non complementary strands (Scheme 52). Similar
efficiency, as observed in the crosslinking of complementary diene-modified
oligonucleotides, is expected in such experiments. The use of template strands bearing a
different number of insertions could result in a better understanding of the necessity of

preorganisation.

Scheme 52 Cross-linkage of non complementary strands with the help of atemplate
strand.
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Finally, while complementary oligonucleotides can serve as templates for non-complementary
modified oligonucleotides without stable secundary structures, modified oligomers, like
PNAs, which can form hybrids of increased stability might be used to template self

complementary oligonucleotides (Scheme 53).

T
T CCC GTG GTA GGC CCG -5'
T_GGy CAC CAT CCG GGT ACCA -3

T Diene
Diene
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H4Hr000>»0000°
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Scheme 53 Alternative dimaleimide cross-linking of non-complementary diene-
modified oligonucleotides, using a PNA-template for sterical preorganisation of the

diene-modifications.
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5 APPENDIX

Abstract

In this proposal we describe a possible synthesis for what we call Janus PNA. A PNA
backbone functionalised with a Base-Pair-Recognition-Motive in each building block should
be able to recognise a DNA-Duplex. Higher melting points are expected through backbone
interactions and p-stacking, while Watson-Crick interactions are responsible for the sequence

recognition.

Introduction
Janus is the Roman god known as the custodian of the universe. He is the god of beginnings

and the guardian of gates and doors. He islord over the first hour of every day, the first day of
the month and January, the first month of the year. Two heads back to back represent Janus,
each looking in opposite directions. His double-faced head appears on many Roman coins.
Originally, one face was bearded and one was not, most likely representing the sun and the
moon. In his right hand he holds a key. He was worshipped at the beginning of planting time,
harvest, marriages, births and other important beginningsin a person’slife.

In 1966 Cristol and Lewis' published an article about the synthesis and the properties of
5,5a4,6,11,11a,12-Hexahydro-5,12:6,11-di-o-benzenonaphtacene. Due to its symmetric ook
they proposed the trivial name “januesene”.

In 1994, Lehn et a.? presented the synthesis of three molecules containing the same
sequences of H-bonding sites on both sides. For this reason they named them Janus
molecules. They also proposed binding studies and self-assembly features towards
supramolecular structures, formed from different combinations of the mentioned Janus
molecules (Fig.1).

D
D
AD DNA A D
2 3 -y A~ AND A D AT A
X ) D D D D D D
p Q0 1 1
A DR

Figure 1: Cyclic and linear supramolecular structure of Janus molecule adducts. D and A represent hydrogen
bond donating and accepting sites.
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Two years later, Lehn et a.® published the binding properties of two Janus type heterocycles
designed to recognize a cytosine-uracil mismatched base-pair. These heterocycles were
inserted, in a wedgelike fashion, between the bases forming a triad motif with maximum
number of Watson-Crick interactions (Fig.2). The binding properties of the CU-wedges were
assessed by analysing the *H-NMR spectral changes occurring upon titration of a CDCls
solution with the lipophilic derivatives N-propyluracil and 1-(3,5-di-tert-butylbenzyl)cytosine.

RZ Fl

H~N,H’O\\H\(N‘H~O
N "lN,H~ |
(e ey Jul
NJ\\o’H H‘o/wl
R R
Figure 2: Watson-Crick interactions of the CU-wedges in a CU mismatched base-pair.

Here, we suggest the creation of polymers that contain branches of base-pair recognising
Janus molecules. With suitable combination of Janus molecules and backbone we expect the
polymer to wedge specific into a target DNA duplex to form a stable triplex like tertiary
structure (Fig.3). In contrast to usual triplex formation, we would break up all Watson-Crick
interactions of the DNA duplex and replace them by new ones between each single strand and

our Janus polymer, in thisway duplicating the number of hydrogen bonds.

5-A-T-G-C-G-T-3%
3-T-A-C-G-C-A-5 5

+ —_—
A Te [{Ce[{Ce[1Ce] | Te |- 3
Te||Ac] [Cc[Cc]|Cc]|Ae

Figure 3: Wedge of the Janus polymer into DNA. ¢ = complementary.
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5 APPENDIX

We decided to design the base-pair recognising part (the branches) by connecting the bases of
the two base-pairs in a way that the H-bond acceptors and donors face away from the center
of the new molecule (Fig.4). Since the bases have the possibility to stay in one plane some

additional p-stacking interactions can be expected.

| \
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¢ fx IO
DNA
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DNA
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H He-H T
~

N N N.
,0 HT DNA
He w7 \% Janus-PNA HH H </Nf§m’/ \gr
“w N
\ﬂ/ /\ /o\\;/\‘ N ﬁ/)
N SN 0 He LH”

Figure 4. H-bonds in the proposed tertiary structure.

Free rotation of the two bases and the backbone allows recognition of the respective base-pair
regardless if the purine base is placed in the encoding strand and the pyrimidine in the
complementary strand or the other way around (Fig.5). Since it recognises base-pairs and not
the single bases, just two different building blocks are enough to recognise a sequence (Fig.6).
In other words, the target sequence, which contains four characters, gets “trandated” into a

binary like code which just makes a difference if there are two or three H-bonds but does not
care about which base is on which strand.
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H </ |A/) 5 )
O\ X N N ';' N=\ N
H H T N—"
N7 N N N H X AN
H \ﬂ/ I A PNA
N o) Hy O NN

Figure5: Desired 180° rotations of bases and branch to recognise a TA-bp instead of an AT-bp with the same
Janus molecule.
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For this reason a coincidentally sequence of our Janus building blocks would not recognise

just one DNA sequence but 2™*

sequences (if n corresponds to the number of building blocks
and is diff. from one). Assuming that the human genom contains 5" 10° bp, according to
probability, a conventionally antigen agent must consist of 17 bases, in our case, 33 building
blocks are needed to find a single target in the genom. For this calculation, we assumed that
the probability for a specific sequence ( (1/4)" respectively (1/2)" ) multiplied by the number
of possible fragments with n bases in the genom (2" (5 10%)-n) has to be smaller than two.

Thiswill give us, the minimal probe length for a unique target.

5’ 3 5’ 3 5’ 3 5’ 3 5 3 5 3 5 3 5 3
T AT A T AT A ATA T ATA T C & G C & G G G C G G C
[ [ | [ [ [ [ [ [
cC &G G G C cC &G G G C T AT A ATAT T AT A ATA T
3 5 3 5 3 5 3 5 3 5 3 5 3 5 3 5

Figure 6: Sequence recognition for a Janus dimer. (n = 2) ® eight possible target sequences.

The Janus base branches are connected to a peptide backbone which is used quiet often in
PNA-Synthesis (Peptide Nucleic Acid)**. This PNA-backbone, in which the entire sugar-
phosphate backbone is replaced by an N-(2-aminoethyl)glycine-based polyamide structure
(Fig.7), was used first by the Danish group of Buchardt, Nielsen, Egholm and Berg'?*°. The
astonishing discovery that these PNAs bind with higher affinity to complementary nucleic
acids than their natural counterparts'® and that they obey the Watson-Crick base-pairing rules,
led to the rapid establishment of a new branch of research on diagnostic and therapeutic

applications' "2,
(0] o o
buLth

Figure 7: Structure of usual PNA. B = nucleobase.

The higher affinity in a PNA-DNA hybrid compared to the DNA-DNA duplex of the same
sequence is based on backbone-backbone interactions. In a pure DNA duplex both backbones
carry negative charges of the phosphodiesters and due to that repel each other. However a
PNA backbone contains amino groups which can be protonated, causing attraction of the
backbones in a PNA-DNA hybrid. We expect a similar effect in our DNA-PNA-DNA hybrid,
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where the positively charged PNA backbone is located sandwich like between the two
negatively charged DNA backbones.

Synthesis

Our synthetic propose considers experiences concerning the protection and activation of the
monomers made by E. Uhimann et al. in Hoechst AG™. The mono-methoxy-trityl protection

group in the N-terminus shows advantages in the automated PNA synthesis.
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H ° HOJK/NW = \oJ\ij
1l B 1
o
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\Ok/NHZ {43 \OJ\/ﬁNﬁ

Cl

Figure 8: Retro synthesis of the PNA backbone.

231



5 APPENDIX

By using a acid labile protection group (Mmt) in the N-terminus the choice to protect the
nucleobases is reduced to acid stable amid protection. It showed that it is advantageous to use

different protection groups to protect the amines of C, A and G.

Thymine Né4-(4-tert-Butylbenzoyl)cytosine
(6] [§]
NH,
A 1 = |7
(@] N NZ
" A Y
H
o N
-(4-Methoxybenzoyl)adenine Isobutano -(Isobutanoyl)guanine

NH O

Aot W g

Figure 9: Retrosynthesis of the protected bases.

In our proposed synthesis, we start with the protection of the nucleobases C, A and G to avoid
side reactions with their primary amines later on the synthesis. Uhlmann et al.> reached good
results with the following protection groups:. Cytosine was acylated with tert-butylbenzoyl
chloride in DMF in the presence of triethylamine. Originaly, they synthesized a benzoyl
protected cytosine monomer but changed because of its tendency to precipitate during PNA
synthesis to the more lipophilic tert-butylbenzoyl protecting group. Adenine was protected by
heating with anisoyl chloride in pyridine and, for guanine, the protection with isobutanoyl
chloride by heating in DMF in the presence of triethylamine turned out to be useful (Fig.10).

o
: HN
NT |
Ig[I_B Il’ bgnzgx Qh Q['dg -
O/J\N NEt3/ DMF, 6h, RT j‘\ |
NH, J\©\
HN
N S . .
¢ )N Pyridine, 3h, 100°C . N~ SN o)
N N/ ! e, 3n, 74
H

¢ IN/) |

NH O
(’ )\ NEt,/ DMF, 3h, 100°C < )\ )K(

Figure 10: Protection of the primary amino groups of the nucleobases Cytosine, Adenine and Guanine.
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We propose a separate synthesis of branches and backbone followed by coupling and finally
activation of the acid (Fig.11). In the first step of branch synthesis, the primary amine of
glycine methyl ester undergoes a chloromethylation upon treatment with paraformaldehyde
followed by SOCI,™. In a next step a one to one mixture of the corresponding protected
nucleobases will be activated with sodium hydride in DMF followed by reaction with the
dichloride at reflux temperature™. Hydrolysis of the methylester with hydrogenchloride and
1,4-dioxane in dichloromethane® followed by acetylation with DCC and pentafluorophenol in
DMPF® terminate branch synthesis.

Backbone synthesis starts by alkylation of ethylenediamine with ethyl bromoacetate in
dichloromethane®. In the next step, the primary amine will be protected with Mmt-Cl in
dichloromethane®.

Coupling of the branch and the Mmt protected backbone in the presence of triethyldiamine in
acetonitril® and subsequent saponification and conversion to tetra-n-buthylammonium salt

will lead up to the desired PNA monomers®.

,—B
/—N
H N | o B N/_ 8
o Formaldehyde J\/ prot Bases J\/WN HCl/1.4-dioxage B/_ DCC, Pentafluorophengl. O o
= CH,CI 1h 0°C, 4h, RT
° SOCI ﬁ 2h reflux 3 22 o
/ B OH F F
FF
OMe r’B
= N
o ¢
H,NCH,CH,NH Mmt-Cl/NEt H\/lk NEt,/MeCN
CH,CL, 0°CIORT  HN_ TH,Cl,, 0°C, I ppmgan ™~ N OMe 180, RT Bo 0
v
2 MmtHN "N OMe
NH, rs
4h, RT, n-Bu,;N*HSO,
MthN/\/ \/l\

Bu,N*

Figure 11: Synthesis of the protected Janus-PNA monomers for automated PNA synthesis. B = protected
nucleobases.
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Compared with automated DNA synthesis, where an oxidation step takes place in every cycle,
the PNA synthesis cycle consists just of three steps (Fig.12): Coupling, capping and
detritylation. The use of a base-labile aminohexylsuccinyl linker between the solid-support
and glycine allows the simultaneous cleavage of the desired PNA oligomer from the support

and deprotection of its nucleobases with concentrated aqueous ammonia.

HMBA—( :)
r AT {
o ¢
N B
OJ\ o]
o o MmtHN™ N o
N OH Bu,N*
H_[_N/\/ \)H?NW COUPLING .
H H
o HATU (PyBOP),
DIEA, DMF
r° -
N r N
B B
o o] o o)
N HMBA—( :) N\/U\ HMBA—(:)
HNTN H/\n/ MmtNH ™ ﬁ/\ﬂ/
o) (¢]
DETRITYLATION B
Cl,CCOOH, CH,Cl, j
N
Ac,0, Lutidine/THF + 1
N-methylimidazole/THF o O

Figure 12: Cycle used in automated PNA synthesis using Monomethoxytrityl-protected monomers.

The temporary protecting group Mmt can be cleaved under very mild conditions with 3%
trichloroacetic acid in dichloromethane and the coupling efficiency can be determined easily
by measurement of the coloured Mmt cations released. The coupling step takes part in DMF
by preactivation with HATU (O-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate) or  PyBOP  (Benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate) in the presence of DIEA. Capping, in an analogous manner to DNA
synthesis, can be done with acetic anhydride/lutidine/N-methylimidazole in THF.

Pure Janus PNA should be retrieved by purification of the cleaved and deprotected oligomer
with reversed phase HPLC.
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Characterisation

After confirmation of the expected mass of the purified Janus PNA, several melting
experiments can be done to characterise this new oligomers. In a melting experiment one
observes the change of absorbance, at a certain wavelength, as a function of the temperature.
Usualy, abig change is observed in the moment of denaturation - the breaking up of the base-
pairing - which is a highly cooperative process. By heating up a bufferd solution just
containing a Janus PNA strand we could get some important informations about dimerisation,
since the strands are complementary to each other. As a next experiment, melting of the PNA
with a DNA single strand would alow to compare the results with those from conventional
PNA-DNA hybrids. Since we expect higher stability in our complex, one should observe a
higher melting temperature by heating up a DNA duplex in the presence of the corresponding
PNA. To control the selectivity of our PNA, the same experiments would have to be done
with different not fully complementary sequences (mismatches, insertions and deletions). By
comparing the melting curves the thermodynamic parameters enthalpy and entropy can be
determined and the influence of electrolyte concentration on the melting temperature would
alow to calculate the number of ions used to stabilize the triplex. More difficult than
characterising the pairing properties could be the determination of the DNA-PNA-DNA
triplex structure. NMR studies and X-ray crystallography could solve this challenge.

Final Remarks

The project proposed above could revolutionize classical triplex research and our Janus PNA,
or a optimised version of it, might become a new important tool in gene diagnostics and
antigene therapy. We tried to combine the advantages of a PNA-backbone with the
recognition of both bases in a base-pair by our Janus molecules. The synthesis of the
monomers consists of twelve steps to receive the two monomers. Synthesis of the Janus PNA
monomers and first oligomers could be a project for a diploma in organic synthesis followed
by a post doc to do the characterisation. The entire project could also serve for a PhD-thesis.
The principle of Janus PNA does not necessarily depend on the building blocks we introduced
in this proposal, different backbones and linkers could be used. There is aso the possibility to
work with four different building blocks, for example by linking the branches with a double
bound to the backbone, which would not allow any further rotation. Moreover, different
combinations of nucleobases are conceivable, allowing recognition of mismatches.
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Figure 13: Views on H,N-AT-CG-AT-CG-OH Janus PNA tetramer from different perspectives.
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