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Summary

Summary

Since the double helical structure of DNA was proposed by Watson and Crick in 1953, scientists
have investigated the influence of chemical modification on the structural, biophysical and
biological properties of nucleic acids. A detailed understanding of the principles by which nucleic
acids interact with each other as well as with other molecules allows the design of strategies to
interfere with nucleic acid guided processes, such as replication, transcription or translation. The
identification of highly stable nucleic acids modification with excellent hybridisation properties
ultimately holds the promise of selective gene inhibition, if not for therapeutic applications then as
sophisticated tool for biological and medical research. Furthermore, recent advances in materials
research were enabled by the use of nucleic acids and their derivatives allowing the construction
of two- and three-dimensional constructs on the nanoscale level. While many modifications of
base, sugar, and/or the phosphate sub-units of nucleotides have been investigated the use of non-
hydrogen bonding building block in oligonucleotide is still sparse. Among those reported the
concept of metallo-DNA involves the metal-mediated formation of ‘base pairs’ on the one hand
and DNA containing metal binding receptors on the other hand. The goal of the present thesis is

the synthesis and investigation of metal-containing nucleic acids.

In the first part, we describe the design, synthesis and properties of hairpin-mimics, containing 4’-
phenyl-terpyridine, bipyridine and phenanthroline derived building blocks as replacements of the
natural nucleotidic loop. The effect of these ligands on the stability of the obtained hairpin mimics
was investigated by means of thermal denaturing experiments, which showed a substantial
increase in the stability, AT =+ 9°C and + 10°C for terpyridine modified hairpins compared to the
unmodified hairpins containing a dT4-loop or a dAs-loop, respectively. In contrast, a decrease in
the stability of 12°C and 10°C in the Tm (melting temperature) for the bipyridine and
phenanthroline derivatives, respectively, was found. Further investigations of the effect of metal
on the stability of the modified hairpins revealed no effect by transition metals in the case of
bipyridine and phenanthroline hairpin mimics. The stability of the terpyridine-derived hairpin was,
however, strongly influenced by metal-coordination. Thus, the Tm was found to be considerably
lower than in the absence of metal. Moreover, the melting temperature of the terpyridine metallo-
hairpin is dependent on the type of the coordinated metal, with Tm’s increasing in the order Co”"

2+ + + +
~Ni*" <zn?" <Cu*" <pd*".

IV



Summary

The second part of our work describes the effect of metal complex formation on the hybridisation
properties of oligonucleotides containing terminally linked metal ligands, i.e. 4’-ethoxy-
terpyridine,  6’-methyl-bipyridine, =~ 9-methyl-phenanthroline  and  2,9-bis-carboxamide-
phenanthroline. Spectroscopic investigation showed an increase (ATm = + 4°C to + 7°C) in
duplex stability compared to the unconjugated oligonucleotide references. On the other hand, all
ligand-containing duplexes showed a lower Tm than the fully complementary oligonucleotide
reference duplex. The investigation of the effect of metal in the duplex stabilisation shows no
influence by any of the metal investigated in case of the 4’-ethoxy-terpyridine and 2,9-bis-
carboxamide-phenanthroline conjugated oligonucleotide duplexes. The 6’-methyl-bipyridine and
9-methyl-phenanthroline conjugated duplexes, however, exhibit an increase of + 7°C and + 5°C,

respectively.
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Chapter 1: Introduction

Deoxyribonucleic acid (DNA) is the carrier of the hereditary information. It carries the
necessary instructions that organisms need to operate. DNA is composed — on the one hand — of
genes coding for the proteins and — on the other hand of regulatory regions which are responsible

for the controlling of gene expression.

1.1 Discovery of DNA

In 1868, Friedrich Miescher (1844-1895), a Swiss biologist, carried out the first carefully
thought-out chemical study on the nuclei of cells."! He isolated a phosphorus-containing
substance from the nuclei of pus cells obtained from discarded surgical bandages. Indeed this
material, which he called “nuclein”, was a nucleoprotein containing an acidic portion, which is
known today as deoxyribonucleic acid (DNA), and a basic protein moiety now recognized as
histones, a class of proteins responsible for the packaging of DNA. The first protein free material
was isolated by Richard Altman in 1889. It was not until the late 1940s that Erwin Chargaff and
his colleagues at Columbia University, while studying the base composition the base composition
from a variety of sources, found that the proportion of purines, adenine (A) and guanine (G) was
always equal to the proportion of pyrimidines, thymine (T) and cytosine (C)."*! In 1952, Lord
Todd showed that the primary structure of DNA is a linear polymer of deoxyribonucleosides
linked by means of 3’ to 5°- phosphodiester bonds.”! Each subunit comprises a sugar
(deoxyribose), phosphate and one of the four bases (A,G,T,C). From the X-ray diffraction studies
by Rosalind Franklin and Maurice Wilking at King’s College, it was deduced that DNA fibers
have two periodicities: a major one of 0.34 nm and a secondary one of 3.4 nm. Based on these
precedent results from various aspects of the chemistry and structure of DNA, the American
geneticist James Watson and the English physicist Francis Crick were then able to formulate their
now famous model for the structure of DNA (Figure 1)!*, consisting of two helical chains of DNA
coiled around the same axis to form a right-handed double helix in which the base adenine pairs
specifically with thymine and guanine with cytosine via hydrogen bonds. The individual base

pairs are stacked with a distance of 3.4A (Figure 2).
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Figure 1. J. Watson and F. Crick and the DNA model they built (left); Cartoon of the DNA double helix
model (right).

These discoveries were of great importance since they provided insight into the mechanism by
which genetic information is encoded in DNA and passed on from one generation to the next.
They have also proven to be the key to molecular biology and modern biotechnology.

For their work, Watson and Crick shared the 1962 Nobel Prize for Physiology and Medicine
with Maurice Wilkins. But one should also point out the work of other scientists. The Bernese
chemistry professor Rudolf Signer isolated DNA molecules that were used by Maurice Wilkins a
colleague of Rosalind Franklin to make the famous X-ray fiber diagrams that were crucial for the
discovery of the double helical structure of DNA.P!

In 1956 Khorana and co-workers achieved the first synthesis of a thymidine dimer.' Later,
they accomplished the stepwise synthesis of a whole gene.!”) The automated DNA synthesis was
developed by Caruthers™ and Késter,”"'" based on phosphoramidite chemistry. This method was
further improved and, by now, a huge variety of modified types of nucleic acids can be

synthesized in a fully automated way.

1.2 Structure of DNA

Chemically, deoxyribonucleic acid (DNA) is a polymer, made up of a linear array of subunits
called nucleotides. This repeating unit consists of a heterocyclic base, a pentose sugar, and a

phosphate residue. There are four major nucleobases: adenine (A), thymine (T), guanine (G), and
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cytosine (C, Figure 2). The purine (A, G) and pyrimidine (T, C) bases are joined to a pentose
sugar, from a ring nitrogen to the carbon C(1”) of the sugar. The phosphate ester of a nucleoside
allows the joining of the nucleoside units at O(3’) and O(5’) positions of the pentose. Finally, two
DNA single strands can form a duplex in which the bases of one strand pair with the bases of the

other strand through specific hydrogen bonds.

Figure 2. Watson-Crick base pairs, A-T and G-C.

Figure 3. Major and minor groove of B- DNA (left). Translocation movements of base-pairs relative to
the helix axis (right).
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Since A pairs with T and G with C, the number of purine (A, G) bases is equal to the number
of (C, T) pyrimidine bases in a DNA duplex. The DNA double helix exhibits a minor and a major
groove located on the opposite sides formed by the two sugar phosphate backbones of each strand.

These grooves differ in depth and width (Figure 3, left). In general, DNA can adopt three types of
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major conformations: the right handed form (A-DNA and B-DNA) and the left handed form (Z-
DNA). In the fully hydrated form, DNA duplexes will commonly exist in the B-form. A-DNA is
usually observed when DNA is dehydrated in vitro. Under high salt concentration, Z-DNA can be
formed in G/C alternating DNA sequences. B-DNA has 10 bases per turn with little tilting of the
bases to enhance the base stacking whereas the A-type helix has 11 bases per turn. In Z-DNA, the
purines are in a syn conformation while pyrimidines are in an anti conformation still maintaining
Watson-Crick base pairing. The major groove of B-DNA is wide and the minor groove is narrow,

in A-DNA the major groove is narrow and deep and the minor groove is broad and shallow. The

minor groove of Z-DNA is narrow and deep, but the major groove is shallow.

A difference between the A- and the B-duplex is also found in the sugar puckering mode (Figure

4). Tablel summarizes the typical geometrical differences between the three DNA conformers.

Figure 4. The sugar puckering modes.

P\O P\O
Q Base N S.QA Q Base
7.0A % N
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Table 1. Comparison of helical parameters.[“]

Entry A-DNA B-DNA Z-DNA
- Right- Right-
Helicity handed handed Left-handed
: , , C(2’)-endo in pyrimidine
Sugar puckering C(3’)-endo  C(2’)-endo and C(3")-endo in purine
Number of bases per turn 11 10 12
Distance between
neighbouring base-pairs (A) 2.9 3.3-34 37
Dislocation of base-pairs
from the axis (A) 4.5 -0.2t0-1.8 -2to -3
Tilt of bases (°) 20 -6 7
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1.3 Chemical Modifications of Nucleotides

Figure 5. Possible sites of modification in nucleotides.
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Chemically modified nucleotide building blocks have been of great importance for the
understanding of the mechanisms and stereochemical aspects of numerous biochemical reactions
and processes nucleic acids are involved in.!'*! Modified phosphate linkages can improve the cell
penetration or nuclease resistance and they can also change the charge of the phosphate linkage in
order to increase the stability of the DNA or RNA. The chemical modification of the sugar
backbone is interesting for the development of diagnostic probes and tools in molecular biology as
well as in antisense and antigene therapy.!"'*'”) Modified bases are used in order to extend the
genetic code, to study physical properties of natural bases, to analyze the interactions between
DNA/RNA and proteins, or to improve binding properties in diagnostic applications (e.g.
sequencing applications, DNA chips).

As modifications of the phosphate part, various linkages have been synthesized (e.g.
phosphorothioate,!'” phosphoramidate ester,"'”) hydroxamate.!'"® borane phosphate,'” amide,

(20211 alkyl phosphonate,’ and guanidine,”*”! Figure 6). Among them, only

methyl thiourea,
phosphorothioate and phosphodithioate modified DNA shown RNase H activity and display
increased biological stabily at the same time. The latter was found to inhibit the human

. . . .. 24
immunodeficiency virus activity.**!

Figure 6. Selected modified oligonuceotide internucleotidic linkages.
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The sugars are the structural parts of DNA or RNA which contain the chiral information.
Modification of the sugar backbone can therefore dramatically change the helical properties,
thermodynamic stability, and selectivity of base pairing. Many efforts have been devoted to sugar
modifications in order to map the structure/stability or structure/selectivity landscape of
oligonucleotides in complementary duplex formation.*>°

Major changes in the association behaviour of oligonucleotides arise, as expected, from
variation of the ribofuranose substructure in DNA and RNA. TNAP" and ANAP! (Figure 7) are
based on threofuranose and arabinofuranose, fully modified oligonucleotides derived from these
arabinoses can modify the minor groove width in duplex with RNA such that the modified duplex
is similar to that of the native DNA/RNA (~9.2 A). A 6-membered ring, as for instance in
homo-DNA,® HNA,”® and p-RNA,PY or a 4-membered ring, e.g. carbocyclic oxetanocine-
DNAP? and cyclobutane-DNA,”*! as well as ring deficient analogues, e.g. seco-DNA,P*
glycerol-DNAP* and GNAPY (Figure 7) and restricted conformation such as LNA (Locked

37-39] (Figure 8) are other types of sugar

Nucleic Acid), bicyclo-DNA or tricyclic nucleotides!
backbone modifications. It is known that the sugar puckering in a DNA single strand is

dynamically interchangeable between 2’-endo and 3’-endo.

Figure 7. Sugar backbone modified nucleotides with 6-, 5-, 4-membered ring, and acyclic sugar
backbone.
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Figure 8. Structure of LNA, bicyclo-DNA and tricyclo-DNA nucleotides.**4!
3 ; ;
3 0 0
o Base 0 o 0
B K B
g0 0 0
O0=P-0O" 0O=P—0O" O=P—0"
: :
LNA bicyclo-DNA tricyclo-DNA

The introduction of these conformationally pre-organized nucleotides into an oligonucleotide
has shown an increase in duplex stability due to the preorganization of the sugar puckering in a 3’-

endo conformation, which leads to an A-helix conformation in the duplex.!*>*"

The modifications of bases occur through altered hydrogen-bonding patterns (the main goal is
the discovery of new, selectively hybridizing pairs that might be replicated by polymerase
enzymes.!**** The first examples of base pairs with modified hydrogen bonding pattern have been
described by Benner et al.'**>° Many other group have worked in this subject, such as Yokoyama

51-54

et al;P"Y Seela et al® and Matsuda et al®® Hydrophobic bases can stabilize the DNA

57-63

duplexes by 7t-7 stacking of the aromatic rings.”"**! Surprisingly, they can still be replicable by

DNA-polymerases despite the lack of hydrogen bond complementarities.!***”! Such hydrophobic

1: : 68,69
bases have also been utilized as fluorescent probes or as universal base analogues.®%!

1.4 Interactions Stabilising DNA/RNA Structure

In all DNA duplex conformations, the helix is stabilized by two major interactions: The

hydrogen bonds and the stacking interactions between the nucleotide bases.

1.4.1 Hydrogen Bonds

Hydrogen bond is a type of attractive inter- or intramolecular force that exists between two
partial electric charges of opposite polarity. One part of the bond involves a hydrogen atom and

the other part, an electronegative heteroatom such as oxygen, nitrogen or fluorine. Although
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stronger than most other intermolecular forces, the typical hydrogen bond is much weaker than
both, the ionic and the covalent bonds. However, when many hydrogen bonds can form between
two molecules (or parts of the same molecule) the resulting associate can be quite stable.
Hydrogen bonds have an important role in the structure of nucleic acid. The so called watson-

[70

crick H-bonds, are responsible for the AT and G'C pairing in duplex.’” They also contribute in

the stabilisation of DNA triplex”""*! through hoogsteen and watson-crick H-bonds. Numerous

[73-79

experimental and theoretical works!”>”! have been devoted to the study and caracterisation of

nucleic acid hydrogen bonds.

guanosine cytidine adenosine thymidine

1. 4.2 =n- n Stacking Interactions

Tertiary structures of proteins, intercalation of drug into DNA and the vertical base to base
interactions (with the m-electron density above and below the planes of aromatic bases) which
stabilize double helical structure of DNA, are some examples of phenomena effected by m-n
stacking. Due to their framework of interactions, the m-m stacking is not always obvious to
understand or to predict like in the case of hydrogen bonds where the interaction is characterised
by an electrostatic point to point interaction. Among the various interactions that contribute to the
-1 stacking between the DNA base pairs, the following are the principals.**®" First, the Van der
Waals’ (VDW) interactions which is the sum of the dispersion and repulsion energies, vary as r°
(r = distance between the nuclear positions of the atoms). The second contribution is an
electrostatic interaction between partial atomic charges. Electronegative atoms like nitrogen
and oxygen polarize the electron density of heteroaromatic molecules such as nucleobases and so
these atoms and neighbouring atoms are associated with partial atomic charges. However, these
interactions vary as r' and so are relatively long range effects. The third contribution is an

electrostatic interaction between the charge distribution associated with the out-of-plane o-
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electron density. The nuclei of aromatic molecules have a characteristic charge distribution, with
a positively charged o-framework which is sandwiched between two regions of negatively-

charged o-electron density. These interactions vary as ™ and strongly depend on geometry.

However, they are also smaller in magnitude than the other electrostatic terms. The fourth
contribution is an electrostatic interaction between the charge distributions associated with
out-of plane c-electron density and the partial atomic charges. This term varies as roughly r*,
and so is quite sensitive to geometry. The last contribution is an interaction of aromatic residues
and solvent. It is also called solvation-driven force or hydrophobic effect, solvation effect,
desolvation, solvophobic force. The contribution of this interaction to the n-m stacking remains a
controversial debate.***" Diederich et al™" found a strong linear relationship between the free
enthalpy and the solvent polarity. The most polar solvent, water, was the best for apolar bonding.

788

In a different approach, Gellman et al.™® found no significant solvent-induced interactions.

1. 4.3 Metal Cation Interactions

Metal cations are an important factor for the structure of nucleic acids under physiological

conditions. Metal can occupy particular sites, reflecting conformational constraints’®**” and both

919 In the last decade, many techniques, such as

]

sequence and topological specificities.!
molecular dynamics, solution NMR, X-ray crystallography and, recently® capillary
electrophoresis have been applied to investigate nucleic acid-metal interaction. The
conformational stability (A, B, Z forms) and association equilibria of DNA double helix with
proteins and drugs were found to be assisted by the interactions with inorganic ions.” Therefore,
a variety of different metals were found to contribute to nucleic acid function and stabilisation,

specially mono- and divalent metal ions. Pylel””

reviewed the folding process of RNA, which
occurs in two stages. The first one is the formation of secondary structure, which is promoted by
monovalent counter-ions (particularly K). The second stage consists in the formation of the

tertiary structure, for which divalent ions such as Mg”" are strictly required (Figure 9).
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Figure 9. A simplified view of the complex folding pathway for RNA molecules, and the involvement of
metal ions.
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DNA and RNA building blocks offer a variety of sites for metal interaction. Some examples of

sites binding in RNA tertiary structure are shown in Figure 10.

Figure 10. A) Interaction between hydrated Mg®" and nucleobases through outer-sphere (water-
mediated) interactions. B) Types of inner-sphere (direct) interaction between Mg>" and
phosphoryl groups of the backbone (left) and base functionalities (right).!®!
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With its highly charged phosphate backbone, double helical DNA is engaged in strong
electrostatic interactions with metal ions resulting in diffuse binding (Figure 11); it also binds
metal ions in a more defined mode via nitrogen and oxygen atoms of the nucleobase. The first
example for the presence of alkali metal ion bound in the minor groove of the Dickerson-Drew

dodecamer (DDD) was provided by the structure of dodecamer crystallized in the presence of Rb"
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(Figure 12, right). This type of site specific metal binding”’*"

was used by J. Barton et
al " to propose the model of cis-platin interaction with DNA as shown in Figure 12 (left).
DNA can bind metals through intercalation of metal complexes between two base pairs. Jeremy S.
Lee and co-workers have demonstrated that divalent zinc, nickel and cobalt can intercalate in
DNA, upon addition of these metal ions to B-DNA at pH 8.5, by substitution of imino protons of

base pairs.!'*

Figure 11. Diffusely bound Mg”" (green spheres) and site-bound Mg”" (yellow spheres) on RNA.

Diffuse Binding

Figure 12. (left) proposed model for the interactions between cis-platin and DNA; (right) coordination of
Rb" at the central ApT step in the Dickerson-Drew dodecamer (DDD).
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d!"! that there is a sequence and a region (major and/or minor groove) specificity

It was observe
in the binding of mono- and divalent metal ions. Furthermore, the binding of ions seems to change
the local topology of the DNA. As a function of metal ion binding, the plasticity (narrower or
wider) of the groove shape and the bending of the DNA duplex was observed: As a result, DNA-
metal interactions lead to a significant increase in the heterogeneity of the DNA structure.

Metal cation interactions with nucleic acids have been found to have an impact on various
biological activities. Numerous catalytic nucleic acids require divalent metal ions for their

function. For example, Mg”" plays an important role not only in the folding, but also in the

catalytical activity of the hammerhead ribozyme!'**'* (see Figure 13).

Figure 13 : The structure of the hammerhead ribozyme in the crystal. The U4G5A6 turn is
highlighted, along with the C17A1.1 of the cleaved strand. The scissile bond is arrowed. Mg

ions are shown in this image as yellow spheres, bound to the scissile phosphate group and GS5.

In fact, Mg®" plays a direct role in the chemistry of phosphodiester cleavage, over and above their
established importance in ensuring folding into the required conformation, by participating in
general acid/base catalysis. Alternatively, either the attacking nucleophile or leaving groups could
be activated by direct coordination. Metal cation also stabilise the transition state electrostatically

(Scheme 1).
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Scheme 1. Cleavage mechanism of the hammerhead ribozyme.

1.5 New Classes of Modified DNAs which use Metal-Ligand Interaction: M-
DNAs

A novel way of engineering DNA molecules, which involves the attachment of metal
complexes to oligonucleotides, is actively investigated. Since the early work of P.B. Dervan et al.
in 1985!"%! where an EDTA ligand was covalently attached to an oligonucleotide for use in iron-
mediated cleavage, numerous metal-DNA hybrids have been developed for applications ranging
from nucleic acid cleavage!'’”'%! to DNA electron transfer studies!''®''?! Other metal-DNA

conjugates have been utilized as DNA hybridization probes and sensors.!''***!

1.5.1 DNA Metal-Base Pairing and Molecular Architecture

More recently, metal complexes have been investigated as scaffolds for metal-mediated DNA
base pairs. A tridentate planar pyridine-2, 6-dicarboxylate nucleobase (Dipic, Figure 14) and a
monodentate pyridine ligand (Py) as the complementary have been designed by Schultz et al.''®

They observed a similar level of stability with addition of Cu®" as in the case of an A-T base pair.
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[116

' Spy-

Figure 14. Examples of DNA bases which are replaced by ligands for metals (Py-Py, Dipic-Py,
118

117 119 [120,121])

Spy.!"'" Bpy-Bpy,!"'® phenylporphyrin, ! phenylenediamine
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phenylporphyrin phenylenediamine

The same group has designed another version of a metallo-base pair, the SPy-SPy base pair!'**!

which has of higher stability than a G-C pair in the presence of one equivalent of Ag'. The
hybridisation proceeds with high selectivity. Shionoya et al. have recently reported an Ag'
mediated py-py base pair (Figure 14).'*! Tor et al have introduced a 2, 2’-bipyridine (bpy)
nucleoside inside a DNA duplex. The Ty, of the bpy-bpy containing DNA was the same as the
corresponding natural oligonucleotides. Upon addition of 1.0 equiv. of Cu*" to the duplex, a
significant increase in the T, value was observed.!'”! More recently, Meggers et al.'*' have

published similar results using hydrophobic metallo-base pair, with a Cs-backbone (Figure 15).
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Figure 15. Design of a simplified completely artificial and metal-supported base pair in DNA.
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Taking advantage of metal binding nucleobases or base-pairing mediated by metal chelation,

Shionoya et al!"® have constructed double stranded DNA mimic with metals ions placed

throughout the helix axis (Figure 16).

Figure 16. An artificial DNA with copper-mediated base pairs directed toward self-assembled metal

arrays.'>*!

Cu2+

L
&
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Some molecules are assembled by means of metal complexes to direct molecular devices, self
assembly and supramolecular architectures. McLaughlin and co-workers have reported the design
of DNA-tethered ruthenium complexes that self-assemble into long arrays.!"*” Using a
bis(terpyridine)Fe(Il) complex conjugated to DNAs as building block to created modules, Hogyu
Han'"* reported the construction of DNA triangles (Figure 17). Sleiman et al.'* have reported a
cyclic transition metal mediated DNA nanostructure using ruthenium tris(bipyridine)-branched
oligonucleotides (Figure 18). This so called DNA-nanotechnology takes advantage of the

predictable self-assembly of complementary nucleic acids strands by Watson-Crick base pairing.

Figure 17. Terpyridine-DNA conjugates for two-way branched metal-organic modules.
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Figure 18. Self-assembly of cyclic metal-DNA nanostructures using ruthenium tris(bipyridine)-branched
oligonucleotide.

««/«6/

(Re) b)
“}'Q&\ K@Qj PIAC,
<o So @ O e
® %
Y L ,@@/ » '®



Introduction 17

1. 5.2 Artificial Nucleases

One way for the cell to govern protein synthesis is to control the lifetime of mRNA. Antisense
methods used in antiviral chemotherapy utilise a similar, gene-specific deactivation or destruction
of mRNA to inhibit the synthesis of harmful proteins. This biomimetic hydrolysis of RNA (and
also of DNA) is therefore an area of intense research interest. Artificial metallonucleases were
found to be one of the best candidates for this therapeutic approach due to their ability to cleave

nucleic acids efficiently and with high levels of selectivity as illustrated in Scheme 2.

Duplex Cleavage of
Formation RNA Target
_— —>

Artificial
Ribonuclease

RNA Target

G = RNA Cleaving Moiety

Scheme 2. Illustration of metal mediated cleavage of a target nucleic acid.!*"

Thus many transition and lanthanide metal complexes conjugated to nucleic acid were designed
to achieve targeted recognition and cleavage. Some selected examples of metal complex that were

used over the last 20 years for DNA and/or RNA cleavage are shown (Figures 19 and 20).
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Figure 19. Selected artificial chemical ribonucleases.!*

xl




Introduction 19

Figure 20. Selected artificial chemical ribonucleases used for the specific cleavage of RNA.!"

0|i90'(L)‘CONH\/\NH/\/NH2 oligo-(L)-NH \/\4\NH oligo-(L)—Lys — His — NH2
N/
17 18 19
Komiyama et al., 1993 Hovinen et al., 1995 Reynolds et al., 1996

Komiyama et Inokawa, 1994

NH

'y
/—CONH/\/C N
\—CONH N

RS

20

oIigo-(L)—NH\/\/CON

Vlassov et al., 1997
oligo-(L)-S

oligo-(L)-HN

Bashkin et al., 1994

oligo-(L) .Lu 23 24

22 Magda et al., 1994 Hall et al., 1994 and 1997
Héner et al., 1996

Komiyama et al., 1993 )
Matsumura et al., 1994 (L) = linker group

It has been shown that several factors, such as metal ion, type of linker, site of attachment and
ligand influence the cleavage efficiency of the nuclease. Moreover, having first shown that bulged
ribonucleotides were susceptible to transesterification by lanthanide complexes, Héiner et al.'*”
demonstrated that oligonucleotide conjugates not only give efficient cleavage at the bulge but may
even outplay cleavage in single-stranded regions (see Figure 21). This new design offers the

possibility of catalytic turnover: since the final complex between the nuclease and the RNA

fragment after the reaction is sufficiently destabilised, rapid release of the nuclease is enabled.
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Figure 21. Illustration of sites of cleavage (arrows) by different Eu-macrocyclic conjugates.

[131]

cieavage at the
bulge

Ahmed Zaid et al* have developed a

cleavage in the
single strand region

class of 1,10-phenanthroline-based intercalating

compounds that are capable of recognising and binding triple-helical structure of DNA and

subsequently damage double-stranded DNA specifically at the triplex site. They reported that, the

radical species generated in the copper(Il)-phenanthroline reaction is not diffusible and therefore

target only the sugars located in the immediate vicinity of the DNA or RNA binding site, in

contrast to those involve in other promoted cleavage of nucleic acid such as EDTA<Fe (see Figure

22).

Figure 22. Phenanthroline- and EDTA-benzoquinoxaline promoted nucleic acid cleavage.
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1.5.3 Oligonucleotide-Metal Conjugates for DNA Probing

Lanthanides and other transition metals (i.e., Zn, Fe, Cu, Co, Ni) have the ability to bind to bi- or
multidentate organic molecules with multiple amino or imino groups. During the last 20 years,
many efforts have been devoted to the design and study of new metal-ligands complexes, and
there have been numerous reviews reporting the chemistry and the properties of these

(1331391 In particular polypyridines, such as terpyridine, phenanthroline, bipyrimidine,

complexes.
bipyrazine and bipyridine were used to form stable chelato-compounds. The variety of
polypyridine ligands combined with the variety of transition metals and lanthanides gives rise to a
large number of complexes and thus to very rich photochemical and photophysical properties.
Researches have taken advantage of these properties, to develop many applications in the domain
of material science, analytical chemistry or biological analysis. In the latter, they can be used as
sensing transductors for some chemical and biological phenomena. The conjugation of ligands to
biomolecules, in particular to DNA in order to form DNA-metal complexes, is typically done by

[140.141) 51 by attaching

covalent attachment of the ligand to either the termini of the probe sequence
the ligand to a nucleobase or sugar residue. In the first case, which is most common, the ligand is
transformed to a phosphoramidite for coupling to the 5’-terminus. A suitable linker can also be
attached to the oligonucleotide sequence during the automated synthesis and, finally, the ligand
can be introduced post-synthetically. If the metal-binding ligand is linked to a nucleobase residue

(often the thymine),[‘42>143]

this allows the incorporation of the metal-ligand at internal sites of the
probe sequence. Introduction of the metal can be principally achieved by two ways. In the
prefunctionalisation method, the metal is first complexed to the desired ligand and the preformed
metal complex is coupled to the DNA sequence during the automated synthesis. Alternatively, the
metal can be complexed to the tethered ligand by post-functionalisation, i.e. addition of the metal
to the oligonucleotide-ligand conjugate.

144 reported

Utilising the prefunctionalisation method for metal complexation, McLaughlin et al.!
the preparation of DNA duplexes and triplexes containing tris-2,2’-bipyridine Ru(II) complexes

that exhibit fluorescence properties (Figure 23).
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Figure 23. Illustration of a DNA duplex containing a tethered tris-(2,2[prime]-bipyridine) Ru(Il) complex.

T T @R T T...
LA A

Balasubramanian et al. demonstrated enhanced binding of oligonucleotides to form DNA
duplexes mediated by metal chelating iminodiacetic acid moiety.!"*! Recently, Andriy Mokhir and

14
co-workers! 4!

reported a DNA sequence detection by means of DNA-templated hydrolysis,
catalyzed by Cu>" complex of a catalyst PNA (Figure 24). Wengel et al. have shown a high-
affinity DNA target, using bipyridylmethyl-functionalized LNA in the presence of divalent metal

ions. 147

Figure 24. DNA-templated ester hydrolysis catalyzed by the Cu®" complex of S-linker-PNA, PNA-LCu.

Template
DNA

Olinker-PNA

’ PNALCu

More recently, Kramer et al."** described a terpyridine modified single-stranded DNA that forms
circle from a linear precursor by Fe*" or Zn®" assisted ring closure (Figure 25), showing an

allosteric control of oligonucleotide hybridisation by metal-induced cyclisation.

Figure 25. Cyclization and control of hybridization of bis(tpy) modified DNA by Zn*".
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1. 6 Aim of the Work

Our work aimed at the design and synthesis of secondary structural DNA-mimics. We wanted to
investigate the possibility of constructing metal-binding DNA analogs, in which the ability of the
DNA part to bind specifically to a complementary sequence is still preserved. A new functionality
should be introduced by metal coordination through appropriate ligands. The first part of the work
was devoted to the synthesis and investigation of metal coordinating DNA hairpin mimics. 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. 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. By enabling the proper folding, the
hairpin contributes to the many functional properties of RNA. The hairpin motif is also found in
DNA, though to a much lesser extent due to the intrinsically double stranded nature of DNA. The

(1501511 and cruciform structures!'>?!

requirements for the formation of DNA hairpins in palindromic
DNA sequences have been investigated in detail and the involvement of such structures in the
regulation of gene expression has been discussed.!'>>">* Furthermore, the hairpin loop also acts as

[155-157

a site of specific metal coordination. I The central role of the hairpin as a structural and

functional element has stimulated the design and synthesis of chemically modified hairpin analogs.

Figure 26. Some examples of chemically modified hairpin loops.
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Thus, the hairpin loop has been replaced with flexible oligo ethylene glycol linkers in
DNA!"® and RNA!*19 a5 well as with more rigid aromatic (Figure 26) derivatives.!'®'"'*"
Furthermore, metal-bridged hairpins have been prepared and investigated for their structural and
spectroscopic properties. Lewis et al.'Y reported on Ru(Il)-bridged DNA hairpins and, also,
Czlapinski and Sheppard described the synthesis of nickel and manganese metallo-salen derived
DNA hairpins. To carry out this project, the incorporation of terpyridine, phenanthroline and
bipyridine building blocks (see Figure 27) in self complementary oligonucleotides had to be

accomplished.

Figure 27. Polypyridine ligands used in this study.

/7 N/ \
—  \=
n
OPAM DMTG OPAM DMTO
OPAM DMTO 112t n=2
4 11b: n=3 17

The second part was aimed at the study of metal complex-assisted duplex formation. For this
purpose, several types of polypyridine ligand (terpyridine, bipyridine and phenanthroline, shown
in Figure 28) were terminally linked to oligonucleotides. The effect of metal complex formation
on the hybridisation of the oligonucleotides was evaluated by thermal denaturation and UV

spectroscopy.
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Figure 28. Phosphoramitides used in this project.
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Chapter 2: Metal-Coordinating Hairpin Mimics

The importance of metal ions on the structure and function of nucleic acids is well documented.!”
1 In addition to serving as a structural scaffold, ligand based loop replacements offer the
possibility of metal-coordination. In this light, metal-coordinating hairpins are of particular
interest. In our work, we aimed to design and investigate the properties of ligand based metal-

coordinating hairpin mimics (Figure 1), using terpyridine, phenanthroline and bipyridine scaffolds.

Figure 1. Schematic representation of terpyridine hairpin mimic.
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2.1 Synthesis of the Terpyridine Phosphoramidite Building Block

The synthesis of the required terpyridine phosphoramidite building block is shown in Scheme 1.
The  synthesis of 6,6 '-dibromo-4"-phenyl-2,2":6",2" -terpyridine (1) was  already

431Compound 1 was further transformed into the symmetrical diol 2 by treatment with an

known.
excess of 3-amino-1-propanol. Mono-protection with 4,4’ -dimethoxytrityl chloride (— 3) followed
by phosphitylation with cyanoethyl-bis-(N, N-diisopropylamino)phosphine in the presence of N,N-

diisopropylammonium tetrazolide yielded the desired terpyridine building block 4.

0]

e

I 4
N

Scheme 1. (a) KOH, H,O/MeOH, r.t, 2 h, 90%; (b) AcOH/NH,OAc, reflux, 2 h, 89%; (¢) 3-amino-1-
propanol, reflux, 90 min, 93%; (d) DMT-CI, dry pyridine, overnight, 41% ; (e) diisopropyammonium
tetrazolide, dry CH,Cl,, r.t, 84%.
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2.2 Synthesis of the Phenanthroline Phosphoramidite Building Blocks

The synthesis of the required phenanthroline building blocks is shown in Scheme 2. Thus,
neocuproine was oxidised using selenium dioxide to give [1,10]phenanthroline-2,9-dicarbaldehyde
(5), which was further transformed by treatment with nitric acid into [1,10]phenanthroline-2,9-

dicarboxylic acid (6). The latter was converted into the dimethyl ester 7 using standard
[6,7]

conditions.

PAMO ODMT
n=2:11a; 88% n=2:10a; 44% 23 0b. o
n=3:11b; 94% n=3:10b; 36% n=3:9b; 93%

Scheme 2. (a) SeO,, dioxane/ water (4%), reflux, 2 h, 91%; (b) HNOs, reflux, 3 h, 81%:; (¢) dry HCI (gas),
MeOH, reflux, 3 h, 37%; (d) N-chlorosuccinimide, 3-chloroperbenzoic acid, tetrachloromethane, reflux, 12
h, 98%; (e, f) H,SO,4, 90°C, 2 h, MeOH, reflux, 1 h, 84%; (g) 3-aminopropanol, reflux, 1 h. (h) 4,4’-
dimethoxytrityl chloride, pyridine, r.t, overnight. (i) (iPr,N),P(OCH,CH,CN), N,N-diisopropylammonium
1H-tetrazolide, CH,Cl,, r.t, 1h30min.

Alternatively, 7 could be synthesized through the intermediated 8, obtained by treatment of
neocuproine with N-chlorosuccinimide and 3-chloroperbenzoic acid in a radical reaction.
Compound 8 was converted to 7 by hydrolysis, followed by esterification. This second method is
the most relevanted due to the better overall yield compared to the first pathway.

[1,10]phenanthroline-2,9-dicarboxylic acid bis-hydroxymethyl-amide (9a) and its bis-hydroxyethyl
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analog (9b) were obtained by reaction of 7 with 3-aminoethanol and 2-aminopropanol,
respectively. Reaction of 9a and 9b with 4,4’-dimethoxytrityl chloride gave the corresponding
mono-protected compounds 10a and 10b which were then transformed into the desired
phenanthroline phosphoramidites 11a and 11b, respectively. Phosphitylation was realised by
treatment  with  cyanoethyl-bis-(N,N-diisopropylamino)phosphine in the presence of

diisopropylammonium tetrazolide.

2.3 Synthesis of the Bipyridine Phosphoramidite Building Block

Following the known synthesis of bipyridine derivatives,™ 6,6’-bis(hydroxymethyl)-[2,2°]-
bipyridine (15) was prepared. First, bipyridine was bis-methylated to give compound 12, which was
oxidised with chloroperbenzoic acid as OH" donor to afford the bipyridine dioxide 13. Compound
13 was then converted to the di-ester 14. Compound 15 was obtained by transesterification of 14
with methanol. Mono-protected compound 16 was obtained after reaction of 15 with 4,4’-
dimethoxytrityl chloride. Phosphitylation with cyanoethyl-bis-(N,N-diisopropylamino)phosphine

transformed 16 to the corresponding phosphoramidite 17.

a b /7 N\_/ \
/_\ /_\ o /_\ /_\ — > /NN _° VAR
N N N N =N+ +N=
00 0 o
12 13 O=< 14 ):O
d
/7 \_/ \ / N\_/ \
=N N= —N N=
f e N/
Q o) O\E/OV\C§N<— O HO <=— =N N=
O OH HO
LT p)S"
— G —0
17 16 15

Scheme 3. (a) MeLi at -78°C for 1 h, reflux for 3 h, MnO,, 4 h, 78%; (b) m-chloroperbenzoic acid, r.t, 1 h,
90% ; (¢) acetic anhydride, reflux for 15 min, 71% ; (d) ethanol, K,COs;, r.t, 24 h, 85%; (e) 4,4’-
dimethoxytrityl chloride, pyridine, r.t, 24 h, 46% ; (f) (iPr,N),P(OCH,CH,CN), N,N-diisopropylammonium
1H-tetrazolide, CH,Cl,, r.t, 1 h, 92%.
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2.4 Synthesis of Ligand-Modified Oligonucleotides

Phosphoramidites 4, 11a, 11b and 17 were subsequently incorporated into the modified, self-
complementary oligonucleotide 21, 22, 23, 24 (Scheme 4) by automated solid phase synthesis. To
ensure a high coupling efficiency of the terpyridine building block, a coupling time of 30 min. was
used for the respective cycle. The final deprotection was performed with conc. aqueous ammonia
for 40 hours at r.t. For the control oligonucleotides, the standard procedure was used, i.e. a coupling

time of 90 sec and deprotection by conc. aqueous ammonia at 55°C overnight.

Ph
| X

| N N/ I A — —

N NNZ \ /) S /

HN NH N N

\ / \ /

(CHy)3  (H,C)4 (CHz)2  (H,C), 0 o]
\ / \ / \ /
c—G c—G cC—G
G—cC G—cC 6 ¢
T—A T——A T——A
T——A T——A T——A
A—T A—T A—T
A—T A—T A—T
c——G c—G cC—G
G—cC G—cC ¢
5' 3 5' 3 5' 3 5' 3

21 22 23 24
A A T T
A A T T 3
c—G c—G C
G——=cC G——=C G
T——A T——A T
T——A T——A T
A—T A—T A
A—T A—T A
cC——G cC——G C
G——=C G——C G
5' 3 5' 3 5'
18 19 20

Scheme 4. Schematic representation of oligonucleotides used in this work.
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2.5 Purification of Oligonucleotides

Except for the terpyridine modified oligonucleotide 21, oligonucleotides were purified by RP-
HPLC or IE-HPLC. Purification of 21 involved 20% polyacrylamide gel electrophoresis under
denaturing conditions. In principle, separation of nucleic acids is possible by electrophoresis on the
basis of their difference in electric charge, size, shape and other physical properties. Therefore it
represents a powerful metod for the purification of modified oligonucleotides — despite its relatively
large labor ions effort.

The gel revealed two bands (Figure 2) under UV light (254 nm) which were excised and recovered
by electro-elution. Mass spectrometry before and after purification, confirmed the separation of 21
from the failed sequence (Figure 3). The peaks at 5420.75 and 5461.50 observed in the MS
spectrum after purification were attributed to the coordination of Na' or some transition metal such

as cobalt, nickel or copper to the terpyridine moiety and/or the phosphate backbone.

Figure 2. Oligonucleotide 21 purification by 20% polyacrylamide gel electrophoresis under denaturing

conditions.

«— 21

<+— failed sequence
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Figure 3. Mass spectra before (top) and after (bottom) 20% PAGE purification.
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Prior to further experimental investigation, phenanthroline-, bipyridine- and terpyridine-modified
oligomers 21, 22, 23, 24 were treated with a metal-binding solid support (Chelex®)P'” to ensure
complete removal of potentially present trace metals (see Experimental Section).
Oligodeoxynucleotides 18 and 19 served as reference oligomers, containing an identical stem

sequence and either a dAy- or a dT4-loop (Scheme 4 and Table I). The self-complementary



42 Metal-Coordinating Hairpin Mimics

oligonucleotide 20 served as a control oligonucleotide for an interstrand duplex. These unmodified
oligonucleotides were also treated with metal-binding solid support to ensure identical conditions

for the later analyses.

Table 1. Oligonucleotides used in this study.

Found mass Calculated mass

Oligomers Sequences (g/mol) (g/mol)
20 3’-CGAATTCG-S’ 2409 2409
18 3’-CGAATTCGAAAACGAATTCG-5’ 6133 6133
19 3’-CGAATTCGTTTTCGAATTCG-5’ 6098 6098
21 3’-CGAATTCG-4-CGAATTCG-5’ 5399 5400
22 3’-CGAATTCG-11a-CGAATTCG-5’ 5297 5298
23 3’-CGAATTCG-11b-CGAATTCG-5’ 5325 5326

24 3’-CGAATTCG-17-CGAATTCG-5’ 5158 5160
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2.6 Thermal Stabilities of the Terpyridine-Modified Hairpin

Nucleic acids absorb UV light in a range of wavelength between 240-280 nm with a maximum
(Amax) around 260 nm. This absorption is effected by the nucleobases and its intensity is a function
of different components such as the base composition, the state of base-pairing interactions, pH
and the salt concentration. The hyperchromicity, which is defined as an increase in the optical
density of a solution, occurs when the double-stranded nucleic acids denature into single-stranded
molecules. This, thermal denaturing process can, therefore, be monitored by measuring the
absorbance at 260nm. The melting temperature (Tm) calculated from the curve serves as a readout
for the structure stability of the hybrid.

We first investigated the influence of the terpyridine, phenanthroline and bipyridine building blocks
on the stability of the hairpin-like structures. Thermal denaturation experiments were carried out at a
100 mM NaCl concentration, pH 7.5 and a 1.5 uM concentration of the self-complementary

oligomers. Figure 4 shows the thermal denaturing curves obtained with the different oligomers.

Figure 4. Thermal denaturation experiments for analysis of the influence of the different loop replacements

on the stability of the hairpin mimics.

21
18
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22

>+ XSO0

Hyperchromicity (%)

Temperature (°C)
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All hairpin-forming oligomers (18, 19, 21-23) show transitions at considerably higher temperature
than the analogous duplex composed of two non-linked self-complementary strands of 20 (7able 2).
This finding is consistent with the literature.'"! The calculated Tm’s!'"® of oligomers 18-20

correspond rather well with the experimentally determined values.

Table 2. Tm’s values of the modified and unmodified hairpin; conditions: 1.5uM oligonucleotides; 100mM
NaCl; 10mM NaH,PO,; pH 7.5.

Oligomer loop Tm (°C) Tm calculated (°C)
18 Ay 73.6 64.8
19 T4 74.6 70.1
20 - 29.0 27.5
21 terpyridine 83.6 -
22 phenanthroline 64 -
23 phenanthroline 63 -
24 bipyridine 62.1 -

The terpyridine-modified hairpin (21) shows a Tm (83.6°C), which is approximately 10°C higher
than the Tm’s of the corresponding dA4- and dTs-hairpins (18 and 19, respectively). On the
opposite, phenanthroline-modified hairpin (22, 23) and bipyridine-modified hairpin (24) show lower
Tm’s (64, 63 and 62.1°C, respectively) compared to the corresponding dA4- or dTs-hairpins in the

absence of polyvalent cations.
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2.7 Effect of Divalent Transition Metals on the Stabilities of the Hairpin
Mimics

The ability of terpyridine, phenanthroline and bipyridine to coordinate transition metals is well
documented in the literature..'*'"! Thus, the influence of different metals on the stability of the
modified hairpin 21, 22, 23, 24 was investigated. First experiments involved the used of Zn*". To
ensure complete saturation of the terpyridine, five equivalents of the respective metals were used
throughout the studies, although the use of one equivalent of metal resulted in almost the same

effect (see Figure 5).

Figure 5. Influence different concentrations of Zn>* on the Tm of the terpyridine-modified hairpin 21.

Metal concentration as indicated (in equivalents relative to oligonucleotide).
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In the following, the influence of several other metals was determined. All curves showed a highly

cooperative melting behaviour (Figure 6) in the presence of the transition metals.



46 Metal-Coordinating Hairpin Mimics

Figure 6. Influence of transition metals on the Tm of the terpyridine-modified hairpin 21; metal

concentration: 5 equivalents relative to the oligonucleotide.
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The thermal denaturation experiments showed that Zn2+, C02+, Ni2+, Cu’" and Pd*" had a
pronounced influence on the melting curves of the terpyridine-modified hairpin. No effect was
observed with La>" or Eu®"; P*" had only a marginal effect. These metals were therefore not further
investigated. Moreover, no effect was observed with phenanthroline- and bipyridine-modified
hairpins upon addition of metals. An explanation for the absence of metal-influence may be the fact
that terpyridine undergoes a conformational change to allow metal coordination. For the
phenanthroline, this is not necessary. Therefore, no change in Tm is observed. The same
explanation, however, does not hold for the bipyridine for which metal coordination would also be

expected to involve a conformational change.

Table 3 summarises the data of terpyridine-modified hairpin 21. Tm values varied from 58°C to

64.3°C in the presence of Zn>*, Co*", Ni*" and Cu®". For Pd*", a value of 70.8°C was observed.
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Table 3. Tm values of the terpyridine-modified hairpin 21 in the presence of various transition metals.

Metal - Zn* Co*" Ni** Cu* Pd**
Tm (°C) 83.6 61.0 58.0 58.5 64.3 70.8
ATm (°C) - -22.6 -25.6 -25.1 -19.3 -12.8

The Tm value of the control hairpin 19, containing a T4-nucleotide loop, was not influenced by any
of the investigated metals within the concentration range used in these experiments as shown in
Figure 7. This shows that the presence of divalent cations in this concentration rage has no general

effect on the stability of the secondary structure.

Figure 7. Tm’s of hairpin 19 in the presence of 5 equivalents of different metals (Co*", Ni*", Cu*", Zn*",

Pd*", Pt*") Conditions: 1.5uM oligonucleotides; 100mM NaCl; 10mM NaH,PO,; pH 7.5.

Hyperchromicity (%)

Temperature (°C)
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Table 4. Tm values of the 4T-loop hairpin 19 in the presence of various transition metals.

Metal - Zn* Co*" Ni?* Cu*’ Pd** Pt*"
Tm (°C) 74.6 74.6 74 .4 74.8 74.8 74 74
ATm (°C) - 0 -0.2 +0.2 +0.2 -0.6 -0.6

2.8 Reversibility of Metal-Coordination by the Terpyridine Hairpin Mimic

EDTA, structure shown below, is a chelating agent that has the ability to complex metal ions.!"™'* It

is largely used in biology as metal ions scavenger of culture medium and in food industry as
sequestering agent to remove metal contamination added during processing or as food additive.
EDTA has been also used in the treatment of heavy metal poisoning. The formation constants for

most metals and especially for transition metal are very large and therefore the reaction/equilibria

are shifted to the COmp]eX.[Z()Jl]
QO
A\
c—OH
/
HQC\ o
HO : N—C H2 CHQ—C
\C—CH H\C—N’-’ N
V4 S N
© CH,
HO—-C/
W
@]
EDTA

Experiments involving several cycles of metal addition followed by addition of EDTA illustrated
that the observed effect of the metals on the Tm was reversible. Thus, addition of an excess of
EDTA to the Zn*"- or Ni*'-containing sample of hairpin 21 completely restored the original Tm
value of 83.5+0.5°C (Scheme 5).
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(

+ EDTA

Tm = 83.5°C Tm = 61.0°C (Zn*")

Tm = 58.6°C (Ni*")

Scheme 5. Illustration of the reversibility of the metal effect on terpyridine-modified hairpin.

Alternative rounds of Zn*" (Table 5) or Ni*" (Table 6) and EDTA additions resulted in Tm values

alternating between the two values of the free and the metal-loaded hairpin mimic.

Table 5. Tm-values of hairpin mimic 21 upon alternating, successive additions of Zn>" and EDTA,

respectively.
Zn*" / EDTA Tm (°C)
21 82.3
21 + Seq 61.0
21 + 5eq Zn*" + 10eq EDTA 82.3
21 + 5eq Zn*" + 10eq EDTA + 10eq Zn*" 65.5
21+ 5eq Zn*" + 10eq EDTA + 10eq Zn>*+ 10eq EDTA 82.2
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Table 6. Tm-values of hairpin mimic 21 upon alternating, successive additions of Ni*" and EDTA,

respectively.
Ni** / EDTA Tm (°C)
21 83.8
21 + 5eq Ni*™ 58.6
21 + 5eq Ni*" + 10eq EDTA 83.2
21 + 5eq Ni*" + 10eq EDTA + 10eq Ni** 58.6

2.9 Structural Model of the Terpyridine-Derived Metallo-Hairpin

2.9.1 Circular Dichroism Measurement

In general, circular dichroism measurement is performed in order to investigate the conformation of
macromolecules. It is based on the difference in absorbance of the right and left circular polarized
light as result of the chirality of the molecule that is investigated.[***"]

Circular dichroism spectra were recorded of the terpyridine hairpin mimic in the absence and
presence of metal at 10°C, 40°C and 90°C. As shown in Figure 8, the recorded CD curves at 10°C,

were in full agreement with a typical B-form DNA.[#**"]

Figure 8. CD spectra of the unmodified oligonucleotides and terpyridine-modified hairpin. Conditions:

1.5uM oligonucleotides; 100mM NaCl; 10mM NaH,POy; pH 7.5.
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2.9.2 Investigation on the Secondary Structure of the Modified Hairpin

Since the stem of the hairpin is composed of two identical and complementary sequences, the latter
in solution can theoretically interact with each other in a monomolecular manner to adopt the
hairpin conformation or, alternatively, in a bimolecular or polymeric manner to form a dimer or a

polymer as represented in Scheme 6.

—>

b)
a)

==

d)

Scheme 6. Possible structures that may be adopted by the hairpin sequence.

To ensure that the process investigated was indeed a monomolecular process, i.e. hairpin formation,
it was necessary to verify that the Tm was not dependent on the concentration of the oligomer. The

reason for the concentration independence of hairpin stability is briefly outlined in the following.

In the case of monomolecular process, the following type of equilibrium is considered:

(1) A A
If T=Tm : [A]:[A']=%C

_ AT

and : K(Tm)= —— =1
[A]
[AS?] [R]

According to Van't Hoff : ! = + - InK(Tm)

[Tm]  [AH®]  [AHC]
: 1 [AS°] o
Since InK(Tm) = Inl : —— = ——> concentration independent

[Tm] [AH?]
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In the case of bimolecular structure, the following type of equilibrium is considered:

(2) A, 2A
1
If T<<Tm : [AZ]:TC
1
If T=Tm : [AZ]:TC
and [A]= —
2
I
[AF 2 ©
K(Tm) = = =C
[Aq] 1
4
[AS°] [R]
According to Van't Hoff : L + - InK(Tm)
[Tm]  [AH°]  [AH®]
: 1 [AS°] [R] :
Since InK(Tm) = InC : = + .InC " ——> concentration dependent

[Tm]  [AH®]  [AH°]

So, if the plot of 1/Tm against In(C), gives a horizontal curve this indicates that we have a

monomolecular process (hairpin structure) since 1/Tm in this case is not a function of the

concentration as demonstrated in equation (1). In the other hand, if the Tm changes as a function of

oligonucleotide concentration, we have a bimolecular or polymeric interaction.

As can be seen from (Figure 9), the Tm values obtained for different concentration of hairpin mimic

21 — both in the presence and absence of metals — was absolutely constant. The concentration of the

oligonucleotides was varied over a range from 0.5 to 5 pM. It can be unambiguously concluded,

therefore, that the process observed is the formation of the hairpin structure.
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Figure 9. Concentration dependence of Tm of terpyridine-modified hairpin 21 in the absence of metal (left)
and presence of Ni*" (right); conditions: 0.5-5uM oligonucleotides; 7.5uM Ni*"; 100mM NaCl; 10mM
NaH,PO,4, pH 7.5.

0.0035
0.0034 |- o o o o e -
: s s s s R e R e e S :
0.003 [ fre fr e e e = : : : : :
< «
X \g H : ! : :
= 0.003 [ TS s SRS e T -
1S - ; ; ; ; ;
= =
0.0025 [ e e —— — — - s s s s s
: : : : i 0.0028 |~ oo oo oo oo oo -
0.0026 - P e e e e -
0.002 i i i i i i i i i i
-15 -14.5 -14 -13.5 -13 -12.5 -12 -15 -14.5 -14 -13.5 -13 -125 -12
-1 1
Ln C_(mol.L™) Ln C, (mol.L™)

2.9.3 Model of the Metal-Coordinating Hairpin Mimic

It has been shown previously that self-complementary oligonucleotides connected through aromatic
linkers form stable, hairpin-like structures. These linkers include naphtalene, diphenylacetylene, cis-

and trans-stilbene!**28

], phenanthrene!®’ and lithocholic acid derivatives®® The unusual thermal
stability of these hairpin analogs is due to favourable stacking effects between the aromatic groups
and the adjacent DNA base pair. A model of the terpyridine-containing hairpin 21 is shown in
Figure 10. The conformation represents a local minimum structure obtained with Hyperchem
starting from B-form DNA using the amber force field. This model suggests, as with the above-

mentioned non-natural linkers, a stacking interaction between the terpyridine and the top base pair
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of the duplex stem. The terpyridine linker adopts a trans/cis conformation,”") which does not
correspond to the preferred trans/trans conformation normally observed for uncoordinated

13233 The adoption of this unusual conformation may well be a result of the

2,27:6",2" -terpyridines.
geometrical constraints given by the sites of attachment to the two nucleotide strands. The observed
decrease in the Tm, which results upon addition of a divalent metal is at least partly rationalised in
this model by the necessary conformational change (to cis/cis) of the terpyridine in order to allow
coordination of the metal. As can be seen from Figure 9 (top), the coordination of Cu®" requires
rotation around the C(2)-C(2’) bond. It is likely that this rotation, along with further conformational
changes in the linker leads to a less favourable stacking between the terpyridine and the adjacent
base pair. Of course, additional (electrostatic) effects by the metal itself cannot be ruled out and may

well play a significant role. A direct influence by the metal is supported by the observation that

different metals have a different effect on the stability of the hairpin.

Top: View along the axis. The terpyridine ligand is highlighted. In the absence of metal (top left)
the terpyridine ligand is predicted to be in a cis/trans conformation. Upon coordination of the metal,

the conformation changes to the required cis/cis arrangement.

Bottom: View perpendicular to the helical axis showing the structural change affected by
coordination of metal (bottom right). Stacking of the terpyridine is only possible in the absence of

the metal (bottom left).
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Figure 10. Model of the terpyridine-containing hairpin 21 (legend given on p.20).
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2.10 Conclusions

In this part of our work, we have shown the design, synthesis and properties of DNA hairpin
mimics containing several metal-coordinating ligands as replacements for the loop moiety. Thus,
terpyridine, bipyridine and phenanthroline phosphoramidite building blocks were synthesized and
incorporated into self complementary oligonucleotides. All mimics were found to form stable
hairpin mimics. Only the terpyridine derivative was sensitive to the presence of divalent metals.
Upon metal-coordination, a reduction in the Tm was observed, which was metal-specific. This
reduction in the stability of the hairpin may be explained by a conformational change of the
terpyridine ligand which is due to the formation of the metal complex. Model studies suggest a more
favorable stacking interaction of the free terpyridine with the neighbouring bases than of the metal
complex.

This type of hairpin-mimic has a potential as a secondary structural mimic of DNA and may find
application in the design and construction of metal dependent molecular architectures based on

nucleic acids and their analogues.
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Chapter 3: DNA Hybridisation Assisted by Metal Complex
Formation

The goal of this part of our work was to study the effect of metal complex formation on the
stability of DNA duplex formation (illustrated in Scheme [1). In a quite similar approach,
Balasubramanian and coworkers!'! have reported the used of iminodiacetic acid (IDA) Gd*”
complex conjugated to two short oliginucleotides that assemble on a single stranded DNA target

leading to enhance binding.

5

N > '

Target

Scheme 1. Illustration of DNA hybridisation assisted by metal complex formation

For these studies, several types of oligonucleotide-ligand conjugates were required. Since we had
already experience with terpyridine conjugates, the previously described terpyridine building
block was chosen and a further terpyridine derivative (see below). In addition, one bipyridine and
several phenanthroline ligands were provided by the groups of Prof. Edwin Constable and Prof.

Jacques Lebreton.™

* This part of our project was done in collaboration with the group of Prof. Edwin Constable at the
university of Basel-Switzerland and the group of Prof. Jacques Lebreton at the University of

Nantes-France. (CERC 3 — Project 20C321-101121)
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3.1 Synthesis of a 4’- Substituted Terpyridine Phosphoramidite Building
Block

Scheme 2 shows the synthesis of the terpyridine building block. We started from the
commercially available pyridine-2-carboxylic acid ethyl ester which was transformed into 30 by
condensation with acetone.”” Compound 31 was obtained by cyclisation of 30 using ammonium
acetate. Substitution of the 4’-hydroxy group with 2-chloroethane gave 32. Subsequent
phosphitylation with cyanoethyl-bis-(N,N-diisopropylamino)phosphine in the presence of

diisopropylammonium tetrazolide yielded the desired phosphoramidite 33.

Scheme 2. (a) NaH, 1,2-dimethoxyethane, reflux, 6 h, 84%; (b) EtOH, ammonium acetate, reflux, 5 h,
76%; (¢) K,COs;, Nal, 2-chloroethanol, DMF, 20 h, 77%; (d) (iPr,N),P(OCH,CH,CN), N,N-
diisopropylammonium 1H-tetrazolide, CH,Cl,, r.t, 1h30min, 95%.
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3.2 Synthesis of 6’-Methyl-[2,2’|bipyridine and 9-Methyl[1,10]phenanthroline
Phosphoramidite Building Blocks

6-(Hydroxymethyl)-6’-methyl-[2,2 bipyridine =~ 37  and  2-(hydroxymethyl)-9-methyl-[1,
10]phenanthroline 42 were synthesized in the group of Prof. Edwin Constable (V. Chaurin,
University of Basel) as described in the literature.” From 37 and 42 the corresponding
phosphoramidites 38 and 43, respectively, were prepared by phosphitylation using cyanoethyl-bis-
(N,N-diisopropylamino)phosphine in the presence of diisopropylammonium tetrazolide (Scheme 3

and Scheme 4).

/ \ / \ a / \ / \ b / \ / \
_ _ =N N= =N *N=
N N _O/

35

34

N/ N
=N = ° IN /N ¢
Je 0~ =N N=
P C

N O
N N HO ):o
38 Y Y 37 36

Scheme 3. (a) MeLi at -78°C for 1 h, reflux for 3 h, MnO,, 4 h, 86%:; (b) m-chloroperbenzoic acid, r.t, 1 h,
69%; (c¢) acetic anhydride, reflux for 15 min, 71%; (d) ethanol, K,CO;, r.t, 24 h, 98%; (e)
(iPr,N),P(OCH,CH,CN), N,N-diisopropylammonium 1H-tetrazolide, CH,Cl,, RT, 1 h, 70%.
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43 P—N

=/ )T

Scheme 4. (a) MeLi at -78°C for 1 h, reflux for 3 h, MnO,, 4 h, 72%; (b) m-chloroperbenzoic acid, r.t, 1 h,
97%; (c¢) acetic anhydride, reflux for 15 min, 65%; (d) ethanol, K,CO;, r.t, 24 h, 97%; (e)
(iPr,N),P(OCH,CH,CN), N,N-diisopropylammonium 1H-tetrazolide, CH,Cl,, RT, 1 h, 75%.

3.3 Synthesis of [1, 10]phenanthroline Phosphoramidite Building Blocks with

Substitution at Position 5

Starting from the commercially available 4-chloro-2-nitroaniline and glycerol, 6-chloro-8-
nitroquinoline (44) was prepared by 1,4 addition on o,B-unsaturated carbonyl using the Skraup [*”!
synthesis (Scheme 5). The nitro group of 44 was reduced with stannous chloride in hydrochloric
acid solution to afford the 6-chloro-8-aminoquinoline (45). This reduction was also achieved with
Pd/C under hydrogen atmosphere. Quinoline 45 was transformed into 5-chloro-[I,
10]phenanthroline (46) using again the Skraup reaction. Substitution of the chloride atom in 46
with ethane-1,2-diol led to 47 which was phosphitylated to give the corresponding phenanthroline

phosphoramidite 48.
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Scheme 5. (a) AsOs, H,SO4/H,0 (3 :1), glycerol, <140°C, 2 h, 83%; (b) Pd/C, H, atmosphere, MeOH, r.t,
3 h, 68%:; (¢) AsOs, H,SO4/H,0 (3 :1), glycerol, <140°C, 2 h, 65%; (d) ethane-1,2-diol, KOH, DMSO,
70°C, 5 h, 54%; (e) (iPr,N),P(OCH,CH,CN), N,N-diisopropylammonium 1H-tetrazolide, CH,Cl,, r.t, 1h,
64%.

Other types of [1,10]phenanthroline phosphoramidite building blocks with substituents at position
5 (Scheme 6) were prepared in the group of Prof. Jacques Lebreton (Maxim Egorov, University of

Nantes).

n=4:49
n=5:50
n=6:51

Scheme 6. 5-Alkyl phenanthroline phosphoramidite building bocks
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3.4 Synthesis of Oligonucleotide Conjugates

Using the standard phosphoramidite chemistry,™” these phosphoramidites (11a, 11b, 33, 38, 43,
48, 49, 50, 51) were incorporated at the 5’-end of the 13-mer oligonucleotides 100N, 101N, 102N,
103N, 104N, 105N, 106N, 107N, and 108N as well as at the 3’-end of the 8-mer oligonucleotides
100R, 101R, 102R, 103R, 104R, 105R, 106R, 107R and 108R (7able ). For the synthesis in the
normal direction (labelled with “N”), from 3 end to 5’ end, natural phosphoramitide bases were
used, with the standard conditions, and the modified building blocks were incorporated with 5 min
for the coupling time. For the reverse synthesis (“R”), from 5’ end to 3’ end, we used reverse
phosphoramidites;"'*'") standard coupling time (90 sec) for the natural bases and 5min coupling
for the modified building blocks were used. Detachment of the oligonucleotides from the solid
support and deprotection followed standard procedures (conc. NHj solution, 55°C, 16 h).
Oligonucleotides were purified by ion-exchange HPLC and characterized by electron spray mass
spectrometry. Most of the modified oligonucleotide mass spectra show the expected masses. For
the 3’-conjugated 106R, 107R, 108R, however, the analysis showed results higher than the
expected mass with a difference of AM = + 60. This might be a result of Cu-ion coordination.
Therefore, all conjugates were passed through a chelex®-100 resin in order to ensure the removal
of metal traces accumulated during the synthesis and purification of the conjugates. !'*'” Chelex®-
100 which is composed of a styrene divinylbenzene matrix derivatized with iminodiacetate (IDA)
functionalities is an ion exchange resin that scavenges multivalent metal ions (the selectivity for
divalent cations is much higher than for monovalent cation, about 5000 to 1). This procedure
yielded the conjugated completely metal free. We therefore, had to conclude, that the AM of + 60
is most likely due to some covalent modification of so far undetermined identity rather than a

strongly bound metal.

o) o .
Na
(0]
N/Y
0o
+
Na

Chelex® -100
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Table 1. Oligonucleotide ligand conjugates (sequences are given starting from the 3’-side to facilitate
interpretation of the data, see below).

Found mass  Calculated
5’-conjugates Ligands (g/mol) mass
(g/mol)
100N 3’-CGCCGCAGTTATT 11a-5"  phenanthroline (C,) 4342 4343
101N 3’-CGCCGCAGTTATT 11b-5"  phenanthroline (Cs) 4369 4371
102N  3’-CGCCGCAGTTATT 33-5° terpyridine 4281 4282
103N  3’-CGCCGCAGTTATT 38-5’ bipyridine 4187 4188
104N 3’-CGCCGCAGTTATT 43-5° phenanthroline 4211 4213
105N  3’-CGCCGCAGTTATT 48- 5’ phenanthroline 4049 (-180) 4229
106N 3’-CGCCGCAGTTATT 49-5°  phenanthroline (C4) 4239 4241
107N 3’-CGCCGCAGTTATT 50-5>  phenanthroline (C5) 4254 4254
108N 3’-CGCCGCAGTTATT 51-5"  phenanthroline (C6) 4268 4269
Calculated
3’-conjugates Ligands Fo(ljg l}fngﬁ 5 mass
(g/mol)

100R 3’-11aCGTCAGCG-5" phenanthroline (C2) 2826 2828
101R 3’-11bCGTCAGCG-5" phenanthroline (C3) 2855 2856
102R 3’-33CGTCAGCG-5’ terpyridine 2766 2767
103R 3’-38CGTCAGCG-5’ bipyridine 2672 2673
104R 3’-43CGTCAGCG-5’ phenanthroline 2696 2698
105R 3’-48CGTCAGCG-5’ phenanthroline 2534 (-180) 2714
106R 3’-49CGTCAGCG-5" phenanthroline (C4) 2786 (+60) 2726
107R 3’-50CGTCAGCG-5" phenanthroline (C5) 2800 (+60) 2740
108R 3’-51CGTCAGCG-5" phenanthroline (C6) 2814 (+60) 2754
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The mass spectra of 105N and 105R show masses lower than the expected values with a
difference of AM = - 180, which corresponds to a phenanthroline residue. The phenanthroline
moiety has probably been hydrolysed from the oligonucleotides during the deprotection step.
Figure 1 shows a picture of a solution of this conjugate taken during the deprotection step with
concentrated hydroxylammomonium. The yellow colour obtained during the ammonia treatment
can be explained with the release of 5-hydroxy phenanthroline, which is easily deprotonated as
shown in the proposed mechanism (Scheme 7) to give the anion 52 as chromogenic species.

Therefore, these conjugates (105N-108N and 105R-108R) were not used for further experiments.

Figure 1. Photograph of a solution of the 5-(ethoxy) phenanthroline-conjugate during the deprotection
step: (left) at the beginning, (right) after 2 hours.

Scheme 7. Proposed mechanism for the hydrolysis of phenanthroline conjugates.
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The oligonucleotides modified with the different ligands were designed to be complementary to
the target sequence T1 (5’-GCGGCGTCAATAACGCTGACG-3’) and its analogues T2, T3, T4
and T* (Table 2). Oligonucleotide target T2, T3, and T4 were derived from T1 by sequential
addition of 1, 2 and 3 cytosines at position 13 from the 5’-end, in order to investigate the influence
of spacing between the two ligands on the metal-duplex stability. T* differs from T1 by
substitution of cytosine by adenosine at position 5 from the 5’-end. This modification introduces a
point mutation that allows to study the effect of mismatch in the duplex stabilisation. The 3’-
conjugates are complementary to the 3’-end of the targets and 5’-conjugates complementary to the

5’-end of the targets.

Table 2. Target oligonucleotides (T) used in this study.

Sequence Found Mass(g/mol) Calc.Mass(g/mol)
Tl 5-GCGGCGTCAATAACGCTGACG-3’ 6456 6456
T2 5-GCGGCGTCAATAACCGCTGACG-3’ 6745 6745
T3 5-GCGGCGTCAATAACCCGCTGACG-3’ 7034 7034
T4 5-GCGGCGTCAATAACCCCGCTGACG-3’ 7322 7323
T* 5-GCGGAGTCAATAACGCTGACG-3’ 6480 6480

Oligonucleotide R1 (fully complementary to T1) and oligonucleotides R2 and R3 (partially
complementary to T1) which do not bear any metal-coordinating building block in their sequences

were synthesized as reference sequences (7able 3).

Table 3. Reference oligonucleotides (R) used in this study.

Sequence Found Mass(g/mol) Calc.Mass(g/mol)
R1 3’-CGCCGCAGTTATTGCGACTGC-5’ 6397 6398
R2 3’- GCGACTGC-5’ 2410 2410

R3 3’-CGCCGCAGTTATT-5’ 3925 3925
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In order to simplify and facilitate the interpretation and understanding of the data, symbols are

used to schematically represent oligonucleotides and metals investigated in this work (7able 4).

Table 4. Schematic representation of oligonucleotide conjugates and metals used in this study.

Symbol Description
4-1 | 5- GCGGCGTCAATAACGCTGACG - 3’ target T
4-2 | 3’ - CGCCGCAGTTATTGCGACTGC - 5’ full complement Rl
4-3 | 3’ - CGCCGCAGTTATT - 5° 5°- complement R3
4_4 3a _ GCGACTGC _ 5, 3 = Complement R2
P 100N
@
101N
3’- CGCCGCAGTTATT - bipyridine - 5°
4.5 | 3’ CGCCGCAGTTATT - terpyridine - 5° 5’-conjugate 102N
3°- CGCCGCAGTTATT - phenanthroline - 5’ 103N
104N

>7 100R

3’ - bipyridine - GCG ACT GC - 5’ 10IR

4-6 3’ - terpyridine - GCG ACT GC - 5’ 3’-conjugate 102R

3’ - phenanthroline - GCG ACT GC - 5° 103R

104R
4-7 o [Cu(T)(CH;CN)4][PFq)) -
4.8 ) Cu(IDCl, -
4-9 ) Zn(IN)Cl, -




DNA Hybridisation Assisted by Metal Complex Formation 69

3.5 Effect of Metal-Coordinating Ligands on the Duplex Stability

Thermal denaturing, polyacrylamide gel migration and CD experiments were carried out in order
to investigate the formation and the stability of the hybrids in the presence and absence of metals.
The thermal denaturing process was monitored by measuring the changing in UV absorbance at
260 nm and the melting temperature (Tm) calculated from the melting curve, as the first
derivative.

Not unexpectedly, the introduction of the metal ligands leads to an increase in thermal stability
even in the absence of metals in comparison to the unmodified duplex. Thus, an increase in the Tm
value of 4, 5, 4.5 and 7.5°C (Table 5) for 2, 9-bis(amido)-[1,10]phenanthroline (entry 5-2),
terpyridine (entry 5-3), bipyridine (entry 5-4), and 9-methylphenanthroline (entry 5-5) modified
oligonucleotide hybrids was observed. This means that the incorporation of these building blocks
has a positive effect on duplex stabilisation. The observed increase in the stability of the modified
duplexes (in comparison to the unmodified duplex, which possesses a nicked sequence in the
molecule structure) may be a result of stacking interaction between the two ligands facing each

other or between the ligands and the adjacent nucleobases.

Table 5. Tm values of partial complement- target duplexes in comparison to the one of partial conjugate-
target.

Entry Hybrid ¥ Tm (°C) ATm (°C)”
5’ 3’

5-1 3.||||||||||||||||||||||5, T1+R2+R3 49 -

5.9 T1+ 101N + 101R 53 4

5-3 5’ T1+ 102N +102R 54 5
3.|||||||||||||||||||||

5-4 T1+ 103N + 103R 53.5 4.5

5-5 T1 + 104N + 104R 56.5 7.5

¥ Conditions: Na,PO, (10mM); NaCl (100mM); oligonucleotides (1.5uM); pH = 7.5; Tm values were
determined as the first derivative of the melting curve.  Difference in Tm relative to reference (entry 5-1).
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3. 6 Influence of Metal-Coordinating on the Duplex Stability

3.6.1 Bipyridine Ligand

Encouraged by the precedent observation, we were interested to see the influence of metal ions on
the stability of the modified duplexes. Depending on their electronic configuration and their
oxidation state - most of them can occur in more than one oxidation state - transition metals can
interact with numerous of ligands to form stable complexes. The thermal denaturing experiments
with the modified duplex in the presence of metal ions showed a remarkable influence of the Tm-
values by the presence of Cu (II) and Cu (I) for bipyridine conjugates (103) an increase of 7°C
was then observed upon addition of the metal (Table 6 entries 6-4 and 6-6 and Figure 3-D to 3-
G). The copper ion interacts with the two bipyridine ligands in a coordinative manner to form a
stable complex (see Figure 2) that adopts a tetrahedral geometry.!"®2% The formation of this metal
complex seems to link the two conjugates leading to the continuity of the sequence and stabilising

the duplex.

Figure 2. Schematic representation of the tetragonal structure of [Cu(I)(6,6’-dimethyl-bipyridine),]".

+

On the other hand, no effect was observed with Zn”" (see Table 6 entry 6-5 and Figure 3-C). This
may be due to the possibility that the complex formation of Zn>" with bipyridine ligand is leading
to an overall destabilising structure that does not improve the duplex stability. Most likely,
however, this finding can be attributed to the lack of binding of Zn*" to bipyridine ligands.
Experiments involving EDTA were performed in order to test the strength of this bipyridine-metal
complex. The results (see Table 6 entries 6-7 to 6-10 and Figure 3-1) show that the addition of

EDTA to the metal-coordinated duplex leads to a drops in the Tm to the value recorded in the
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absence of metal. The Tm value of the metal-coordinated duplex is restored with further addition

of Cu” or Cu®", showing the reversibility of the copper complex formation.

Table 6. Thermal denaturing experiments with bipyridine conjugate.

N\, ?\1 /

entry 103 oligonucleotide hybrid ¥ Tm (°C)
5 3

6-1 %JM 5 T1+103R -9

3,

57 3?

6-2 ;» T T1+ 103N 53

57

5 3

6-3 y'"""""%ﬁﬁﬂﬂs’ T1+ 103N +103R 53.5
5 3

64 3 LLLLLITTI ""a‘ Sl LTI 5> T1+ 103N+ 103N + Cu(Il) 60.5
5’ 37

65 3 LLLLLT H”i‘ il LITLITT 5 T1+ 103N+ 103R + Zn(1I) 52.5
5 3

6-6 3,|IIIIIIIIIIWS, T1+ 103N + 103R + 61

67 s 3> T1+103N+103R + Cu(I) + EDTA 515
5> T [ s

6-8 T1+ 103N+ 103R + Cu(Il) + EDTA + Cu(Il)  59.5

6-9 5 3> T1+103N+103R + Cu(l) + EDTA 532/509
3,IIIIIIIIIII%§JJJJJJS,

6-10 T1+ 103N + 103R + Cu(l) + EDTA + 60

* Oligonucleotides and reagents were added in the order as indicated; Conditions: Na,PO, (10mM); NaCl (100mM);
oligonucleotide concentration: 1.5uM, pH = 7.5; ™ cooling ramp; © heating ramp; the rate for the heating and cooling
was 0.5°C/mi; ¥ no cooperative melting observed.
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Figure 3. Thermal denaturing curves of hybrids formed by target and conjugates in the presence and

absence of metals.”
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3. 6.2 Phenanthroline Ligands

As can be seen from Table 7 entries 7-3 and 7-4 and from Figure 4-H, 9-methylphenanthroline
conjugate (104) also shows an increase of 4°C in Tm-value with the addition of Cu(Il) or Cu(I).
The same reason as in the case of 6’-methylbipyridine conjugate (103) can be given, to explain
this increase in stability of the 9-methylphenanthroline upon addition of copper ions. The
tetrahedral complex" formed upon coordination of neocuproine and cupper (I) is shown in

Figure 4.

Figure 4. Schematic representation of the tetrahedral structure of [Cu(I)(neocuproine),] .

No metal influence was observed in the case of the phenanthroline conjugate 101 (7able 7
entries 7-1 and 7-2). By comparing the structures of the two ligands, it appears that the
substituents play an important role in the difference observed. Phenanthroline conjugate (101),
with its propylamide group compared to the methylene linker of 9-methylphenanthroline
conjugate (104), may create a steric hindrance around the site of complexation that is
unfavourable for the metal binding. The amide groups also induce electronic effects that render
the nitrogen atoms less basic and therefore decrease their metal binding property. Another
explanation can be that due to the “long linker”, the metal complex is not close to the vicinity of

the duplex, and thus has less influence on the duplex stability.
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Table 7. Thermal denaturing experiment with phenanthroline conjugates.

Oligonucleotide

hybrid ¥ Tm (°C)

5 3

7.1 3,|||||||||||%|D>|||||||5, T1+ 101N + 101R 53

7 5> THITT HWWS’ T1 + 101N + 101R + Cu(Il) 53
5’ b

7.3 3,|||||||||II%$JJJJJ_1 5 T1 + 104N +104R 56.5
5 3’

61

7-4 3,IIIIIIIIIIIIIJ%_LLI_I_LLS, T1+ 104N + 104R + Cu(l)

» Conditions: Na,PO, (10mM); NaCl (100mM); oligonucleotide concentration: 1.5uM, pH = 7.5; Tm values were

determined as the first derivative of the melting curve.

3.6.3 Terpyridine Ligand

Also for the terpyridine conjugate (102), no influence by copper(Il) on the duplex stability was

observed as shown in 7able 8. One reason for this can be that the terpyridine ligands did not

coordinate the metal ion. Possibly the octahedral terpyridine-Cu(Il) complex forms but does not

increase the duplex stability.



DNA Hybridisation Assisted by Metal Complex Formation 75

Table 8. Thermal denaturing experiment with terpyridine conjugates.

o/\/oligonucleotide

A
|
I\ NS
-N N~ s 1a) o
102 hybrid Tm (°C)
5’ k
8-1 3,||||IIIIIII%$JJJJJ_L5, T1+ 102N + 102R 54
8-2 3,||||||IIIIIII||||||||5, T1 + 102N + 102R + Cu(II) 54.5

 Conditions: Na,PO, (10mM); NaCl (100mM); oligonucleotide concentration: 1.5uM; pH = 7.5; Tm values were
determined as the first derivative of the melting curve.

3.7 Comparison of Various Target Duplexes

To investigate the importance of the gap between the two ligands facing each other on the duplex
stability, we performed thermal denaturing experiments using the bipyridine conjugates 103N and
103R with different target sequences possessing 0, 1, 2, or 3 cytosines at the site where the two
ligands come in contact. The results summarised in 7able 9 show that, in the absence of metal, an
increase in the gap between the ligands leads to a slight increase (2-3°C) in the Tm value of the
duplex. This stabilisation may well be attributed to the steric requirements of the ligands. With a
growing gap, the uncoordinated ligands are better accommodated. Upon addition of the metal,
however, the formation of the metal-complex becomes the most important aspect. Apparently, the
proximity of the ligands facilitates the coordination of the metal by the two terminal ligands. In
this context, the relatively short and unflexible methylene linker further supports this
interpretation of the data, which clearly show that the stability of the hybrids is best if the gap is

minimal, i.e if the two ligands are juxtaposed as observed with target T1.
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Table 9. Tm values comparison of various target duplexes in the presence and absence of metals.

NN
N N
103 oligonucleotide Hybrid ¥ Tm (°C) ATm (°C)"”

5 3

9-1 3,.IIIIIIIIIIIII|IIIII||5, T1 + 103N + 103R 53
5 3

9-2 3.IIIIIIIIIIIII|IIIIIII5, T1+ 103N + 103R + Cu(l) 61 +8
5 3’

93 3,|||||||||||I%'$JJJJJ_A5= T2 + 103N + 103R 55 +2
5 3’

9-4 B ITTTITTTITTTOTIITN . T2 + 103N + 103R + Cu(l) 57 +4
b 3’

9-5 G TITTITTTIOTT OIS, T3 + 103N + 103R 55 +2
57 3’

9-6 T T T T 0., T3 + 103N + 103R + Cu(l) 57 +4
3 Q? 5

O

5’ b

9-7 3,|||IIIIIIIII|(I<|”|IIIIII||57 T4 + 103N + 103R 56 +3
5’ b

9.8 3,||||||||||||||IH§|||||||5, T4 + 103N + 103R + Cu(I) 57 +4

(@)

5 3

9-9 3JIIIIIIIIII%%IIIIIID, T* + 103N + 103R 57 +4
5 3

9-10 3.I|I|I|||I|||| [[[ITTT]s>  T*+103N+103R + Cu (I) 56.5 +3.5

* Conditions: Na,PO, (10mM); NaCl (100mM); oligonucleotides (1.5uM); pH = 7.5; Tm values were determined as the
first derivative of the melting curve. ™ Difference in Tm relative to reference (entry 9-1).
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3.8 Effect of Mixed-Ligand Complexes on the Duplex Stability

77

This experiment demonstrates that in order to form a metal complex, the conjugate needs to face

another conjugate which is able to form the appropriate complex with it. This further supports the

hypothesis that the metal effects observed in the previous experiments are indeed due to metal-

ligand interactions, and not due to less well defined interactions, such as binding of coordinated

metal with the backbone or DNA bases.

Table 10. Tm values of various target duplexes in the presence and absence of metals.

AR/
N N 1) o o b
oligonucleotide oligonucleotide Hybrid Tm (°C) ATm (°C)
103

5 3

10-1 3.IIIIIIIIIIIII LT, T1+ 104N + 103R 57
5’ 3

10-2 3,I HINNEEEEEE Ié L T1 + 104N +103R +Cu(I) 61 4
5’ b

10-3 3.IIIIIIIIIIIIIIIIIIIII5, T1+ 103N + 104R 51 -6

C

5’ 3

10-4 3.IIIIII HENNENNNERININPS T1 +103N +104R + Cu(I) 61 4
5’ 3

10-5 3.IIIIIIIIIIIIIIIIIIIIIL-, T1+ 103N + R2 54 -3

i d

5 3

10-6 3.IIIIIIIIIIIIIIIIIIIIIJ, T1+103N + R2 + Cu(l) 54 -3

o

5’ 3

10-7 3,.IIIIIIIIIIIIIIIIIIIIIS, T1+103R +R3 50 -7
5 3

10-8 3.IIIIIIIIIIII|IIIIIIII5, T1+103R + R3 + Cu(l) 51 -6

o

* Conditions: Na,PO, (10mM); NaCl (100mM); oligonucleotides (1.5uM); pH = 7.5; Tm values were determined as the first

derivative of the melting curve. ®) Difference in Tm relative to reference (entry 10-1).
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A series of control experiments was performed to ensure that the effect observed is due to
formation of metal complexes between the two conjugates. These controls are shown in Table 11.
The addition of metal has no influence on the stability of reference duplexes with oligonucleotides
R1, R2 and R3, R2, R2. Thus, we can rule out that the observed effects are due to non-specific
metal coordination to any part of the nucleic acid, but rather to specific complex formation

between the bipyridine and phenanthroline ligands.

Table 11. Thermal denaturing experiments with control oligonucleotides in the absence and presence of
metal.

Hybrid ¥ Tm (°C)
5 3
11-1 3,||||||||||||||||||||||5, T1+R1 72
5 3
11-2 3,||||||||||||||||||||||5, T1+ R1 + Cu(l) 72.5
(@]
2 3)
11-3 3.IIIIIIIIIIII|5, T1+R3 50
5 3 .
11-4 3,| 5 T1 + R2 -9
5 3
11-5 3,IIIIIIIIII|II|I|III|II5, T1+R2+R3 49
5 3
11-6 3,||||||||||||||||||||||5, T1+R2 + R3 + Cu(l) 49.5
° :
5 3
11-7 3.||||||||||||||||||||||5, T1+R2+R3+ Cu(ll) 49
(]

* Conditions: Na,PO, (10mM); NaCl (100mM); oligonucleotides (1.5uM); pH = 7.5; Tm values were
determined as the first derivative of the melting curve. ™ no cooperative melting observed.
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3.9 Polyacrylamide Gel Electrophoresis

The conjugates (and their respective hybrids) were further investigated by electrophoretic mobility
on polyacrylamide gels. For this purpose, we performed experiments under native conditions
(Figure 5). The experiments showed that the addition of metal changes the migration of the
ternary complex which is a further strong indication for complexation of the ligand. At the same
time, the introduction of metal has no effect on the migration of the non-modified oligonucleotide
duplex.
Principally, in the polyacrylamide gel electrophoresis experiment, the migration of DNA is a
consequence of electro-repulsion between the cathodic pole and the negatively charged DNA. The
difference in migration comes from the difference in size, to charge ratio as well as to the structure
of the oligomers. In general, the rule is “the longer the sequence, the slower the migration”. Thus,
for the same size and charge of oligonucleotides, the difference in migration will come from a
difference in their shape.

In this experiment, due to coordination of the metal cation (Cu” and Cu®"), the conjugated
oligonucleotide duplex possesses decreased overall negative charge, which results in a reduction
of the electrophoretic mobility in comparison to the conjugated oligonucleotide duplex without a

metal complex.

Figure 5. 20% Non-denaturing PAGE.

b: T1 +103N +103R + Cu’

c: T1+103N + 103R

d: T1+ 103N + 103R + Cu*"

e: T1+R2+Cu’
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3.10 Monitoring of Complex Formation by UV-Spectroscopy

A common way of monitoring metal complex formation is by UV-spectroscopy. Titration of the
free ligand with the metal leads to complex formation. This again results in a decrease in the
absorbance of the free ligand with concomitant appearance and increase of the complex-specific
absorbance. A typical effect of the gradual change of the UV-absorbance spectra is the

d.!"72! This pattern was found (Figure 6, top)

observation of isosbestic points if spectra are overlai
for the titration of the neocuproine ligand with Cu(I). While the band at 272nm showed a decrease
upon increasing metal concentration, a new band around 450nm appeared. Two isosbestic points
were observed at 252 and 280 nm. The same procedure was carried out with hybrid consisting of
the target (T1) and two complementary neocuproine conjugates 104N and 104R (Figure 6,
bottom). Upon incremental addition of Cu(I), the same decrease of the band at 258 nm was
observed. The typical band of the Cu(neocuproine), complex was not observed due to its
relatively low intensity compared with the DNA absorbance. The formation of clear isosbestic
point could, therefore, not be observed for the DNA-conjugated complex. Nevertheless, the
pattern observed is very similar to the one of the complex formation between Cu(I) and the free

ligand and thus, supports the formation of the metal complex between the two adjacent

conjugates.
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Figure 6. UV titration of neocuproine-copper(l) complex formation (top), and complex formation of
conjugates 104N and 104R (bottom).”
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3.11 CD Measurements

A representative selection of circular dichroism experiments is shown in Figure 7. The circular
dichroism experiments show that the introduction of metal coordinating ligands into
oligonucleotide sequences does not alter the B-form of the DNA. Moreover, the addition of metal
has not induced any changes in the typical spectrum. Thus, all results support the formation of a

B-type hybrid between the three oligonucleotides (target and two conjugates) which is stabilized

by the formation of a copper-complex.

Figure 7. Selected CD spectra of duplexes formed by target (T) sequence with complementary conjugates
and references in the presence and absence of metals. ¥
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3.12 Conclusions

Terpyridine, 2,9-bis(amido)phenanthroline, 6-methylbipyridine and 9-methylphenantroline
derived phosphoramidites were synthesized and utilized in the automated DNA synthesis to obtain
the corresponding 3’- and 5’-end modified oligonucleotide probes. The thermal denaturing
experiments with the ternary complex formed by the 6-methylbipyridine and 9-
methylphenantroline conjugates with their target oligonucleotides were strongly influenced by the
presence of metal ions: an increase of 5-7°C in the Tm values was observed when Cu” or Cu**
were added while no effect was observed in the case of the terpyridine and 2.,9-
bis(amido)phenanthroline conjugate. Thermal denaturing, circular dichroism and polyacrylamide
gel electrophoresis experiments demonstrate that this cooperative effect is the result of formation
of a metal complex. The results obtained with 6-methylbipyridine and 9-methylphenantroline
conjugates indicate that the methyl substituent may probabily play a role in the stabilisation of the

metal complex.
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Chapter 4: Conclusions and Outlook

In the present work, we have studied the effect of metal complex formation on the
physicochemical properties of nucleic acids. For this purpose, several types of metal coordinating
ligands were incorporated into oligonucleotides via their respective phosphoramidite derivatives.
In this way oligonucleotide conjugates containing terpyridine, phenanthroline and bipyridine
ligands were prepared. Two principally different types of conjugates were investigated: hairpin
mimics, in which the metal ligand was placed in the loop region of a self complementary
oligonucleotide forming a hairpin-like structure; and oligonucleotides containing terminally
placed ligands which opened the possibility of metal complex formation upon hybridisation of the
conjugates to a complementary target sequence. Hairpin mimics containing either a bipyridine or a
phenanthroline derivative as a loop did not stabilise the secondary structure compared to a
unmodified hairpin containing a dT4 and dA4 loop. In addition, metals had no influence on the
stability. On the other hand, the terpyridine-derived hairpin mimic showed a substantial increase
in stability compared to the references hairpins. Furthermore, several metal ions were found to
influence the Tm of the hairpin-like structures considerably. Thus, the Tm’s increased in the order
Co* ~Ni*'<Zn*'<Cu**<Pd*". Surprisingly, however, the most stable secondary structure was
observed in the absence of metal. Molecular modelling studies suggest that the high stability is a
consequence of stacking interactions between the terpyridine and the adjacent base pair of the the
stem region. Upon coordination of the metal these favourable interactions are disturbed due to a

conformational change of the ligand thereby reducing the overall stability of the hairpin.

The second part of the thesis showed that hybridisation of nucleic acids can be assisted by metal
complex formation. A first conclusion from these studies is that the 3’- and/or 5’-terminal
attachment of ligands, such as 4’-ethoxy-terpyridine, 6’-methyl-bipyridine, 9-methyl-
phenanthroline and 2,9-bis-carboxamide-phenanthroline favours hybridisation to a complementary
target sequence if two ligands are adjacent in the newly formed ternary hybrid. Increases in duplex
stabilities of 4°C to 7°C were observed compared to the unmodified references. The study of the
effect of metal on the Tm showed no influence by metal ions in the case of 4’-ethoxy-terpyridine
and 2,9-bis-carboxamide-phenanthroline conjugated oligonucleotide duplexes. In contrast, the 6’-
methyl-bipyridine and 9-methyl-phenanthroline conjugates exhibited a considerable increase of

7°C and 5°C, respectively.
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Due to their predictable self assembly, complementary nucleic acid strands can provide a
structural basis for the bottom-up construction of novel materials. To diversify this approach, it is
necessary to develop new types of oligonucleotides bearing conjugates with appropriate
functionalities that will allow a high degree of control for the molecular architecture. In this
respect, the terpyridine-derived hairpin mimic can be seen as a candidate for the coordination-

driven assembly of supramolecular structures.

In the part aimed at the metal complex assisted duplex formation, no influence of metal in the 4’-
ethoxy(terpyridine) and 2,9-bis-carboxamide(phenanthroline) conjugated oligonucleotide
duplexes was observed in the thermal denaturing experiments. However, metal ligand interactions
can not be excluded. In order to further explore and better characterise as well as monitor the
formation of ternary metal-complex oligonucleotide conjugates, other photophysical techniques,
such as capillary electrophoresis, Raman and fluorescence spectroscopy should be envisaged.
Such studies are already ongoing in the group of Prof. Edwin constable at the University of Basel.
We believe that applying different methods of identifying the metal complex, which is conjugated
to the nucleic acid, may lead to the development of new metal coordination-based methods to

detect target DNA hybridisation in solution as well as on solid surfaces.
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Chapter 5: Experimental Part

5.1 General

5.1.1 Chemicals and Chromatography

Reactions were carried out under N, atmosphere using distilled, anhydrous solvents. The solvents
for extractions were technical grade and were distilled before use. Dibromo-4"-phenyl-2,2"";6",2"'-
terpyridine (1), and (cyanoethoxy)bis(N,N-diisopropylamino)phosphine! were prepared as
described in the literature. If not indicated otherwise, chemicals and solvents for reactions were
purchased from Fluka, Acros, or Aldrich and were used without further purification. TLC was
performed using silica gel SIL G-25 UV>s4 glass plates (Macherey-Nagel) and most of the time,
the spots detected by UV light and/or dipping in a solution of 5% phosphomolybdic acid hydrate
in EtOH, followed by heating. Other detecting solutions such as cerium reagent [2.5 g of Ce(SO4),
was added to a solution of concentrated phosphoric acid (20ml) and phosphomolybdic acid
hydrate (6.5 g) in 250 ml of water], potassium permanganate reagent (3.0 g KMnOy, 20 g K,CO;3,
5 ml 5% NaOH in 250 ml of H,O) and bromokresol green reagent [bromokresol green indicator
(100 mg) dissolved in 250 ml of EtOH, then addition of NaOH (0.1 M) until the solution became
blue; in the case acid (yellow) or basic (deep blue) compound] were used. Flash column
chromatography was performed using silica gel 60 (63-32 uM, Chemie Brunschwig AG). When

the compound was sensitive to acid, the silica was pre-treated with solvent containing 2% Et;N.

5.1.2 Intruments

5.1.2.1 Melting Point

A Biichi SMP-510 apparatus was used. The melting points of solids were measured in glass

capillaries and indicated without correction in °C.

5.1.2.2 UV-Spectroscopy

A Perkin Elmer Lambda 16 UV/Vis spectrophotometer; with a cell of 1 cm path length was
used for the absorbance measument. A Varian Cary 100 BIO UV/Vis spectrophotometer equipped

with a temperature controller was used for the thermal denaturing experiments.
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5.1.2.3 Circular Dichroism
A Jasco J-715 spectropolarimeter with a 150W Xe high-pressure lamp was used. A Jasco
PDF-350S-Peltier unit, coupled with a Colora K5 ultrathermostat, controlled the temperature of

the cell holder. The temperature was determined directly in the sample.

5.1.2.4 NMR Spectroscopy

All NMR spectra were measured at room temperature on a Buker AC-300, Bruker DRX-400 or
Bruker DRX-500 spectrometer. 'H NMR spectra were recorded at 300 MHz or 400 MHz.
Chemical shifts are reported in ppm relative to the residual undeuterated solvent (CDCls: 7.27
ppm, DMS-d¢: 2.49 ppm, CD3CN: 1.94 ppm). Coupling constants J are in Hz. Multiplicities are
abbreviated as follows: s = singlet, d = doublet, ¢ = triplet, ¢ = quadruplet, m = multiplet.>C NMR
spectra were recorded at 75 MHz or 100 Mhz. Chemical shifts are reported in ppm relative to the
residual undeuterated solvent (CDCls: 77.00 ppm, DMSO-dg: 39.70 ppm, CDsCN: 1.32 ppm). *'P
NMR spectra were recorded at 162 MHz. Chemical shifts are reported in ppm relative to 85 %

H;POy as an external standard.

5.1.2.5 Mass Spectroscopy

Electrospray ionization mass spectra (ESI-MS) were recorded on VG platform Fisons
instruments. Electron impact mass spectra (EI-MS) were recorded on Micromass Autospec Q
(Manchester, UK), with sector field MS, electron impact 70 eV, solid sample injection,
acceleration voltage 8 kV, and external calibration with perfluorokerosen (PFK). Fast atom

bombardment mass (FAB'-MB) spectra were recorded on Auto Speq O VG.
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5.1.3 Abbreviation

A
AcOH
anal.
aq.

°C

calc.
CD
CDCl;
CCly
CD;0OD
CHCL
CH,Cl,
CH;CN
conc.
CPBA
CPG

dA

dC

dG
DMC
DMAP
DMF
DMSO
DMSO-ds
DMTr
DNA
dT

El

eq.

ES

Et
Et;N
Et,O
EtOAc
EtOH
FAB

HCl
H,O
HPLC
H,SO4

amstron

acetic acid

analysis

aqueous

degrees Celsius
calculated

circular dichroism
deuterated chloroform
tetrachloromethane
deuterated methanol
chloroform
dichloromethane
acetonitrile
concentrated
chloroperoxydbenzoic acid
controlled pore glass
chemical shift

doublet
2'-deoxyadenosine
2'-deoxycytidine
2'-deoxyguanosine
dichloromethane
4-dimethylaminopyridine
dimethylformamide
dimethylsulfoxide
deuterated dimethyl sulfoxide
4,4'-dimethoxytrityl
deoxyribonucleic acid
2'-deoxythymidine
extinction coefficient
electron impact
equivalent

electrospray ionisation
ethyl

triethylamine
diethylether

ethyl acetate

ethanol

fast atom bombardment
gram(s)

hour

hydrogen

hydrogen chloride
water

high performance liquid chromatography
sulfuric acid

hertz
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sat.
SHC14

TCA
TEA
TEAAc

ion exchange

coupling constant
potassium carbonate
wavelength

liter(s)

micro

multiplet; meter(s); milli
moles per liter
matrix-assisted-laser-desorption ionization
maximum

methyl

acetonitrile

methanol

magnesium sulfate
megahertz

minute

mole(s)

melting point

miliQ water

mass spectrometry

mass to charge ratio
nitrogen

sodium chloride

sodium carbonate

sodium hydrogencarbonate
sodium dihydrogenphosphate
sodium iodine

sodium sulfate
N-chlorosuccinimide
ammonia

ammonium chloride
ammonium hydroxide
nanometer

nuclear magnetic resonance
optical density
phosphorus pentoxide
phenyl

quadruplet

rentention factor
ribonucleic acid

reversed phase

room temperature

singlet; second

saturated

tin(I'V) chloride

triplet

trichloroacetic acid
triethylamine
triethylammonium acetate
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THF
TLC
Tm
TOF
uv
Vis

tetrahydrofurane

thin layer chromatography
melting temperature

time of flight

ultraviolet

visible
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5.2 Hairpin Mimics

5.2.1 Synthesis of Phosphoramidite Building Blocks

3-[6""-(3-hydroxy-propylamino)-4 -phenyl-[2, 2°: 6', 2" Jterpyridin-6-ylamino]-propan-1-ol (2)

Ph
4
B N X
~-N N_ -
] >NH HN<
OH HO
1 2
C21H13BroN3 Co7H29N507
Exact Mass: 464.95 Exact Mass: 455.23

A mixture of dibromo-4"-phenyl-2,2"":6",2""-terpyridine 1 (1.5 g; 3.2 mmol) and 3-aminopropanol
(20 ml; 26 mmol) was heated under reflux for 90 min, after which, the reaction mixture was
concentrated under vacuum. The residue was taken up in HCI (2M) and extracted 3 times with
EtOAc. The organic phase was dried over Na,SO4 and evaporated to yield 2 as a yellow solid
(1.31 g; 90%).

TLC (EtOAc): R¢0.16.

"H NMR (300 MHz, CDCls): 1.83 (m, 4H); 3.70 (m, 8H); 4.73(s, 2H, amine); 6.44 (d, J = 8.1,
2H); 7.46 (m, 1H); 7.54 (m, 4H); 7.85 (¢, J = 0.025, 4H); 8.43 (s, 2H).

BC NMR (300 MHz, CDCls): 33.07; 38.28; 59.48; 108.42; 110.91; 118.64; 127.41; 128.80;
129.03; 138.48; 150.25; 158.47.

ESI-MS (positive mode): m/z = 455 (calc. 455.23).
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3-(6"'-3{3-[Bis-(4-methoxy-phenyl)-phenyl-methoxy|-propylamino}-4 "-phenyl[2,2 ;6,2 "]
terpyridin-6-ylamino)-propan-1-ol (3)

Ph
7
/I\N|/|
N N
— H H

Ca7H29N50, Q C4gH47N504
Exact Mass: 455.23 \ Exact Mass: 757.36

Compound 2 (685 mg; 1.5 mmol) was dissolved in dry pyridine (5 ml) and concentrated (twice)
to remove any traces of water. The residue was then dissolved in dry pyridine (15 ml) under a
nitrogen atmosphere, 4, 4’-dimethoxytrityl chloride (610 mg; 1.8 mmol) was added and the
mixture was stirred at r.t. for 24 h. After this time, methanol (750 pul) was added and the mixture
was stirred for another 5 min. After evaporation of the solvent, the residue was dissolved in
CH,Cl, and washed three times with sat. aqueous NaHCO; and water. The organic phase was
dried over MgSO4 and the solvent was evaporated. The residue was purified by flash

chromatography [silica gel, hexane/EtOAc (1:2) + 2% Et;N] to afford 3 (462 mg; 41%).
TLC (EtOAc): R¢0.38.

'H NMR (300 MHz, CDCL3): 1.25-1.29 (m, 2H); 1.87-1.89 (m, 2H); 1.97-2.01 (m, 2H); 3.30 (¢, J
= 5.7, 2H); 3.55 (g, J = 6.25, 2H); 3.70 (m, 3H); 3.75 (s, 8H); 6.45 (d, J = 8.45, H); 6.55 (d, J =
8.09, 2H); 6.81 (d, J = 8.82, 4H); 7.20 (d, J = 7.35, 1H); 7.33-7.37 (m, 8H); 7.43-7.51 (m, 6H);
7.59-7.65 (m, 2H); 7.84 (d, J = 6.61, 2H); 7.89-7.91 (m, 2H); 8.46 (d, J = 1.4, 1H); 8.60 (d, J =
1.47, 1H).
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BC NMR (300 MHz, CDCly): 29.68; 55.18; 59.40; 86.13; 113.07; 126.71; 127.34; 127.80;
128.12; 128.33; 129.01; 130.01; 136.29; 158.39.

ESI-MS (positive mode): m/z = 758.19 (calc. 758.36).
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Isopropyl-phosphoramidous acid 3-(6"'-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propylamino} -4 "-phenyl-[2,2";6",2 " [terpyridin-6-ylamino)-propy! ester 2-cyano-ethyl ester (4)

C4gH47N504 Cs57HpaN7O5P
Exact Mass: 757.36 Exact Mass: 957.47

To a mixture of 3 (250 mg, 0.33 mmol) and diisopropylammonium tetrazolide (56.3 mg, 0.33
mmol) in dry CH,Cl, (10 ml) under a nitrogen atmosphere was added diisoproylammonium
cyanoethoxyphosphine (125 pl, 0.40 mmol). The mixture was stirred at r.t. for 2 h. Evaporation of
the solvent gave a slight yellow foam, which was purified by flash chromatography
[hexane/EtOAc (2:1) + 2% Et;N] to afford 4 (266 mg, 84%) as a yellow foam.

TLC (hexane/EtOAc 2:1): R¢ 0.48.

"H-NMR (300 MHz, CD;sCN): 1.03 (¢, J = 6.15, 12H); 1.11 (m, SH); 2.50 (¢, J = 5.9, 2H): 3.09 (1,
J=5.85, 2H); 3.48 (m, 6H); 3.59 (s, 6H); 3.68 (m, 4H); 3.98 (¢, J = 7.3, 2H); 5.18 (¢, J = 5.3, H);
5.30 (1, J =5, H); 6.4 (d, J = 8, H); 6.46 (d, J = 8.3, H); 6.66 (d, J = 8.3, 4H); 7.05 (m, H); 7.14 (m,
6H); 7.33 (m, 5H); 7.5 (¢, J = 4.8, 2H); 7.7 (s, 2H); 7.8 (d, J =7, 2H); 8.5 (d, J = 13.6, 2H).

BC NMR (300 MHz, CD;CN): 20.3; 24.5; 24.6; 29.7; 39.6; 40.1; 42.9; 43.1; 61.6; 61.9; 86.1;
113.0; 118.3; 126.7; 127.2; 127.8; 128.1; 128.6; 128.8: 130.0; 136.3; 138.1; 139.3; 145.1; 149.6;
154.5; 145.6; 156.2; 158.3.
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[1,10]-phenanthroline-2,9-dicarboxaldehyde (5)

\j

C14HgN20,
Exact Mass: 236.06

A mixture of 1,10-phenanthroline-2,9-bis-methyl (3 g, 13.8 mmol) and selenium dioxide (7.5
g, 67.6 mmol) in dioxan containing 4% water (200 ml) was heated under reflux for 2 h and filtered
(hot) through celite. The dialdehyde 5 (2.97 g, 91%) was separated from the cooled filtrate as

yellow crystals.

TLC (EtOAc/ MeOH 5%): R; 0.46.

"H-NMR (400 MHz, DMSO-dg): 8.25 (s, 2H); 8.30 (d, J = 8.48, 2H); 8.78 (d, J = 8.67, 2H);
10.33 (s, 2H, C=0)

BC NMR (400 MHz, DMSO-de): 120.14; 129.27; 131.47; 138.45; 145.26; 152.20; 193,76(C=0).

EI-MS (positive mode): m/z = 236 (calc. 236.06).
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[1,10]-Phenanthroline-2,9-dicarboxylic acid (6)

C14HgN20O7

Exact Mass: 236.06 C14HgN204

Exact Mass: 268.05

5 (2 g, 8.47 mmol) in 65% nitric acid (40 ml) was heated under reflux for 3 h. The solution
was cooled, poured onto ice, the precipitate was then filtered and recrystallised from methanol to
give the diacid 6 (1.85 g, 82%).

TLC (EtOAc/ MeOH 5%): R¢ 0.15.
"H-NMR (400 MHz, DMSO-de): 8.20 (s, 2H); 8.43 (d, J=8.27, 2H); 8.75 (d, J = 8.27, 2H)

BC NMR (400 MHz, DMSO-de): 123.86; 128.75; 130.78; 138.28; 145.25; 147.86; 166.68

EI-MS : m/z =266 (calc. 268.05)
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[1,10] Phenanthroline-2,9-dicarboxylic acid dimethyl ester (7)

C14HgN20y4 C16H12N204
Exact Mass: 268.05 Exact Mass: 296.08

A solution of 6 (1.5 g, 5.6 mmol) in methanol (300 ml) was saturated with dry hydrogen
chloride and heated under reflux for 2 h. Dichloromethane (300 ml) was added to the cooled
solution and washed with water (2 x 150 ml), saturated NaHCOs3 solution (2 x 150 ml) and brine
(2 x 150 ml). The organic phase was dried and concentrated in vacuum. The solid residue was

recrystallised from methanol to afford the diester 7 (600 mg, 37%).

"H-NMR (400 MHz, DMSO-dg): 4.13 (s, 6H); 7.97 (s, 2H); 8.52-8.43 (d, J = 8.27, 4H)

C NMR (400 MHz, DMSO-de): 53.12; 123.87; 128.32; 130.73; 137.49; 145.47; 148.21; 166.01

EI-MS (positive mode): m/z = 297 (calc. 296.08)
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2,9-bis (trichloromethyl)-1,10-phenanthroline (8)

=
Cl;C CClI
3 8 3
C14H12N> C14HeClgN2
Exact Mass: 208.10 Exact Mass: 411.87

A mixture of 2,9-bis (methyl)-1,10-phenanthroline (3 g, 13.8 mmol), N-chlorosuccinimide (12
g, 90 mmol), 3-chloroperoxydbenzoic acid (15 mg) in CCly (100 ml) was stirred and heated to
reflux for 12 h. The mixture was then cooled, filtered and concentrated to give a solid which was
dissolved in CHCl; and washed with saturated Na,CO; solution, dried over anhydrous MgSQy,
filtered, concentrated and dried in vacuum to yield 8 as a yellow solid (5.6 g, 98%) which was

used in the next step without further purification.

TLC (hexane/EtOAc 2:1): Rg= 0.3

"H-NMR (400 MHz, DMSO-ds): 8.25 (s, 2H); 8.49 (d, J = 8.48, 2H); 8.84 (d, J = 8.67, 2H)

BC NMR (400 MHz, DMSO-dq): 98,09; 119.93; 128.07; 129.44; 139.44; 142.63; 156.69.

+TOF MS: m/z =412.86 (calc. 411.87).
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[1,10]-Phenanthroline-2,9-dicarboxylic acid dimethyl ester (7)

C14HeClgNy C1H12N204
Exact Mass: 411.87 Exact Mass: 296.08

A stirred mixture of 8 (3 g, 7.22 mmol) and concentrated H,SO4 (1.5 ml) was heated to 90°C
for 2 h. (Caution!! HCI gas was liberated). After cooling the mixture, CH;OH (3.5 ml) was added
with rapid stirring and the solution refluxed for 1 h. The solution was cooled and neutralized
cautiously with a saturated aq.Na,CO; solution and filtered to give 7. This crude product was

purified by recrystallisation with methanol to give a pure 7 as yellow plates (3.5 g, 84%).
TLC (EtOAc): Ry=0.63

"H-NMR (400 MHz, DMSO-de): 4.04 (s, 6H, CHj ester); 8.23 (s, 2H); 8.44 (d, J = 8.29, 2H);
8.77 (d, J=8.29, 2H);

BC NMR (400 MHz, DMSO-de): 52.74 (CHj ester); 123.68; 128.52; 130.57; 138.12; 144.95;
147.56; 165.43 (C=0 ester).

EI-MS (positive mode): m/z =297 (calc. 296.08).



Experimental Part 107

87766
87490
84490
<00

—82325

e

40410
—33639
25211

S

~ Inegral

—
10000

: Q0
S 30287

N
w
“
w
o
(P
o
—~
o
~
o

7.5 7.0 6.5 6.0 5.5 5.0 4.5
(ppm)

"H-NMR spectrum (400 MHz, DMSO-dg) of 7



108 Experimental Part

[1,10]-Phenanthroline-2,9-dicarboxylic acid bis-[(2-hydroxy-ethyl)-amide] (9a)

—>
7
C16H12N204 C1gH1gN404
Exact Mass: 296.08 Exact Mass: 354.13

A mixture of 7 (1 g, 3.3 mmol) and 2-aminoethanol (5 ml) was heated under reflux (170°C)
for 1 hour. After what, the mixture was concentrated under vacuum. The residue was treated with
HCI (2M) and washed with 3x100 ml of CH,Cl,/isopropanol (3:1). The organic layer was then
dried with Na,SO, and evaporated and dried under high vacuum, to afford 9a (1.12 g; 95 %).

"H-NMR (400 MHz, DMSO-dg): 3.60 (g, J = 6.03, 4H, CH,); 3.70 (¢, J = 6.12, 4H, CH.); 5.23 (s,
OH); 8.20 (s, 2H); 8.48 (d, J = 8.29, 2H); 8.77 (d, J = 8.29, 2H): 9.28 (¢, J = 5.83, 2H, NH).

3C NMR (400 MHz, DMSO-de): 41.78 (CHa); 59.69 (CHa); 120.92; 127.86; 130.18; 138.27;
143.49; 149.49; 163.69 (C=0 amide).

EI-MS (positive mode): m/z = 355 (calc. 354..13).
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[1,10]-Phenanthroline-2,9-dicarboxylic acid bis-[(3-hydroxy-propyl)-amide] (9b)

—>
?H HN€
OH HO
7 9b
C16H12N204 CooH2oN,04
Exact Mass: 296.08 Exact Mass: 382.16

A mixture of 7 (600 mg, 2 mmol) and 3-aminopropanol (4 ml, excess) was heated under
reflux (170°C) for 1 hour. After what, the mixture was concentrated under vacuum. The residue
was treated with HCI (2M) and washed with 3 x 100 ml of CH,Cly/isopropanol (3:1). The organic
layer was then dried with Na,SO,, evaporated and dried under high vacuum, to afford 9b (714 mg,
93%).

TLC (EtOAc/ MeOH 5%): Ry = 0.38
"H-NMR (400 MHz, DMSO-d¢): 1.92 (¢, J = 6.36, 4H, CH,); 3.63 (¢, J = 6.60, 4H, CH,); 3.69 (1,
J=6.12, 4H, CH); 5.23 (s, OH); 8.23 (s, 2H); 8.51 (d, J = 8.31, 2H); 8.79 (d, J = 8.31, 2H); 9.56

(t,J=5.87, 2H, NH).

3C NMR (400 MHz, DMSO-dg): 32.42 (CHa); 37.59 (CH,); 59.88 (CH,); 121.28; 128.19;
130.52; 138.58; 143.95; 149.98; 163.94 (C=0 amide).

EI-MS (positive mode): m/z = 383 (calc. 382.16).
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[1,10] Phenanthroline-2,9-dicarboxylicacid 2-({2-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
ethyl}-amide)9-[(2-hydroxy-ethyl)-amide] (10a)

/ />_<\ \
—N =
0 0 .
gNH H>
HO OH
9a ~0 10a
C1gH1gN404 C39H36N406
Exact Mass: 354.13 Exact Mass: 656.26

To a solution of 9a (520 mg, 1.47 mmoles) in dry pyridine (35 ml) was added dropwise a
solution of 4,4’-dimethoxytrityl chloride (500 mg, 1.47 mmol) in dry pyridine (15 ml) slowly over
4 h, then the reaction was continued over night at room temperature under nitrogen atmosphere.
Then MeOH (25 ml) was added and stirred for 5 more minutes. The solution was evaporated, the
residue dissolved in CH,Cl, (25 ml) and washed with NaOH (2M), aqueous NaHCO3 (3 x 25 ml)
and water successively. The organic layer was dried (Na,SO4) and concentrated, followed by
column chromatography purification (EtOAC/Et;N (2%) to afford 10a as a yellow crystal (300
mg, 31%)

'"H NMR (400 MHz, CDCLy): 1.21 (¢, J = 7.16, 2H); 1.97 (s, 2H); 3.25 (g, J = 5.46, 2H); 3.40 (m,
4H); 3.58 (s, 6H); 3.8(q, J = 5.47, 2H); 4.08 (d, J = 7.16, 1H); 6.66 (d, J = 8.85, 4H); 7.14-7.06
(m, 3H); 7.26 (d, J = 8.85, 4H); 7.39 (d, J = 6.78, 2H); 7.86 (s, 2H); 8.39 (d, J = 8.29, 2H); 8.50
(d,J=8.29, 2H); 9.04 (1, J = 5.47, 1H); 9.25 (¢, J = 5.46, 1H).

BC NMR (400 MHz, CDCls): 37.73; 38.54; 55.06; 61.47; 113.04; 121.51; 126.68; 127.80;
128.12; 128.33; 129.01; 130.01; 137.58; 145.07; 158.39; 164.76.
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ES-MS (positive mode) : m/z =676 (M +Na") (calc. 656.29)
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[1,10] Phenanthroline-2,9-dicarboxylicacid 2-({3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propyl}-amide)9-[(3-hydroxy-propyl)-amide] (10b)

C2oH22N404 C41H4oN4O0g
Exact Mass: 382.16 Exact Mass: 684.29

To a solution of 9b (383 mg, 1 mmol) in dry pyridine (10 ml) under nitrogen atmosphere was
added dropwise a solution of 4,4’-dimethoxytrityl chloride (340 mg, Immol) in dry pyridine(8 ml)
slowly over 3 h, then the reaction was continued over night at room temperature and under
nitrogen atmosphere. Then MeOH (25 ml) was added and stirred for 5 more minutes. The solution
was evaporated, the residue redissolved in CH,Cl, (25 ml) and washed with NaOH (2M), aqueous
NaHCO; solution (3 x 25 ml) and water successively. The organic layer was dried (Na,SO4) and
concentrated, followed by column chromatography purification (EtOAC/Et;N 2%) to afford 10b
as a yellow crystal (260 mg, 38%)

TLC (EtOAc): R;=0.18

"H NMR (400 MHz, CDCls): 1.21 (¢, J = 7.16, 2H); 2.01(m, 4H); 3.20 (¢, J = 5.65, 2H); 3.74-
3.58 (m, 13H); 4.03 (¢, J = 7.16, 1H); 6.67 (d, J = 8.67, 4H); 7.27-7.06 (m, 12H); 7.37 (d, J =
7.73, 2H); 7.77 (g, J = 8.86, J = 4.86, 2H); 8.23 (d, J = 8.29, 1H); 8.32 (d, J = 8.29, 1H); 8.50 (¢, J
=8.67, 2H); 8.79 (t, J = 5.65, 1H); 9.20 (¢, J = 5.65, 1H).
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BC NMR (400 MHz, CDCly): 31.41; 37.73; 38.54; 55.06; 61.47; 113.04; 121.51; 126.68; 127.80;
128.12; 128.33; 129.01; 130.01; 137.58; 145.07; 158.39; 164.76.

ES-MS : m/z =706 (M + Na+t) (calc. 684.29)
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Diisopropyl-phosphoramidous acid-2-[(9-{2-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
ethylcarbomoyl}-[1,10]phenanthroline-2-carbonyl)-amino]-ethyl ester2-cyano-ethyl ester (11a)

10a 11a
C39H36N4Op C4gHs53NgO7P
Exact Mass: 656.61 Exact Mass: 856.85

A mixture of 10a (300 mg, 0.45 mmol) and diisopropylammonium tetrazolyd (78 mg, 0.45
mmol) is coevaporated in dry CH,Cl, (2 x 1 ml). CH,Cl, (6 ml) and diisopropylammonium
cyanoethoxyphosphine (207 mg, 0.67 mmol) were added under nitrogen atmosphere and the
mixture stirred at r.t. for 1 h. Evaporation of the solvent gave slight yellow oil, which was purified
by flash column chromatography utilising Hexane/EtOAc (2:1) + 2% Et;N as eluant to afford pure
11a (342 mg, 88%).

TLC (EtOAc): R¢=0.36

"H NMR (300 MHz, CDCls): 1.02-1.06 (m, 12H); 1.16 (m, 4H); 2.42 (¢, J = 6.41, 2H); 3.34 (¢, J =
5.65, 2H); 3.43-3.53 (m, 4H); 3.62-3.81 (m, 4H); 6.68 (d, J = 8.67, 4H); 7.04-7.15 (m, 3H);
7.18(s, 3H); 7.28 (d, J = 8.66, 4H); 7.39 (d, J = 7.16, 2H); 7.87 (s, 2H); 8. 39 (d, J = 8.28, 2H);

8.53 (d, J=8.29, 2H); 8.68 (¢, J = 6.03, 1H); 8.89 (¢, J=5.21, 1H).

BC NMR (300 MHz, CDCls): 24.63; 37.73; 38.54; 43.25; 55.06; 61.47; 82.44; 95.24; 113.04;
121.51; 126.68; 127.80; 128.12; 128.33; 129.01; 130.01; 137.58; 145.07; 158.39; 164.76.

3P-NMR (300 MHz, CDCl): 148.22
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ES-MS :

m/z=876(M + Na") (calc. 856.85)
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Diisopropyl-phosphoramidous acid-3-[(9-{3-[bis-(4-methoxy-phenyl)-phenyl-methoxy]-
propylcarbomoyl}-[1,10]phenanthroline-2-carbonyl)-amino]-propyl ester2-cyano-ethyl ester
(11b)

—0 10b —0 11b
C41H40N406 050H57N607P
Exact Mass: 684.61 Exact Mass: 884.85

A mixture of 10b (100 mg, 0.14 mmol) and diisopropylammonium tetrazolyd (25 mg, 0.14
mmol) was coevaporated in dry CH,Cl, (2 x Iml). Under nitrogen atmosphere, were added
diisopropylammonium cyanoethoxyphosphine (66 mg, 0.22 mmol) and CH,Cl, (2 ml).The
mixture was stirred at r.t. for 1 h. Evaporation of the solvent gave slight yellow oil, which was
purified by flash column chromatography utilising Hexane/EtOAc (2:1) + 2% Et;N as eluant to
afford pure 11b (122 mg, 94%).

TLC (hexane/EtOAc 2:1): R 0.28

"H NMR (300 MHz, CDCl3): 0.99-1.04 (m, 12H); 1.11-1.15 (m, 6H); 2.48 (¢, J = 5.87, 2H); 3.05
(t, J = 5.87, 2H); 3.42-3.47 (m, 4H); 3.52-3.65 (m, 12H); 3.94-4.02 (m, 1H); 6.65 (d, J = 8.81,
4H); 7.03-7.19 (m, 7TH); 7.33 (d, J = 7.34 2H); 7.86(s, 2H); 8. 40 (d, J = 8.32, 2H); 8.50 (d, J =
8.32, 2H); 8.64-870 (m, 2H).

P_NMR (300 MHz, CDCl;): 147.75; 14.31

ES-MS (positive mode) : m/z =905 (M + Na+) (calc. 884.85)
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6,6'-Dimethyl-[2,2'] bipyridinyl (12)

7 N\_/ \ N/ N\
—N N= =N N=
12
CqoHgN> CqaH42N>
Exact Mass: 156.07 Exact Mass: 184.10

To a solution of 2,2'-bipyridine (2 g, 12.8 mmol) in dry THF (68 ml) at -78°C was added
methyllithium (1.6 M, 34 ml, 54.4 mmol). After 1 h at this temperature, the reaction was stirred at
r.t. for 1 hour. The mixture was then brought to reflux for 3 hours. MeLi was quenched with ice,
and the product extracted with CH,Cl,, then dried over MgSO,4. Manganese dioxide (33 mg) was
then added and the mixture stirred for 2 more hours. After filtration, the mixture was evaporated

to afford 12 (1.8 g, 78%) as slight white solid.

"H NMR (300 MHz, CDCls): 2.59 (s, 6H), 7.11 (d, J= 7.7, 2H), 7.65 (¢, J = 7.8, 2H), 8.14 (d, J =
7.7, 2H)

ESI-MS m/z: 185 ([M + H]")
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6,6"-Dimethyl-[2,2']bipyridinyl 1,1'"-dioxide (13)

I/ .
=N N= -
12
Ci2H12N, C12H12N20,
Exact Mass: 184.10 Exact Mass: 216.09

To a mixture of 6,6'-dimethyl-2,2'-bipyridine (500 mg, 2.7 mmol) and glacial acetic acid (3 ml), 1
ml of H,O; (30%) was added. The reaction mixture was stirred at 80 °C for 20 h. The mixture was
then evaporated on the rotovap, dried on the high vacuum and the obtained residue recrystallised
from Et,0 to afford 13 (528 mg, 90%).

"H NMR (300 MHz, CDCls): 2.58 (s, 6H), 7.35 (m, 6H)

C NMR (300 MHz, CDCls): 18.10, 125.13, 125.87, 127.11, 143.64, 150.05

ESI-MS m/z: 217 (M + H]")
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Acetic acid 6'-acetoxymethyl-[2,2'] bipyridinyl-6-ylmethyl ester (14)

Y
|
=z
=
I

13 14
Cy2H12N20O, C16H16N204
Exact Mass: 216.09 Exact Mass: 300.11

13 (500 mg, 2.3 mmol) dissolved in distilled acetic anhydride (4 ml) was heated to reflux for 20
minutes. The mixture was then evaporated and dried under high vacuum. The obtained residue
was purified by column chromatography to afford 14 (490 mg, 71%)).

TLC (CHZCIZ): Rf 0.54

"H NMR (300 MHz, CDCls): 2.19 (s, 6H); 5.31 (s, 4H); 7.37 (d, J = 7.2, 2H); 7.85 (¢, J = 7.7,
2H); 8.37 (d, J = 7.6, 2H).

BC NMR (300 MHz, CDCl3): 21.10; 67.09; 120.32; 122.21; 138.70; 155.03; 155.18; 171.02.

ESI-MS m/z: 301 ([M + H]")
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(6'-Hydroxymethyl-[2,2'] bipyridinyl-6-yl)-methanol (15)

/ \_/ \ 7\ / \
—N N=
- )»=N N=
0 (o)
0:< )‘0 OH HO
14 15
C16H16N204 C12H12N20,
Exact Mass: 300.11 Exact Mass: 216.09

A mixture of 6,6'-bis(acetoxymethyl)-2,2'-bipyridine (500 mg, 1.7 mmol) and anhydrous K,COs
(700 mg, 5 mmol) in EtOH (8 ml), was stirred at r.t. for 20 h. The reaction mixture was then

filtered through celite, evaporated and dried over vaccum to afford 15 (306 mg, 85%).

"H NMR (300 MHz, CD;OD): 5.01 (s, 4H); 7.70 (d, J = 7.7, 2H); 7.93 (¢, J = 8.0, 2H); 8.32 (d, J
=7.7, 2H).

BC NMR (300 MHz, CD;0D): 65.30; 120.21; 121.18; 139.02; 157.04; 162.23.

ESI-MS m/z: 216.7 (M + H]")



124 Experimental Part

{6°-[bis-(4-methoxy-phenyl)-phenyl-methoxymethyl]-[2,2 ] bipyridinyl-6-yl}!-methanol (16)

oy ~
—N N=
OH HO O O 5

15 16
C42H12N20, C33H39N204
Exact Mass: 216.09 Exact Mass: 518.22

4,4’-dimethoxytrityl chloride (783 mg, 2.3 mmol) in dry pyridine (40 ml) was added dropwise
over 4 h, to a solution of 15 (500 mg, 2.3 mmole) in dry pyridine (40 ml) under nitrogen
atmosphere. The reaction was continued over night at room temperature. MeOH (25 ml) was then
added and let stirred for 5 more minutes. The solution was evaporated, the residue redissolved in
CH,Cl; (25 ml) and washed with aqueous NaHCOj solution (3 x 25 ml) and water successively.
The organic layer was dried (Na,SO4) and concentrated, followed by column chromatography

purification [EtOAc/Hexane 1:1 + EtsN (2%)] to afford 16 (551 mg, 46%)

TLC (EtOAc): R¢=0.13

"H NMR (300 MHz, CDCls): 3.71 (s, 6H); 4.35(s, 2H); 4.76 (s, 2H); 6.79 (d, J = 8.85, 4H); 7.14-
7.18 (m, 4H); 7.21-7.26 (m, 3H); 7.37 (d, J = 8.85, 4H); 7.48 (d, J = 8.1, 2H); 7.82 (m, 3H);

8.25(m, 2H)

BC NMR (300 MHz, CDCly): 55.29; 70.67; 97.50; 113.22; 119.73; 126.86; 127.77; 127.92;
128.19; 129.13; 130.11; 136.10; 137.48; 158.66.

EI-MS (positive mode): m/z =519 (calc. 518.22).
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Diisopropyl-phosphoramidous acid 6°-[bis-(4-methoxy-phenyl)-phenyl-methoxymethyl] -[2,2]
bipyridinyl-6-ylmethyl ester2-cyano-ethyl ester (17)

S HO Q N /O\/\C\\N
% ) $ Y T

—O
Y

(0]
\ 16 A 17
C33H30N204 C4oH47N4O5P
Exact Mass: 518.22 Exact Mass: 718.33

A mixture of 16 (150 mg, 0.29 mmol) and diisopropylammonium tetrazolyde (25 mg, 0.29
mmol) was coevaporated in dry CH,Cl, (2 x 1ml), then dissolve in 2 ml of CH,Cl, under Nitrogen
atmosphere. Diisopropylammonium cyanoethoxyphosphine (66 mg, 0.22 mmol) was added. The
reaction was completed after 1 h at r.t. The residue obtained after evaporation of the solvent was
purified by flash column chromatography utilising Hexane/EtOAc (1:1) + 2% Et;N as eluant to
afford pure 17 (192 mg, 92%).

TLC (hexane/EtOAc 1:1): R¢.0.46
"H NMR (300 MHz, CDCl3): 1.13-1.17 (m, 12H); 2.58 (1, J = 5.41, 2H); 3.58-3.66 (m, 2H); 3.71
(s, 6H); 3.77-3.89 (m, 2H); 4.34 (s, 2H); 4.72-490 (m, 2H); 6.79 (d, J = 8.86, 4H); 7.15-7.29 (m,

5H); 7.33-7.40 (m, 4H); 7.48(d, J = 6.97, 2H); 7.67-780 (m; 2H); 8.05-818 (m, 2H).

BC NMR (300 MHz, CDCls): 19.31; 24.64; 46.75; 55.22; 67.01; 70.64; 113.21; 119.63; 127.89;
128.20; 130.11; 136.15; 137.38; 158.55.

3'P_NMR (300 MHz, CDCl5): 149.08
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5.2.2 Synthesis and purification of oligonucleotides

Oligonucleotides were synthesized on a 392 DNA/RNA Synthesizer (Applied Biosystems)

23] The nucleoside

according to the standard phosphoramidite solid-phase chemistry.
phosphoramidites were from ChemGenes (Ashland, MA). The solvents (CH3CN3 and CH,Cl,)
were of analytical grade from proligo GmbH (Hamburg) and reagents [deblock solution
(3%TCA/DCM), activator solution (30 mg/ml of tetrazole in CH3CN), oxidising solution (0.02M
iodine in water/pyridine/THF), capping solutions A (acetic anhydride/pyridine/THF) and B (1-
methylimidazole in THF)] used for the synthesis were from Cruachem (Glasgow G20 OUA,
Scotland). The standard synthetic procedure (“trityl-off” mode) was used to synthesize the
oligonucleotides. For phosphoramidite 4, the coupling time was increased to 30 min and for the
other non-natural phosphoramidite 4, 11b, 11a, 17 the standard condition was used i.e. a coupling
time of 90 sec. After the synthesis, detachment from the solid support and final deprotection was
achieved by treatment with conc. aq. NHj3 soln. for 40 hours at room temperature, filtered through
spritzenfilter (nylon, 0.17 mm /0.45 um, Semadeni AG).

The crude terpyridine-modified oligonucleotides were purified by 20% Polyacrylamide Gel
Electrophoresis in denaturing conditions: urea (7 M) following the protocol from Manniatis
laboratory manual. Polyacrylamide was performed from SERVA Electrophoresis GmbH
(Heidelberg). After the migration of the gel, the oligonucleotide bands were visualised under UV-
light, the appropriate band excised and the oligonucleotides recovered by electro-elution (1XTBE
buffer, 100 Watts, 4 Volts 80 mA, 90 min) using equipment from Pharmacia Biotech AB
(Sweden). Crude phenanthroline- and bipyridine-modified oligonucleotides and the non-modified
oligonucleotides were purified by reverse phase HPLC (X Terra RP;s 3.5um column from

Waters). The following buffers have been used:

Buffer A: 100 mM triethylammonium acetate in H,O, pH 7.0 (degased)
Buffer B: 10 mM triethylammonium acetate in H2O/CH3;CN (1: 4) pH 7.0

Oligonucleotide desalting was done over Sep-Pak cartridges (Waters, Milford, USA). First the
cartridge was conditioned with 10 ml CH;CN, 10 ml miliQ-H,O and 10 ml of TEAAc buffer (0.3
M, pH.6.0) successivly, then a solution of crude oligonucleotide in TEAAc buffer (0.3 M, pH.6.0)
was loaded and washed with 10 ml of 0.3 M TEAAc buffer and 20 ml of H,O, followed with
elution of the desalted oligonucleotide with 10 ml of MeOH/H,0 (3:2).
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The masses of the purified oligonucleotides were determined by electrospray mass spectroscopy:

VG Platform single quadrupole ESI-MS.

5.2.3 Analysis

If not indicated otherwise, all experiments were carried out under the following conditions:
oligonucleotide concentration 1.5 uM; 10mM phosphate buffer, pH = 7.5 (23°C); 100mM NacCl.
For experiments with metals, stock solutions (100 uM) of the following metals were used:

Zn(IDCly; Co(IN)Cl,.6H,0; Ni(IT)Cla.6H,0; Cu(I)Clo.2H,0; PA(IT)Cl,.

Prior to all experiments, oligonucleotides were treated with a chelating agent (Chelex-100

resin, from Sigma) in order to avoid any trace metal contamination.*”

UV Melting Experiment

Were performed on the Varian Cary 3e UV/VIS spectrophotometer equipped with a Peltier
block temperature-controller and Varian WinUV software were utilized to determined the melting
curves at 260 nm, a heating-cooling-heating cycle in the temperature range of 0-90°C or 20-90°C
was applied with a temperature gradient of 0.5°C/min. To avoid H,O condensation on the UV
cells at temperatures under 20°C, the cell compartment was flushed with N,. Data were collected
and analysed with Kaleidagraph® software from ©Synergy Software. Ty, values were determined
as the maximum of the first derivative of the melting curve.

Tm calculations: Calculated Tm-values were obtained using the program RNA mfold™®

(http://www.bioinfo.rpi.edu/applications/mfold/).

Molecular modelling

The calculations were performed with Hyperchem® (Release 7) from Hypercube, Inc.
Oligonucleotide duplexes were generated with the parameters for B-DNA. The terpyridine moiety
was pre-modeled and built into a standard B-DNA duplex. The whole construct was then
minimized in the presence of water molecules (periodic boundary conditions), using the Polak-

Ribiere algorithm and 0.1kcal/A-mol as RMS gradient. A dielectric constant of 4 was used. Both
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the Electrostatic and van der Waals 1-4 scale factors were set to 0.5. The structure was calculated

with Amber force field. The minimized structures were warmed from 100 to 300 K within 0.1ps.

Circular Dichroism
CD experiments were performed using a Jasco J-715 spectropolarimeter with a 150W Xe
high-pressure lamp. A Jasco PDF-350S8-Peltier unit, coupled with a Colora K5 ultrathermostat,
controlled the temperature of the cell holder. The temperature was determined directly in the
sample. The phosphate buffer was used as blank. For the measurement parameters, we used 0.5
for the step resolution, 50 nm/min for the scan speed, 1 nm for the band width, 50 mdeg for the
sensibility and 3 scans for the accumulation. The CD spectra are given in mdeg from 210 to 320
nm.
Denaturing polyacrylamide gel electrophoresis'®
Pharmacia Biotech, Power supply EPS 3500 XL, vertical gel electrophoresis, 40cm x 20 cm glass
plates and x 0.5 mm spacer were used. Prior to use, the plates were siliconized with SIGMA cot.
20% polyacrylamide gel:
65 ml 40% acrylamide-bis (19:1) solution, from SERMA
26 ml TBE 5x (tris-Borate 450 mM, EDTA 10 mM)
55¢g wurea
130 ml (gsp) mQ H,O
pH 7.0
830 pl of ammonium peroxide disulfate (10% in mQ H;O) and 65 pl of N,N’N’-
tetramethylendiamine (TEMED) were added to this solution. The gel was then poured and
polimerized. TBE-buffer 1x was used as electrophoresis runing buffer. The concentration of the
oligonucleotide was 450 pmol/ul of the loading sample. The quantity of oligonucleotides were
pipeted in an eppendhorf and dried under speed vaccum and taken up in 10 pl of loading buffer
(1g glycerol + Iml 10x TB-buffer + 9ml mili-Q H,O). Before loading, the samples were first
equilibred by heating to 90°C for 5 min, cooling slowly to r.t and then to 0°C for 5 min. As

migration markers, xylencyanol and bromophenol blue were used.
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5.3 Hybridisation Assisted by Metal Complex

5.3.1 Synthesis of Phosphoramidite Building Blocks

1, 5-Di-pyridin-2-yl-pentane-1, 3, 5-trione (30)

| N @) 0] 0]
30
CgHgNO; C15H12N203
Exact Mass: 151.06 Exact Mass: 268.08

A solution of acetone (2 ml, 25 mmol) and ethyl 2-pyridinecarboxylate (18.7 ml, 64.5 ml) in 1,2-
dimethoxyethane (50 ml) was added to a suspension of sodium hydride in 1,2-dimethoxyethane
(50 ml) maintained under dry N, atmosphere. The mixture was stirred at room temperature until a
vigorous reaction occurred and a bright orange suspension was obtained. This was then heated to
reflux for 6 hours. The solvent was then removed and the orange paste cautiously treated with
water (100 ml). The orange solution was filtered through celite, and the filtrate adjusted to pH 7
with diluted HCI. The obtained yellow solid was collected by filtration and washed with water,
dissolved in diethyl ether and treated with magnesium sulphate. Evaporation of the diethyl ether

yielded 30 (7.99 g, 84%) as a yellow solid.

TLC (EtOAc): Ry=0.16

1H-NMR (300 MHz, CDCls) = 4.44 (s, 4H); 7.38-7.52 (m, 2H); 7.81-7.89 (m, 2H); 8.01-8.14
(m, 2H); 8.69 (d, ] = 4.04, 2H)

MS (FABY): m/z = 269.

mp = 102-105°C
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[2,2°;6°,2" Jterpyridin-4’-ol (31)

O O O
| X | X
_N N~ -
30
C15H12N203 C45H14N30
Exact Mass: 268.08 Exact Mass: 249.09

A solution of 1, 5-di-pyridin-2-yl-pentane-1, 3, 5-trione (1 g, 3.7 mmol) and ammonium acetate
(2.2 g, excess) in ethanol (50 ml) was heated to reflux for 6 hours, after which the dark brown
solution was concentrated to dryness, treated with NaOH (2M), then washed with
dichloromethane. The aqueous phase was adjusted to pH 7 by addition of acetic acid, and the so
obtained white precipitate was collected by filtration and washed well with diethyl ether.

Recrystallisation from ethanol affords 31 (704 mg, 76%) as a white solid.
TLC (EtOAc / MeOH 5%): Ry=0.14

"H-NMR (300 MHz; DMSO-dg) = 7.45 (¢, J = 6.43, 2H), 7.85 (s, 2H); 7.96 (¢, J = 7.54, 2H); 8.58
(d, J=1.9, 2H); 8.68 (d, J = 4.05, 2H); 10.95 (s, 1H, OH).

MS (FAB"): m/z = 250 (249.27).

mp = 167°C
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2-([2, 2°:6°,2 " Jterpyridine-4’-yloxy)-ethanol (32)

OH
OH O/\/
® [
| XN ON N - N N7 N
-N N~ N NINPZ
31 32
C45H11N30 C47H15N30;
Exact Mass: 249.09 Exact Mass: 293.12

A solution of 31 (390 mg, 1.6 mmol), Nal (234 mg, 1.56 mmol) and K,COs (700 mg, 4.6 mmol)
in DMF (8 ml) was stirred for 30 min at 70°C after which, 2-chloroethanol (376 mg, 4.7 mmol)
was slowly added over a period of 30 min. The mixture was left to stir for 20 hours. The purple
solid obtained after evaporation of the solvent, was treated with HCl (2M) and washed with
CH,Cl,. The aqueous phase was neutralized with NaOH (2M). Filtration and drying of the
precipitated solid over P,Os was followed by recrystallisation from ethanol to yield 32 (353 mg,
77%) as a white solid.

"H-NMR (300 MHz; DMSO-dg) = 3.78 (t, J = 4.78, 2H); 4.25 (t, J = 4.78, 2H); 7.49 (1, J = 4.78,
2H), 7.96-8.25 (m, 4H); 8.61 (d, J = 7.91, 2H); 8.71 (d, J = 4.78, 2H).

BC NMR (300 MHz; DMSO-dg) : 59.66; 66.02; 105.22; 119.15; 121.65; 134.60; 146.85; 153.87;
154.97; 164.84.

ESI-MS (positive mode): m/z = 292

mp = 148°C
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Diisopropyl-phosphoramidous acid 2-cyano-ethyl ester 2-([2,2°,6°,2 " Jterpyridin-4’-yloxy)-ethyl
ester (33)

O/\/OH

\

32
C47H45N30, Ca6H32N503P
Exact Mass: 293.12 Exact Mass: 493.22

Diisopropylammonium cyanoethoxyphosphine (350 pl, 1.1 mmol) was added to a mixture of 32
(295 mg, 1 mmol) and diisopropylammonium tetrazolide (175 mg, 1 mmol) in dry CH,Cl, (10 ml)
under nitrogen atmosphere. The mixture was stirred at r.t. for 1 hour. Evaporation of the solvent
gave a light brown oil, which was purified by flash chromatography (hexane/EtOAc 1:1 + 2%
Et;N) to afford 33 (467 mg, 95%) as a white foam.

TLC (EtOAc): R¢=0.78
"H-NMR (CDCl3; 300 MHz) = 1.13 (d, J = 6.7, 12H); 2.58 (¢, J = 6.3, 2H); 3.59 (m, 2H); 3.84 (m,
2H); 3.95 (m, 1H); 4.05 (m, 1H); 4.36 (¢, J = 5.8, 2H); 7.27 (¢, J = 4.8, 2H); 7.79 (¢, J = 7.6, 2H);

7.96 (s, 2H); 8.55 (d, J = 7.8, 2H); 8.62 (d, J = 4.8, 2H).

BC NMR (300 MHz, CDCls): 18.20; 22.49; 40.88; 56.50; 59.66; 66.02; 105.22; 119.15; 121.65;
134.60; 146.85; 153.87; 154.97; 164.84.

3IP_LNMR (300 MHz, CDCls): 150.31.

ESI-MS (positive mode): m/z = 494.27.
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6-(phosphoramidite)-6'-methyl-2, 2'-bipyridine (38)

Y

/
o)
v=c—/

37 38
C12H42N20 C21Hy9N4O,P
Exact Mass: 200.09 Exact Mass: 400.20

Diisopropylammonium cyano-ethoxyphosphine (360 mg, 1.2 mmol) was added to a mixture of
(200 mg, 1 mmol) and diisopropylammonium tetrazolide (171 mg, 1 mmol) in dry CH,Cl, (10 ml)
under a nitrogen atmosphere. The mixture was stirred at r.t. for 1 h. Evaporation of the solvent
gave a light brown oil, which was purified by flash chromatography (hexane/EtOAc 2:1 + 2%
Et;N) to afford 38 (280 mg, 70%).

"H NMR (300 MHz, CD;CN): & = 1.26 (m,12H); 2.61 (s, 3H); 2.73 (m, 2H); 2.77 (m, 2H); 3.95
(m, 2H); 4.91 (m, 2H); 7.30 (d, J = 7.72, 1H); 7.56 (d, J = 7.72, 1H); 7.82 (¢, J = 7.73, 1H); 7.95 (1,

J=17.73, 1H); 8.33 (d, J=7.53, 1H); 8.36 (d, J = 7.92, 1H).

BC NMR (300 MHz, CD;CN): 20.37; 20.45; 21.80; 22.39; 24.58; 24.63; 24.73; 43.19; 43.35;
47.32;47.38; 58.52; 48.78; 66.32; 118.18; 119.64; 120.61; 123.19; 137.00; 137.42; 155.62.

3IP_NMR (300 MHz, CD;CN): 148.71.

ESI-MS (positive mode): m/z =401
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Diisopropyl-phosphoramidous acid 2-cyano-ethyl ester 9-methyl-[1, 10]phenanthroline-2-
vimethyl ester (43)

-
42 43
C14H42N20 Co3Ho9N4O5P
Exact Mass: 224.09 Exact Mass: 424.20

A mixture of 42 (150 mg, 0.67 mmol) and diisopropylammonium tetrazolyd (114 mg, 0.67 mmol)
is co-evaporated in dry CH,Cl, (2 x 1 ml). Dichloromethane (6 ml) and diisopropylammonium
cyanoethoxyphosphine (242 mg, 0.8 mmol) is added under nitrogen atmosphere and the mixture
was stirred at r.t. The reaction showed a complete conversion of 42 into 43 within 1 hour. The
product was purified by flash column chromatography utilising Hexane / EtOAc (1:2) + 2% Et;N
as eluant to afford pure 43 (214 mg, 75%).

TLC (Hexane/EtOAc 1:2 + 2% Et;N): Rg= 0.7
'"H NMR (300 MHz, CDCl3): 6 = 1.08-1.25 (m, 18H); 2.64 (¢, J = 6.4, 3H); 2.87(s, 3H); 3.42-357
(m, 2H); 3.63-3.71 (m, 3H); 3.82-3.94 (m, 2H); 5.08-5.27(m, 2H); 7.45 (d, J = 8.29, 1H); 7.68 (s,

2H); 7.85 (d, J = 8.29, 1H); 8.09 (d, J = 8.29, 1H); 8.22 (d, J = 8.45, 1H)

BC-NMR (300 MHz, CDCls): 20.38; 21.76; 22.39; 24.66; 25.96; 43.24; 47.31; 58.62; 120.45;
125.57; 126.02; 136.33; 136.83

3IP_NMR (300 MHz, CDCls): 149.11.
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6-Chloro-8-nitro-quinoline (44)

Cl Cl N
S
NH, » N
N02 N02
44
CsH5CIN,O, CgH5CIN,O,
Exact Mass: 172.00 Exact Mass: 208.00

A mixture of 4-chloro-2-nitroaniline (5 g, 29 mmol), arsenic pentoxide (4 g, 17.4 mmol), H,SO4
(6 ml) and H,O (2 ml) was heated to 100°C. Glycerol (7 ml) was then added at such a rate that the
temperature did not exceed 140°C. After 2 hours of reaction, the mixture was poured into water,
neutralized with NaOH and the precipitate extracted with hot toluene. Recrystallisation from

toluene affords the quinoline 44 (5 g, 83%).

TLC (EtOAc): Ry=0.72

'H-NMR (300 MHz, DMSO) 8 = 7.73 (g, J = 4.1, 1H); 8.42 (s, 1H); 8.45 (s, 1H); 8.49 (d, J =
8.85, 1H); 8.99 (d, J = 4.16, 1H)

BC-NMR (300 MHz, DMSO): 123.96 ; 124.57 ; 129.64 ; 130.05; 130.92; 136.32; 137.29;
153.50

ESI-MS (positive mode): m/z =208

Mp : 148-150°C
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6-Chloro-quinolin-8-ylamine (45)

Cl N Cl N
_— =
N7 N
NO, NH,
44 45
Exact Mass: 208.00 Exact Mass: 178.03

A solution of 6-chloro-8-nitro-quinoline (1 g, 4.8 mmol) and Pd/C (0.1 g) in MeOH (25 ml) under
H, atmosphere was stirred at r.t for 3 hours. The mixture was then filtered on celite. The residue

obtained after evaporation of methanol was recrystallised using petroleum ether to afford 45 (0.6

g, 68%).
TLC (EtOAc/Hexane 1:1): Ry=0.45

"H-NMR (300 MHz, CDCl3) & = 5.02 (s, 2H, NH,); 6.78 (s, 1H); 7.03 (s, 1H); 7.28-7.32 (¢, J =
4.23, 1H); 7.90 (d, J = 8.28, 1H); 8.64 (d, J = 4.15, 1H)

BC-NMR (300 MHz, CDCls): 110.17; 114.33; 120.09; 122.30; 129.30; 133.13; 135.14;
144.00; 147.38

ESI-MS (positive mode): m/z =178
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5-Chloro-[1, 10] phenanthroline (46)

Cl

X
_ v
N
NH,
45 46
Exact Mass: 178.03 Exact Mass: 214.03

8-amino-6-chloroquinoline (470 mg, 2.6 mmol), arsenic pentoxide (363 mg, 1.6 mmol), H,SO4
(600 ml) and H,O (200 pul) was heated to 100°C. The mixture was then treated with glycerol (672
ul, 9 mmol) at such a rate that the temperature did not exceed 140°C. Heating was continued at
this temperature for 4 hours. The mixture was then poured in water, made alkaline and the
precipitate extracted with hot toluene. Recrystallisation from toluene affords the phenanthroline

46 (364 mg, 65%)

TLC (EtOAc/Hexane 1:1): Ry=0.50

'H-NMR (300 MHz, CDCls) & = 7.50-7.54 (g, J = 4.33, 1H); 7.86-7.95 (m, 2H); 8.12(d, J = 8.47,
1H); 9.00 (d, J = 4.34, 1H)

BC-NMR (300 MHz, CDCl3): 123.66; 124.71; 129.63; 130.41; 133.29 ; 135.23 ; 149.51; 150.92;
152.76

ESI-MS (positive mode): m/z =214
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2-([1,10] phenanthrolin-5-yloxy)-ethanol (47)

—_—
46 47
C42H7CIN, C14H12N20,
Exact Mass: 214.03 Exact Mass: 240.09

To a stirred suspension of powdered KOH (250 mg) in dry DMSO (4 ml) at 80°C, ethane-1,2-diol
(58 mg, 0.9 mmol) was added. After 1 hour, 5-chloro-[1,10] phenanthroline (200 mg, 0.9 mmol)
was added drop wise and reaction was continued for 5 hours at 70°C. The mixture was poured into

distilled water and extracted with dichloromethane to afford 47 (121 mg, 54%).

"H-NMR (300 MHz, CDCl5) § = 4.04 (t, J= 4.53, 2H); 4.30 (1, J= 4.53, 2H); 7.50-7.54 (¢, J =
4.33, 2H); 7.86-7.95 (m, 1H); 8.62(d, J = 8.67, 1H); 9.01(d, J = 4.15, 1H)
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Diisopropyl-phosphoramidous acid 2-cyano-ethyl ester 2-([1, 10]phenanthrolin-5-yloxy)-ethyl
ester (48)

47 48
C14H12N20; Co3Ho9N4O3P
Exact Mass: 240.09 Exact Mass: 440.20

Diisopropylammonium cyanoethoxyphosphine (165 mg, 0.55 mmol) was added to a mixture of 2-
([1,10]phenanthrolin-5-yloxy)-ethanol (110 mg, 0.46 mmol) and diisopropylammonium
tetrazolide (78.5 mg, 0.46 mmol) in dry CH,Cl, (5 ml) under nitrogen atmosphere. The mixture
was stirred at r.t. and followed by TLC (Hexane/EtOAc 1:2). The reaction was stopped after 1
hour. Evaporation of the solvent gave a light brown oil, which was directly purified by flash
chromatography (Hexane/EtOAc 1:2 + 2% EtN) without any work-up, to afford the
phosphoramidite 48 (128 mg, 64%).

TLC (Hexane/EtOAc 1:2+ 2% Et;N): Ry=0.78
'"H-NMR (300 MHz, CDsCN) = 1.20 (m, 12H); 2.66 (¢, J = 5.65, 2H); 3.59 (m, 2H); 3.53-3.61 (m,
3H) 3.72-3.83 (m, 3H); 4.04-4.13 (m, 2H); 4.49-4.52 (m, 2H), 7.76 (dd, J, = 4.14, J, = 4.52, 1H);

8.22 (s, 1H); 8.84 (dd, J; = 1.51, J> = 6.97, 1H); 9.04 (m, 1H).

BC-NMR (300 MHz, CD;CN): 25.37; 29.10; 29.20; 48.08; 48.24; 49.69; 63.53; 63.79; 68:06;
68.29; 80.38; 80.48; 122.62; 128.76; 130.02; 137.02; 158.16.

P_NMR (300 MHz, CD;CN): 148.43.

ESI-MS (positive mode): m/z = 441
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5.3.2 Synthesis and purification of oligonucleotides

Oligonucleotides were synthesized on a 392 DNA/RNA Synthesizer (Applied Biosystems)
according to the standard phosphoramidite solid-phase chemistry. The 5’-conjugated
olgonucleotide sequences were elongated from the 3’-end wusing normal nucleoside
phosphoramidites whereas the 3’-conjugated oligonucleotide sequences were elongated from the
5’-end using reverse nucleoside phosphoramidites. The nucleoside phosphoramidites were from
Transgenomic® (Glasgow G20 OUA, Scotland) and the universal solid support used for the
reverse synthesis was from Glen/Research (Sterling, Virginia, USA). The solvents (CH3CN3 and
CH,Cl,) were of analytical grade from proligo GmbH (Hamburg) and reagents (3% TCA/DCM
deblock solution, 30 mg/ml activator solution, oxidising solution, capping solutions A and B) used
for the synthesis were from Transgenomic® (Glasgow G20 OUA, Scotland). The standard
synthetic procedure (“trityl-off” mode) and standard condition (i.e. a coupling time of 90 sec)
were used to incorporate the phosphoramidite building blocks 11a, 11b, 33, 38, 43, 48, 49, 50 and
51 into oligonucleotide sequences. Detachment of the oligonucleotides from the solid support and
deprotection after the synthesis were performed using standard procedures (conc. NHj solution,
55°C, 16 h), followed by filtration through spritzenfilter (nylon, 0.17 mm/0.45 pum, Semadeni
AG).

All crude oligonucleotides were purified by ion-exchange HPLC, using Tricorn column —
Source 15Q 4.6/100PE - 15 um from Amersham Biosciences (Freiburg, Germany). The following
buffers have been used:

Buffer A: 20 mM Na;HPO4 in miliQ-H,O, pH 11.5 (degased)

Buffer B: 20 mM Na,HPO4 in miliQ-H,O + 2 M NaCl, pH 11.5 (degased)

The collected basic fractions were first neutralised with 30 pl of acetic acid (0.1 M) per ml of
collected fraction and desalted over Sep-Pak cartridges (Waters, Milford, USA) following the
loading procedure described below.

10 ml of acetonitril

10 ml of buffer A (0.1 M Triethylammonium acetate)

Neutralised solution of oligonucleotide to be desalted in 0.3 M Triethylammonium acetate

10 ml of buffer A

10 ml mQ-H,0O

4-5 ml elution buffer B (CH3;CN/HO 1:1)
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The ODs of the purified oligonucleotides were measured at 260 nm with NanoDrop ND-1000
spectrophotometer, and the masses determined by electrospray mass spectroscopy: VG Platform

single quadrupole ESI-MS.

5.3.3 Analysis

If not indicated otherwise, all experiments were carried out under the following conditions:
oligonucleotide concentration 1.5 uM; 10 mM phosphate buffer, pH = 7.5 (23°C); 100 mM NaCl.
For experiments with metals, 1 mM stock solutions (in miliQ-H,0O) of the following metals were
used: Zn(I1)Cly; Cu(I)Cl,.2H,0; [Cu(CH3CN)4][PFs]. The latter was prepared as described in the
litterature!”? The solution of [Cu(CH3CN),][PFs] was always freshly prepared and argon bubbled
through it for at least 10 min to avoid rapid oxydation of Cu(I) in to Cu(Il). This procedure was

also used to degas the buffers or solution used in all the experiments involving Copper(I) ion.

UV Melting Experiments:

Were performed on the Varian Cary 3e UV/VIS spectrophotometer equipped with a Peltier
block temperature-controller and Varian WinUV software were utilized to determine the melting
curves at 260 nm, a heating-cooling-heating cycle in the temperature range of 0-90°C or 20-90°C
was applied with a temperature gradient of 0.5°C/min. To avoid H,O condensation on the UV
cells at temperatures < to 20°C, the cell compartment was flushed with N,. Data were collected
and analysed with Kaleidagraph® software from ©Synergy Software. Ty, values were determined

as the maximum of the first derivative of the melting curve.
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Circular Dichroism

CD experiments were performed using a Jasco J-715 spectropolarimeter with a 150W Xe
high-pressure lamp. A Jasco PDF-350S8-Peltier unit, coupled with a Colora K5 ultrathermostat,
controlled the temperature of the cell holder. The temperature was determined directly in the
sample. The phosphate buffer was used as blank. For the measurement parameters, we used 0.5
for the step resolution, 50 nm/min for the scan speed, 1 nm for the band width, 50 mdeg for the
sensibility and 3 scans for the accumulation. The CD spectra are given in mdeg from 210 to 320

nm.

Non-denaturing polyacrylamide gel electrophoresis
Pharmacia Biotech, Power supply EPS 3500 XL, Mini-PROTEAN 3 electrophoresis module,
10.1 x 7.3 cm (W x L) glass plates and x 0.5 mm spacer from Bio-Rad Laboratories Hercules, CA,
were used. Prior to use, the plates were siliconized with SIGMACOTE® from Sigma.
20% polyacrylamide gel: 5 ml 40% acrylamide-bis (19:1) solution, from SERMA
Iml TB-buffer 10x (tris-Borate 0.9 M)
4 ml mQ-H,O
pH 7.0
64 pl of ammonium peroxide disulfate (10% in mQ H>O) and 5 pl of NN’,N’-
tetramethylendiamine (TEMED) were added to this solution. The gel was then poured and
polimerized. TB-buffer 1x was used as electrophoresis runing buffer. For each single strand
oligonucleotide, the loading concentration was 450 pmol/ul. The concentration of the
oligonucleotide was 450 pmol/ul of the loading sample. The quantity of oligonucleotides were
pipeted in an eppendhorff and dried under speed vaccum and taken up in 10ul of loading buffer
(1g glycerol + Iml 10x TB-buffer + 9ml mili-Q H,O). Before loading, the samples were first
equilibred by heating to 90°C for 5 min, cooling slowly to r.t and then to 0°C for 5 min. As
migration markers, xylencyanol and bromophenol blue were used. The gel was runed using the
following parameters: TB 1x - buffer, 10mA, 1W, 32V, 3 h.

To visualise the bands of migration, the gel was stained with stains all.

TB-buffer 10x (tris-Borate 0.9 M):
Tris ( tris[hydroxymethylJaminomethane): MW = 121.1 g/mol = 108.99g in 1liter
Boric acid MW = 61.83g/mol = 55.64g in 1liter.
Adjust to pH 7 with HCI
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