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Abstract

The area of supramolecular self-assembly has received significant interest in recent years and a key
area in the advancement of this field is the development of supramolecular tectons which are selective
and directional in their intermolecular interactions. The four DNA nucleobases; adenine, thymine,
guanine and cytosine all interact via complementary, selective and directional hydrogen bonds and
have been used extensively in the design of supramolecular systems. These hydrogen bonding interac-
tions and the effect of any substituents are studied further in both the solid and solution phases using
an array of functionalised DNA nucleobases. Porphyrins substituted in the meso position by select
nucleobases are synthesised and progress has been made towards the synthesis of porphyrins bearing
multiple different nucleobases. This process involves either a modified Lindsey porphyrin synthesis
route or a series of stoichiometric functionalisations via selective cross-coupling reactions. Finally,
the self-assembly of these DN A-functionalised porphyrins is studied. Single-component supramolecu-
lar porous networks of Zn-tetra-thymineporphyrin and tetra-adenineporphyrinporphyrin are imaged
and hydrogen bonding interactions are found between the molecules and modelled appropriately.
These thymine and adenine-functionalised porphyrins are mixed in a 1:1 ratio and a chess-board hy-
rogen bonding network was formed, based on the complementary A-T hydrogen bonding interaction.
This result provides promise that selective supramolecular systems can be studied with guanine and
cytosine-functionalised porphryins.



Chapter 1

Introduction

1.1 Supramolecular Chemistry and Self-Assembly

Supramolecular chemistry can be defined as chemistry beyond the molecule.[9][10] That being, it is
more than simply the study of the molecule itself and explores the intermolecular interactions be-
tween molecules and how that can impact the nanoscale properties of the material. Whereas tradi-
tional chemistry primarily focuses on the intramolecular interactions between atoms, such as covalent
or organic bonds, supramolecular chemistry examines the intermolecular interactions.[11][12] These
include electrostatic forces, hydrogen bonding, m — 7 interactions, Van der Waals forces, hydrophobic
effects, the mechanical bond and coordination bonds. These interactions and the phenomenon known
as cooperativity combine to allow the molecules in supramolecular systems to self-assemble.[12] A
key property of these intermolecular interactions is their dynamic nature.[13][14] In contrast to a
conventional irreversible formation of a covalent bond the above intermolecular interactions are dy-
namic. This means that, once formed, they are easily broken and can form again. This low barrier to
the formation and breaking of intermolecular interactions means that, under the correct conditions,
the molecules can constantly rearrange until the thermodynamic product has formed. This process
can be described as the system ’error checking’ until a stable system has formed.

Despite the theory of Van der Waals forces being founded in 1873, supramolecular chemistry
is a relatively modern area of chemistry and has grown into several key areas of interest since its
beginnings as a research topic in 1990.[15][9] There are many fields that are based on the con-
cept of supramolecular chemistry such as molecular self-assembly, molecular recognition, host-guest
chemistry and the synthesis of mechanically interlocked molecules.

1.2 Intermolecular Interactions and Cooperativity

The fundamental interactions that are used to design, build and analyse supramolecular systems
are intermolecular forces.[12] The intermolecular interactions utilised in supramolecular chemistry
include electrostatic forces, hydrogen bonding, m — 7 interactions, Van der Waals forces, hydropho-
bic effects, the mechanical bond and coordination bonds. Each of these interactions has different
properties that are the result of different fundamental chemical principles. These different properties
can be utilised to allow for a large variation of supramolecular systems to be studied.

1.2.1 Van der Waals Forces

Van der Waals forces are attractive or repulsive intermolecular forces between an electrostatic
charge.[16] This electrostatic charge can be due to either a temporary or permanent dipole within



the molecule where a positive charge is attracted to a negative charge. These interactions are rela-
tively weak compared to other intermolecular forces and the strength of the interaction depends on
a number of factors including the strength of the dipole, the number of electrons within the molecule
and the size and shape of the molecule.[17] Whilst being present in all supramolecular systems Van
der Waals are rarely the driving force for the formation of a highly-ordered supramolecular system.
This is due to the relatively low strength of Van der Waals forces as well as their lack of directionality
and specificity.

1.2.2 7 — 7 Interactions

7 interactions are attractive non-covalent interactions involving the electron-rich = system. Like in
Van der Waals forces, a positive charge is attracted to a negative charge. Common 7 interactions
include CH- interactions, cation-m interactions and m— interactions.[18] Cation-7 interactions have
famously been used by Stoddart et al in their synthesis of [2]catenane where the interaction between
a pyridinium cation and the electron-rich benzene group is the driving force for its formation. [19]
This allowed the position of the interlocked rings to be controlled in relation to each other. Cation-m
interactions can be controlled by varying the size of the cation,[20][21] solvation effects,[20][22] and
substituents on the 7 system.[23] Therefore, they are used extensively in supramolecular chemistry
as it is possible to tune the strength and geometry of the cation-7 interaction.

Another well-known 7 interaction is the m — 7w interaction which is the interaction between two
7w systems, commonly known as m — 7 stacking. These interactions are regularly utilised for the
study of planar, m-system-containing species on a surface. Further advancements of this well-known
interaction have led to the design and synthesis of a ”Buckycatcher” where m — 7 interactions
between buckminsterfullerene and two corannulene ”pincers” have been used to strongly associate
Cgo as shown in Figure 1.1.[24]

Figure 1.1: The capture of Cgp with a ”Buckycatcher” utilising pi-pi interactions.[24]

Importantly for the scope of this work; pi-pi stacking interactions are also a major interaction
responsible for the stacking of nucleobases within DNA and RNA molecules. The DNA nucleobases
are planar, aromatic compounds and are therefore suitable for 7 — 7 stacking interactions.[25]

m — m stacking can occur in a number of different geometries as shown in Figure 1.2. The
distance of m — 7 interactions is well-defined and this has been extensively studied and observed
computationally and crystallographically.[18][26][27]
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Figure 1.2: The possible geometries of m — 7 stacking interactions showing the attractive electrostatic
interactions. Modified from [27].

1.2.3 Hydrogen Bonds

Hydrogen bonds are a highly relevant intermolecular interaction in supramolecular self-assembly and
have been widely used due their well-defined directional nature. The IUPAC definition defines a
hydrogen bond as follows:

”The hydrogen bond is an attractive interaction between a hydrogen atom from a molecule or a
molecular fragment XH in which X is more electronegative than H, and an atom or a group of atoms
in the same or a different molecule, in which there is evidence of bond formation.”[28)

For example, in water, where X-H = O-H the oxygen atom is more electronegative than hydrogen
and the hydrogen can form a bond to another oxygen atom in a different water molecule as shown
in Figure 1.3.

R H. R
\X/5+ ~’°Y/
5

Figure 1.3: Diagram showing the hydrogen bonding interaction between X-H-Y. Hydrogen bond
shown by dashed line.

In the above figure the hydrogen attached to the relatively electronegative element X is known
as the hydrogen bond donor. The atom which forms a hydrogen bond to the donor is known as an
acceptor.

In a hydrogen bond the electronegative atom X draws the electron density from the donor H to
form a partial positive charge on the H atom. Due to the relatively small size of H atoms this forms
a large positive charge density. This positive charge then attracts the lone pair of a hydrogen bond
acceptor and forms a hydrogen bond. This effect is more pronounced when X is more electronegative
as this creates a larger positive charge density on the donor H. Therefore, common examples of the



electronegative element in X-H are oxygen, nitrogen and fluorine. Hydrogen bonding and its effects
are observed in many everyday phenomena and unquestionably the most well-known of all these
phenomena is the relatively high boiling point of water. Water is capable of displaying hydrogen
bonding in its simplest form as each molecule is made up entirely of hydrogen bond donors and
acceptors. This allows each water molecule to form hydrogen bonds to four adjacent molecules (two
as a donor and two as an acceptor) which creates a hydrogen bonding structure and greatly raises
the energy required to melt or boil water as shown in Figure 1.4.

—a&— Group 4
100 4 —a&— Group 5
—&— Group 6
v— Group 7
50 -

Bp (C)

=50

-100

=150

Period

Figure 1.4: Structure of the hydrogen bonding network within water and a plot of the boiling point
of the main group hydrides highlighting the elevated boiling points of NH3z, HoO and HF.

This is also similarly observed in the higher than expected boiling points of the hydrides of
nitrogen and fluorine. Going up the periodic table from period 5 to 2 it is expected that the boiling
point will decrease and this is indeed the case from period 5 to 3. However, due to the hydrogen
bonding displayed by NH3 HoO and HF the boiling point is substantially higher than expected.
Carbon, an element which is not especially electronegative does not display an elevated boiling
point as it does not form any appreciable hydrogen bonding.

A hydrogen bond is most energetically stable at a DAD angle of 180° and therefore are highly
directional which leads to the formation of highly ordered structures. The strength of a hydrogen
bonding interaction depends on the electronic properties of the donor and acceptor species, the DAD
angle, the competitivity of any solvent, the number of hydrogen bonding sites and the sequence of
multiple hydrogen bond donors and acceptors.

It has been shown above how the electronic properties of the donor and acceptor affect the
strength of hydrogen bonding interaction. A more electronegative atom X will result in a stronger
hydrogen bond in the model above. This highlights the effect that substituents can have on hydrogen



bond strength. Electron-withdrawing substituents can increase the electronegative effect of atom X
and vice-versa. It can be described that a hydrogen bond will be stronger where the basicity of the
H-acceptor and acidity of the H-donor are maximised.

The competitivity of the solvent has a significant effect of on the measured strength of a hydrogen
bond interaction. Like all intermolecular interactions, a hydrogen bond is a dynamic interaction and
is being formed and broken in solution. In many cases the solvent can also form hydrogen bonds and
these compete with the hydrogen bond of interest. A highly competitive solvent such as DMSO or
methanol can form hydrogen bonds so the compound has to overcome these for the intermolecular
hydrogen bonds to form. Conversely, a non-competitive solvent such as chloroform or hexane will
not compete for hydrogen bonds.

The sequence of hydrogen bond donors and acceptors is important in governing the strength of
a hydrogen bonding interaction between two molecules due to attractive and repulsive secondary
interactions. As expected, as the number of hydrogen bond pairs between two molecules increases
so does the strength of the interaction as the forces are additive. There are, however, secondary
electrostatic interactions that can have a pronounced effect on the hydrogen bonding pair.

—— Primary Interaction
% % % —— Attractive Secondary Interaction
—— Repulsive Secondary Interaction

Figure 1.5: The primary and secondary H-bonding interactions of a sequence of H-bond donors (D)
and acceptors (A).

As shown in the above diagram, in a hydrogen bond a donor is attracted to an acceptor in a
primary interaction. There is also a secondary interaction between the adjacent donors and accep-
tors. If a donor is paired to an adjacent acceptor then there is an attractive secondary interaction.
Conversely, if a donor is paired to an adjacent donor then there is a repulsive secondary interaction.
Therefore the most attractive sequence of donors and acceptors is DDD-AAA. In this system all the
primary and secondary interactions are attractive. In an alternating sequence of DAD-ADA there
are still three primary attractive interactions but all the secondary interactions are repulsive. This
results in a weaker interaction between the two molecules.

1.2.4 Cooperativity

Cooperativity is the phenomenon where the binding of an interaction influences the affinity of fur-
ther interactions.[29][30] Cooperativity can be either positive, where relatively weak non-covalent
interactions can become stronger and form more readily once a number of interactions have already
formed, or negative, where the affinity of further interactions becomes lower. Positive cooperativity
occurs by the formation of an interaction which makes subsequent interactions more prevalent. They
may do this by having a ’tether’ effect where the first interaction places the rest of the molecule
closer so it is more likely to bind a second time. The initial interaction may also have an electronic
effect that increases the affinity of further interactions. Two well-known examples of cooperativity
in nature exhibit these effects. In haemoglobin the binding of a single oxygen molecule makes fur-
ther binding events more likely by affecting the electronic properties of the haemoglobin molecule
until the full complement of four oxygen molecules have been bound (Figure 1.6 a).[31][32][33] In
the DNA double helix the binding of one nucleobase pair ’tethers’ the rest of the DNA strand and
brings the adjacent pair closer for subsequent binding as shown in Figure 1.6 (b). This results in
the accumulation of many relatively weak interactions to form a relatively stable system. This is
analogous to a zip on a jacket; each single interlocking interaction is individually weak and relatively



unlikely to form but once the zip is first connected each subsequent link makes the next link easier
to form and the whole zip is strong.
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Figure 1.6: Graphical representation of systems displaying cooperativity a) the subsequent binding
of oxygen to haemoglobin b) the folding of a protein c) supramolecular self assembly.[29]

Cooperativity is especially prevalent in supramolecular chemistry and is featured in molecular
tiling and the synthesis of molecular zippers. Cooperativity is used to the supramolecular chemist’s
advantage by allowing relatively weak, dynamic, intermolecular interactions to combine to readily
form a highly ordered and stable structure in a manner that mimics nature.[34][30]

1.3 The DNA and RNA bases

DNA and RNA are the molecules that contain the genetic information present in all living organisms.
DNA is made up of three parts; the nucleobase (adenine, thymine, guanine and cytosine [and uracil
in RNAJ), the sugar and the phosphate as shown in Figure 1.7. These components form a monomer
known as a nucleotide which is repeated to form a polynucleotide. Two polynucleotides are bound
together by hydrogen bonds between the nucleobases to form a double helix where eacg nucleobase
forms a hydrogen bond to its own complementary pair (adenine to thymine (or uracil) and guanine
to cytosine) as published by Watson and Crick in 1953. [35]



0. P
IP\O
o
o)
0.2
IP\O
o} o)
0
/ T NH
N
o)
o. P
/P\O
o
o)
[oNI
g © NH,
o) AN
HO
N
0

O\//P/\-
g o
0
o\P/O'
HoN g Q
4
N oY
)N
¢} 0]
O. /o—
Fo
g o
\%
O\//P/\O,
d

Figure 1.7: Chemical structure of DNA

The DNA nucleobases are based on either the purine or pyrmidine structure.
guanine are both classified as purines where an imidazole ring is fused to a pyrimidine ring whereas
thymine, cytosine and uracil are classified as pyrimidines. It is on these pyrimidine and purine
substructures that the numbering of the DNA nucleobases is based as shown in Figure 1.8. The
total number of DNA bases on earth are estimated to weigh 50 billion tonnes.[36]

6 7 4
1N \5 N 3N \5
I
N H N
3 9 1

Purine

Figure 1.8: Structure and numbering of purine and pyrimidine rings on which the DNA nucleobases

are based.

Pyrimidine

Adenine and



1.4 Hydrogen-Bonding Interactions between the DNA base
pairs

The DNA base pairs form complementary interactions due to the favourable interactions between
the relevant hydrogen bonding donors and acceptors. In DNA the complementary base pairing
that is observed is the well-known Watson-Crick base pairing.[35][37] In this base-pairing adenine
is hydrogen bonded to thymine (or uracil) and guanine is hydrogen bonded to cytosine. For a
hydrogen bond to form a donor and an acceptor must be presented to one another in a geometry
that is energetically favourable. In the Watson-Crick base pairs the structure of each base is such
that each base has a donor and acceptor in the right position for its relevant pair. This allows
adenine-thymine to form two hydrogen bonds and guanine-cytosine to form three.

Adenine Thymine Guanine Cytosine

Figure 1.9: The complementary Watson-Crick base pairs.

The hydrogen bonding pairs shown in Figure 1.9 are both purine-pyrimidine pairs as in DNA
purine-purine and pyrimidine-pyrimidine pairs are not observed. The reason for this is that there
is not enough space within the helix for two purine-based bases to fit as the purine structure is too
large. Conversely, the pyrimidine bases are too small to get close enough for hydrogen bonds to
form. Adenine-cytosine base pairs are not observed as their structures do not allow the hydrogen
bond donors and acceptors to be presented in a complementary manner. Guanine-thymine base
pairs may, however, be observed and these are known as wobble base pairs as shown in Figure 1.10.
This size selectivity of the base pairs regarding purine-purine and pyrimidine-pyrimidine interactions
is due to the overall cooperativity of the system in forming the double helix, where many hydrogen
bonding pairs are formed and constrained by the geometry of the sugar-phospate DNA backbone. In
the absence of these constraints it is possible for many more hydrogen bonding interactions between
the DNA base pairs to be observed. At least 24 possible interactions are possible between the four
natural bases.[38]
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Adenine Cytosine Guanine Thymine

Figure 1.10: The non-complementary adenine-cytosine and the guanine-thymine wobble base pairs.

Another variation of possible hydrogen bonded base pairs are the Hoogsteen base pairs. Hoog-
steen base pairs were first reported by Karst Hoogsteen ten years after Watson and Crick first
reported their model of the double helix with Watson-Crick pairs.[39] In Hoogsteen base pairs the
N-7 nitrogen on the purine base is used to bind the normal Watson-Crick face of the pyrimidine base.
Hoogsteen base pairs are rarely observed in DNA as they would require the double helix to adopt a
very different shape due to the rotation around the N-9-sugar bond. The hydrogen bond angles are
also slightly different to those observed in Watson-Crick hydrogen bonds due to the less-favourable
N-7 position.

N 0 R
//\' 0 R
R i
Adenine Thymine Guanine Cytosine*

Figure 1.11: The Hoogsteen adenine-thymine and guanine-cytosine base pairs showing the rotation
around the N-9-sugar bond.

For the guanine-cytosine Hoogsteen base pair it is necessary for the cytosine nucleobase to be
protonated at the N-3 position. With similarly simple modifications it is possible to encounter
more nucleobase pairings. One such modification is keto-enol tautomerisation. [40] Keto-enol tau-
tomerisation is the equilibrium between a ketone and an alcohol via the shifting of the bonding
electrons.[41] Analogous to keto-enol tautomerism is amino-imino tautomerisation. This is where
the transfer of bonding electrons leads to an equilibrium between an amine and an imine functional

11



group where the imine can also be either cis or trans across the double bond.[42] All the possible
tautomers of the DNA bases via keto-enol and amine-imine tautomerisation are shown in Figure
1.12. In the DNA bases the tautomerisation allows the hydrogen bond donor and acceptor positions
to be swapped around as shown in Figure 1.13 and can lead to a number of different possible base-
pair arrangements.[43] For all the nucleobases the keto and amino forms dominate and these are the
major tautomers which are observed.[40]
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Figure 1.12: Keto-enol and amine-imine tautomers of the DNA bases.
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Figure 1.13: The keto-enol and amine-imine tautomerisation of thymine and guanine showing the
swapped hydrogen bond donor and acceptor positions.

This tautomerisation and the rearrangement of the donor and acceptor positions causes the
classical Watson-Crick base pairing rules to be reversed. Where the keto form of thymine hydrogen
bonds to adenine the enol form hydrogen bonds to guanine and the guanine enol form pairs with
thymine instead of cytosine. The imino form of adenine also pairs with cytosine instead of thymine
and vice versa. It is interesting to note that Watson and Crick first thought that it was the enol
form which was prevalent in the structure of DNA. Their colleague, Jerry Donohue, later informed
them that the keto form was more likely and this allowed them to deduce the correct complementary
base pairs that let to their groundbreaking article.[35][44]

Finally, although improbable in a DNA double helix due to the deformation of the sugar-
phosphate backbone required, it is possible for the DNA bases to form hydrogen bonding pairs
to themselves along either the Watson-Crick or Hoogsteen faces of the molecule as shown in Figure
1.14.[45][46]
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Figure 1.14: The self-dimerisation of thymine and adenine. The adenine structure shows the possi-
bility of both the Watson-Crick (W-C) and Hoogsteen (H) hydrogen bonding faces.

1.5 Hydrogen Bonding in Supramolecular Self-Assembly

Due to their relatively high strength, directionality, selectivity, tunable properties and dynamic
nature the hydrogen bond is a intermolecular interaction with well-explored use in supramolecular
self-assembly. The synthesis of supramolecular macrocycles is in competition with the formation of
linear oligomeric structures. The supramolecular chemist utilises a number of different techniques
to control the synthesis of linear species. These include tuning the nucleation-elongation processes
(increased nucleation will lead to cyclic species, increased elongation will lead to linear species) and
the concentration of the system. The geometric properties of the intermolecular interactions can also
be used to preferentially form cyclic species. Finally, templates can be used that lead to ring-closure.

Using intermolecular interactions allows supramolecular systems to form under thermodynamic
control due to the dynamic nature of intermolecular interactions. This allows the system to rearrange
until the most stable system is formed. The most stable system will be governed by a number of
thermodynamic factors including the total number of interactions, the relative strength of those
interactions and the entropy of the system and these will govern the geometry of the system and
whether a cyclic or linear system is formed and what size of cyclic system is formed as shown in
Figure 1.15. The ratio of intramolecular (cyclic) interactions compared to intermolecular (linear)
interactions is known as the Effective Molarity (EM) and this ratio determines whether a cyclic or
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linear system is formed.

cM, cM3 CMy

Figure 1.15: Supramolecular equilibrium for the association of a monomer (M) with two binding
sites.[47]

In the diagram above the cyclic tetramer (cMy) is the most stable species. This can be explained
by examining the possible relative limitations of the other species present in the above hypothetical
equilibrium. (cMy) forms a cyclic structure with minimal strain on the interactions. The smaller
cyclic species have considerable strain on these interactions; the angle is too acute for stable interac-
tions. The cyclic species also forms a higher number of interactions compared to the linear species
(4 versus 3 for (cMy)) and this is thermodynamically favourable. Larger cyclic and linear species
are unfavoured due the large decrease in entropy. In summary, the (cMy) species is the ’goldilocks’
species that best combines the effects of conformational arrangement, binding energies and entropy.
These effects can be tuned to form the desired supramolecular macrocycle as shown in the examples
below.

In 1996 J. Sessler et al. synthesised a relatively simple dimer system where two hydrogen bond-
ing molecules associate as shown in Figure 1.16.[48] The hydrogen bonding pairs were based on
adenine and uracil nucleobases, highlighting the selectivity of using nucleobases in supramolecular
systems. The adenine was found to selectively bind to uracil and vice versa. This formed a strongly
bound dimer with a stronger association compared to monomeric nucleobase pairs. This is due to
the increased rigidity of the anthracene backbone and cooperative effect of multiple intermolecular
interactions in a manner analogous to RNA strands in nature. Once one AU pair is formed a second
pair is formed more readily due to the rigidity of the backbone limiting free movement of the free
nucleobase pairs. The free pairs are therefore held in close proximity and a hydrogen bond is more
readily formed.
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Figure 1.16: The nucleobase based hydrogen bonding dimer synthesised by Sessler et al.[48]

The group of Sessler used a similar approach of using DNA nucleobases; this time guanine and
cytosine, to form a self-assembled trimeric system (Figure 1.17a). The formation of this trimeric
system is driven by the formation of selective hydrogen bonds despite the slight conformational
constraint on the system. Perrin et al. composed a cyclic tetramer by designing a hydrogen bonding
motif bearing both the G and C Watson-Crick hydrogen bonding faces.[49] These faces were placed
at an angle of 90° by synthetic design utilising a central pyrrole unit (Figure 1.17b). This has
been expanded on further by the groups of Lehn and Mascal to form a cyclic tetramer (Figure
1.17¢).[9][50] G and C hydrogen bonding motifs are again used and incorporated into a molecule
with a separation angle of 120°. This demonstrates how two similar systems can be tuned to form
the desired macrocycle by affecting the structure of the molecule and therefore the relative angle of
interaction and then utilising the directional nature of hydrogen bonds.
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Figure 1.17: Structures of trimeric, tetrameric and hexameric hydrogen bonding macrocycles formed
by the interaction between guanine and cytosine nucleobase derivatives.[48],[49],[9]

The group of Gonzalez-Rodriguez have focussed on self-assembly using the DN A nucleobases.[51][47],
Recently, the group prepared ditopic monomers bearing the G and C moeity.[52] This structure, with
its rigid organic linker, formed unstrained square-shaped assemblies as shown in Figure 1.18. These
self-assembled structures were studied by titration experiments using both ' H NMR. spectroscopy
and emission spectroscopy. The same group has done analogous work with both adenine and thymine
molecules.[53]
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GCy.

Figure 1.18: Chemical structure of GC monomers and their corresponding cyclic tetramer
assembly.[52]

In the work the Gonzalez-Rodriguez group utilised the rigid alkyne group to join the relevant
nucleobase to a chosen aromatic linker. This gave the resulting supramolecular structure the de-
sired 90° angle when the Watson-Crick base pair was formed[52][47]. The rigid triple-bond alkyne
structure also prevents rotation within the molecule.

1.6 2D Supramolecular Self-Assembly

2D Supramolecular Self-Assembly is the assembly of selective substrates in an ordered arrangement
in two dimensions. To allow for the restricted assembly in two dimensions the molecules are usually
deposited on a surface such as Highly Ordered Pyrolitic Graphite (HOPG) or Au (111). These sur-
faces allow for the reproducible assembly of molecules due to their low number of imperfections and
high order.[54] These surfaces also allow for convenient use of the chosen surface imaging technique.
Surface imaging techniques allow for an atomic level image of the surface to be produced so that the
precise molecular arrangement of the self-assembled structure can be observed in real time. Scanning
Tunelling Microscopy (STM) is the most-used surface imaging technique in 2D supramolecular self
assembly due to its atomic resolution.[55] The scope of 2D supramolecular self-assembly includes
the atomic imaging of multicomponent highly-ordered systems. This allows structural properties of
the molecules such as bond length and angle to be studied. The self-assembled 2D structure may
also produce a porous 2D network where guest molecules can be added and imaged with interesting
applications in catalysis, sieves and chemical or biological sensors. The order of the self-assembled
structure may also change depending on the conditions. This dependency can be imaged, charac-
terised and utilised for the synthesis of chemical sensors or nano-electronics. Examples of these will
be shown below:

The majority of compounds used in 2D supramolecular self-assembly are based on planar aro-
matic structures. This structure allows for adsorption of the compound onto the surface. An example
of this is the adsorption of dehydrobenzo(12)annulene (DBA) and its derivative onto HOPG by De
Feyter et al.[56] (Figure 1.19).
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Figure 1.19: STM images of DBA derivatives. a) STM image of DBA physiosorbed at the
TCB/HOPG interface (Ise: = 0,50 nA, Vp;es = -0.99 V. b) Molecular model of the self assembled
DBA structure. ¢) STM image of DBA derivative physiosorbed at the TCB/HOPG interface (Ise; =
0,50 nA, Vpies = -1.049 V. d) Molecular model of the self assembled DBA derivative structure.[56]

The structures above self assemble via the interdigitation of the alkyl chains which are attracted
via relatively weak Van der Waals forces. The formation of these porous architectures is also depen-
dent on the solvent used highlighting the hydrophobic nature of alkyl chains.

Ligand-metal interactions are also used extensively in 2D supramolecular self-assembly due to
their relatively high strength, dynamic nature and directionality. Ligands bearing the carbonitrile
moeity have been extensively studied with metals such as cobalt, iron and copper as shown by
various groups including Li[57], Lin[58] and Schlickum[59] amongst others.[60][61] Various linkers
were synthesised bearing the carbonitrile moeity which bonded to the chosen metal. It was possible
to tune the surface structure by varying the size of organic linker and utilizing the different ligand-
metal chemistry of different metals.
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Figure 1.20: UHV-STM images of metal-coordinated porous networks. a) High-resolution image of
structure (b) on Au (111) with Cu at 300 K (4.5 x 5 nm?, -0.79 V, 0.29 nA). b) Chemical structure
of compound used in image (a)). High-resolution UHV-STM image of the rhombic network formed
by (b), Fe and () with a suggested model (d). e) STM image of Co-directed self-assembly of f) (0.1
nA, 0.9 V).[57],[58],[59]

Another ligand used extensively in ligand-metal interactions is the carboxylic acid group. Car-
boxylic acid groups have been shown to ligate to various metals and form ordered 2D structures.
Again, it is possible to design different porous structures by altering the ligand.[62] Stepanow et
al designed a 2D porous network on the Cu (100) surface with Fe of tunable pore size by utiliz-
ing a terepthalic acid-based ligand and increasing the number of phenyl linkers as shown in Figure
1.21.[63]
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(b)
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Figure 1.21: UHV-STM images of supramolecular networks based on carboxylic acid-metal inter-
actions. a) STM image of carboxylic acid b) coordinated with Fe on Cu (100). ¢) STM image of
carboxylic acid d) coordinated with Fe on Cu (100). Note the increased pore size with increased
linker size.[63]

The carboxylic acid group can also, of course, be utilized in hydrogen bonding 2D supramolecular
networks. Carboxylic acids are of particular interest due to their combined donor and acceptor
properties which allow for stable, well-ordered and controllable self-assemblies.[64] Early reports
demonstrate how compounds such as terepthalic acid and trimesic acid can be used to form 2D
surface arrays.[65] Interestingly, the surface self-assembly of these compounds led to the possibility
of two polymorphs (Figure 1.22). ’Chicken wire’ and 'flower’ structures were formed. This shows
how a simple component can be used to form controlled complex structures. Each of the two
surface polymorphs has a different pore dimension and this can be exploited for host-guest chemistry,
catalysis and the design of chemical sensors.
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Figure 1.22: STM images of supramolecular networks based on carboxylic acid hydrogen bonding in-
teractions. a) UHV-STM image of 1,3,5-benzenetribenzoic acid on HOPG (5.4 nm 2, -1.4 V, 126 pA)
with the relevant ’chicken-wire’ association mode (b). ¢) UHV-STM image of 1,3,5-benzenetribenzoic
acid on HOPG (8.2 nm 2, -1.4 V, 126 pA) with the relevant "flower’ association mode (d).[65]

By using more complex surface components it is possible to explore a more complex surface poly-
morphism. This was demonstrated by Beton, Champness and coworkers where terphenyl-3,5,3’,5’-
tetracarboxylic acid (TPTC) was used to form a 2D supramolecular array where five different pat-
terns were found on the HOPG surface (Figure 1.24 A).[66] The multiple structures observed on the
surface interface arises from the use of a rhombus shaped TPTC molecule which can orientate itself
in three possible positions on the surface due to the directional hydrogen bonds formed between the
carboxylic acid groups. These are represented by the red, blue and green tiles where each of these
tiles is the same but rotated by 60°. These red, blue and green tiles can then organise into 5 possible
arrangements (Figure 1.24 C-G). No translational symmetry is observed between the arrangement
of TPTC molecules.
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Figure 1.23: A) STM image of TPTC at the nonanoic acid/HOPG interface. B) Image A represented
as tiles where the three orientations of TPTC are presented as red, blue and green tiles. C-G)
Molecular ball and stick diagrams representing the five possible arrangements of TPTC on the
surface.[66]

The supramolecular systems described so far have only made use of a single component. Mul-
ticomponent systems have received significant recent interest due to their increased complexity.[67]
This increased complexity of supramolecular systems is desired because it allows the individual prop-
erties of each component to be combined and tuned to suit the desired application of the system.
This can lead to increased selectivity, reactivity or stability of the system with advantages in the field
of catalysis, photoelectronic devices, gels,[68] sieves and in the design of systems that mimic those
found in nature.[69] Many biological activities such as photosynthesis use complex, multicomponent
supramolecular systems to achieve a particular function.

Surface-based chemistry with its associated imaging techniques is an excellent way to study
multicomponemt supramolecular systems as it is possible to visualise the exact arrangement of
each component in the system.[55] This was demonstrated by Champness and coworkers where
a perylenetetracarboxylic diimide (PTCDI) was codeposited with melamine which resulted in a
honeycomb structure on the Ag/Si(111) surface.[70]
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Figure 1.24: Self-assembly of a PTCDI-melamine supramolecular network. a) Chemical structures
of PTCDI and melamine and a representation of the PTCDI-melamine junction. Dotted lines
represent hydrogen bonds between the molecules. b) STM image of a PTCDI-melamine network. ¢)
Schematic diagram showing the correlation of the network with the Ag/Si(111) surface. d) Image
of Cgg molecules trapped within hydrogen-bonded hosts on Ag/Si(111). e) Model of seven Cgo
molecules trapped within the PTCDI-melamine structure.[70]

The PTCDI selectively hydrogen bonded to melamine due to the three hydrogen bonds that were
formed. The honeycomb hydrogen bonding network also formed in correlation with the surface,
highlighting the contribution of the surface to the properties of the 2D network. This porous
honeycomb structure was also shown to encapsulate Cgg. For the PTCDI-melamine structure the
encapsulation of seven Cgg molecules was observed. In later studies it was shown that the number of
guest molecules could be altered by changing the surface substrate and the structure of the PTCDI
molecule.[71][72]

One of the key principles in multicomponent supramolecular systems is the selectivity of each
component. To this end the DNA nucleobases have received significant interest due to their selective
directional hydrogen bonding nature.[73][74][75][76] The DNA bases themselves are also based on
a planar aromatic structure (pyrimidine or purine) and this property makes the DNA nucleobases
highly suitable for 2D self assembly on a surface. Early work in this area includes the study of guanine
tetramers and the association of C1gHzz-N%-alkylated guanine on a HOPG surface.[77][78][79] This
alkylated guanine species was found to form hydrogen bonded ribbons flanked by interdigitation of
the alkylated chains (Figure 1.25 a),c). Addition of potassium cations leads to the rearrangement of
the ribbons to form guanine quartets with potassium at the centre of the quartet (Figure 1.25 b),d).
This can be reversed by the addition of trifluormethanesulfonic acid which liberates the potassium
ions.
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Figure 1.25: STM images of C;gHz7-N%-alkylated guanine on a HOPG surface. a) STM image of
C18H37-N%alkylated guanine on HOPG with relevant model (c). b) addition of potassium cations
leading to rearrangement of the interlocked ribbons to form quartets around the potassium cation
with relevant model (d).[77]

Further research into the 2D self-association of each nucleobase has also been carried out by
various groups where the nucleobases were found to form cyclic species via interaction at both the
Watson-Crick and Hoogsteen faces of each molecule.[45] However, due to the difficulty in imaging
and determining the exact identity of each nucleobase mixtures of nucleobases have been less studied
on the surface. Mixtures of guanine and cytosine (GC) and guanine and uracil (GU) were studied
by Besenbacher et al.[76][80][81] where, as expected, in solution the G nucleobase showed strong
affinity to C in solution due to the complementary GC hydrogen bonding but binding to U was
much weaker. However, when concentrated on the surface binding to both C and U was observed
due to high number of H bonding sites that are available. Non-complementary hydrogen bonding
pairs were also found between adenine and cytosine which were found to rearrange into A islands
and C zigzags upon heating; highlighting the unstable A-C interaction as shown in Figure 1.26.
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Complementary Base Mixture

Figure 1.26: STM images of complementary and non-complementary base mixtures on Au (111).
a),d) STM image of cytosine on Au (111). b) Addition of guanine to the surface which shows the
formation of CG pentamers that are stable upon thermal annealing (c). e) Addition of adenine to
the surface forming non-complementary CA pairs that rearrange into A island and C zigzags upon
thermal annealing (f).[76]

The same group has also studied the hydrogen bonding surface self-assembly of adenine and
thymine and observed a number of different hydrogen bonding assemblies where either Watson-
Crick or Hoogsteen hydrogen bonding was present in both dimeric and tetrameric structures.[82]

It is easier to image and differentiate the two components in a 2D supramolecular self-assembled
structure by functionalising each component so that each component can be distinguished. The addi-
tional functionality of each component may also introduce desirable properties into the supramolec-
ular system that can be taken advantage of. Adenine and thymine have been studied in this man-
ner by Champness et al. where a porphyrin was functionalised with thymine in the four meso
positions.[83] This thymine functionalised porphyrin was studied on a HOPG surface and was found
to self-associate into a highly-ordered structure (Figure 1.27 a),b)) and also to form a multicompo-
nent molecular network when co-deposited with 9-propyladenine (Figurel.27 c),d)). Here, the two
components in the molecular network are easier to distinguish due to the porphyrin structure of
tetra-thymine porphyrin. This work shows the progress made in the synthesis and study of mul-
ticomponent molecular networks and the potential for further advances by utilising the inherent
properties of the porphyrin structure including its ability to coordinate metals, the opportunity for
differing functionalisation at the meso position and finally the electronic properties of the porphyrin
structure.
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Figure 1.27: a) Large scale STM image of the tetra-Tporphyrin network at the TCBHOPG liquid-
solid interface. The insert shows a high resolution, drift corrected STM image of the network with
an individual 2D unit cell marked in red. b) Molecular model of the tetra-TP network from MM
simulations. ¢) Large scale STM image of the tetra-TP and 9-propyladenine network at the TCB-
HOPG liquidsolid interface. The insert shows a high resolution, drift corrected STM image of the
network with an individual 2D unit cell marked in red. (b) Molecular model of the tetra-T-porphyrin
network from MM simulations.[83]

1.7 Scanning Tunnelling Microscopy (STM)

Scanning tunnelling microscopy (STM) is a surface imaging technique used to visualise surfaces at an
atomic level. It was developed in 1981 and earned its developers, Gerd Bining and Heinrich Rohrer,
a Nobel prize in physics.[84] STM allows for 0.1 nm lateral resolution which allows for individual
atoms within materials to be visualised.[85]

STM is based on the concept of quantum tunnelling which is the quantum mechanical phe-
nomenon where a subatomic particle passes through a potential barrier that it cannot surpass under
the provisions of classical mechanics.[86] In an STM experiment a conducting tip (Figure 1.28) is
brought very near (within 1 nm) to the surface that is to be imaged. A voltage is applied and this
allows a current to flow between the tip and the surface below. The observed current, known as
the tunnelling current, is a function of tip position, applied voltage and the local density of states
of the sample.[85] The tunnelling current varies as the tip moves across the surface and encounters
different surface heights and density of states and this can be displayed in an image. STM can be
measured in constant height mode of constant current mode. In constant height mode the height
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of the tip remains constant and the current varies as the tip scans across the surface. In constant
current mode the height of the tip is adjusted to provide a constant current by moving the height

of the tip with piezo-electric crystals. In this mode, the height of the tip, z, is measured at each
position.[87]

Control voltages for piezotube

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

Tunneling
% voltage

Data processing
and display

Figure 1.28: Schematic of the STM instrumentation.[88]

STM has been widely used as a surface imaging technique due to its atomic resolution. This
allows for the precise location of atoms on the surface to be realized which makes it especially useful
for imaging and analysing self-assembled arrangements.[55][89]

1.8 Porphyrin Introduction

Porphyrins are a class of heterocyclic aromatic organic compounds. They consist of four pyrrole
subunits connected by a methine bridge. The name ”porphyrin” comes from the greek word ”por-
phyra” meaning purple and as such most porphyrins are strongly purple or dark red in colour. This
strong colouration comes from the strong absorption of light in the visible region. There are many
porphyrins which can be found in nature, one of the most well-known of these is heme which is found
in red blood cells and is responsible for their characteristic red colour.

Porphyrins are widely used in 2D supramolecular self-assembly due to their planar aromatic
core.[90] This allows for them to be readily deposited on a surface and their characteristic "herring-

bone’ structure can be easily identified via surface imaging techniques as shown below in Figure
1.29.[91]
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Figure 1.29: STM images of tetraphenylporphyrin on Ag(111) (a) and Cu(111) (b-d).[91]

Porphyrins have particularly interesting characteristics including their redox,[92][93][94] host-
guest[95][96] and UV-visible[97] properties allowing for their wide use in solar-cells,[98] chemical
sensors[99] and catalysts.[100]

1.9 The Hirshfeld Surface

The Hirshfeld surface of a molecule within a crystal is a computational representation calculated
by partitioning spacial regions within the crystal into regions where the electron distribution con-
tribution from the chosen molecule dominates over the electron distribution contribution of the
crystal.[101] Where the molecular weight function w(r) is defined as:[101][102]

o pmolecule(r)
w(r) - pcrystal(r) (11)

Where p,(r) is the electron density of either the molecule or the crystal. The Hirshfeld surface is
then defined as the area where w(r) > 0.5. That being, the contribution of the molecule is greater
than that of the crystal.

It is then possible to plot the distance from the surface to nucleus of the nearest atom inside
(d;) or external to (d.) the surface. If the (d;) distance is short then this indicates that there is
a close contact to an adjacent atom. The distances (d;) and (d.) can then be mapped onto the
surface to highlight areas where the close contacts of interest are situated on the molecule. They are
also plotted on a fingerprint plot which graphically represents the surface against (d;) and (d.). An
issue with using (d;) and (d.) is that they do not account for the size of the atom and this makes it
difficult to reliably visualise the close contact between atoms of relatively different sizes. Where the
atom is relatively large the distance from the nucleus to the surface will be correspondingly large
despite the edges of the atoms being relatively close. To overcome this issue a normalised distance
is defined (dnorm)[103]:

d d; — rde de — ré’dW
norm —
T;}dW ngW

(1.2)

Where W is the van der Waals (vdW) radius of the appropiate atom internal or external to the
surface. Where d;,orm is shorter than vdW separations this will result in a red area on the Hirshfeld
surface, while is used to represent longer contacts.

It is also possible to select areas of the Hirshfeld surface by element to selectively highlight where
a certain element is closest inside and outside the surface. This enables particular interactions (such
as OH, CC etc) to be highlighted. The contribution to the total surface area of that interaction can
also then be calculated to provide information as to what extent a particular interaction is affecting
the crystal packing. Combining this with the fingerprint plots can give further information on the
interactions.
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1.10 Project Scope and Aims

2D supramolecular self-assembly has received significant interest in recent years coinciding with the
development of surface imaging techniques such as STM and AFM which allow for real-time images
of the molecules on the surface to be visualised. Hydrogen bonding interactions have been used
extensively to self-assemble 2D systems due to their selectivity, directionality, dynamic nature and
relatively high strength. The four DNA and RNA bases are particularly effective in the field of
self-assembly due to the well-understood and selective hydrogen bonds that occur between them.
This selectivity allows multicomponent systems to be designed. Multicomponent systems have the
advantage of being more complex which allows for more complex and tunable properties to be
integrated.

Incorporating the DNA bases into the structure of a porphyrin will allow for multicomponent
systems to be designed. A common issue with 2D supramolecular muticomponent systems is differ-
entiating each species within the system. When one component in the system includes a porphyrin
ring the two species can be distinguished due to the relatively large size of the porphyrin ring. The
porphyrin ring can also be metallated which allows for the differentiation between separate por-
phyrins on the surface via the AFM imaging technique and the varying electron density observed in
different metals.

Members of the group have previously synthesised a porphyrin bearing the thymine DNA base
moiety in the meso position(s). The tetrathyminephenylporphyrin was found to associate with itself
and its DNA base partner, 9-propyladenine, in a 2D self-assembled structure. This showed how
complementary base pairs can self-assemble on a surface and be easily distinguished.

This project aims to build upon this foundation work by utilising the potential of the porphyrin
ring to incorporate the other DNA and RNA bases into increasingly complex self-assembled struc-
tures. To better understand the interactions between the DNA bases and the effect of substituents
on their interactions a series of alkylated and halogenated DNA nucleobases will be synthesised:

NH N XN N N N
TY D= 1Y L0

R R

Figure 1.30: Structures of the target N-1 and N-9-alkylated DNA nucleobases. Left - right: N-1-
propylthymine, N-9-propyladenine, N-1-propylcytosine, N-9-propylguanine.

The interactions of the above molecules can be studied in solution, as a crystal and on a surface
via NMR titration experiments, single crystal X-ray diffractometry and surface imaging techniques
respectively.

To further study the interaction of the DNA nucleobases when functionalised with a porphyrin
a series of soluble porphyrins which have been functionalised in a single meso position will be func-
tionalised building on the previous work in the group where mono-thymine porphyrin was isolated.
These molecules will give a greater understanding of the effect of the porphyrin ring both in solution
and as a crystal.

Porphyrins bearing four DNA bases will also be synthesised building on the previously synthe-
sised tetra-thymine porphyrin. The surface self-assembly of these functionalised porphyrins will
be studied, including looking the interaction between complementary and non-complementary base
pairs. It is hoped that these molecules could self-assemble in organised multicomponent systems
such as the one shown below (1.31):
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Figure 1.31: Potential ’chessboard’ style arrangement between tetra-thymineporphyrin (red) and
tetra-adenineporphyrin (blue).

It is important to be able to differentiate each component in a multicomponent system. The
porphyrin ring will allow for this to be conveniently done via metallation of the porphyrin ring.
These different metals can be differentiated by the surface imaging technique due to changes in the
contrast associated with the coordinated metal. Metal coordination also offers the opportunity for
additional control over the optical, electronic and catalytic properties of the resulting porphyrin.

Finally, the eventual aim for this project is to synthesise porphryins bearing all four DNA bases.
This molecule has the potential to organise into a supramolecular structure utilising the complemen-
tary interactions between the nucleobases as shown in the schematic model below (Figure 1.32) where
each nucleobase is represented by a red, blue, yellow and green square and the central porphyrin by
a purple square.
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Figure 1.32: Potential supramolecular network formed by a porphyrin functionalised by all four
nucleobases.

Despite the above network being formed of a single molecule, each molecule can associate with
the surface in four possible relative orinetations each separated by a rotation of 90° in a manner
similar to that described by Champness et al.[66]. Therefore, a complex supramolecular system of
four effectively different units could be designed such as that proposed below; the likes of which have
not been previously observed.
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Figure 1.33: Potential supramolecular network formed by a porphyrin functionalised by all four
nucleobases.
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Chapter 2

The Synthesis of Alkylated and
Halogenated DNA Nucleobases

2.1 Introduction

It is well understood that the four DNA nucleobases exhibit complementary hydrogen bonding pairs:
thymine pairs with adenine and cytosine with guanine. The reason for these complementary pairs
is due to the correct sequence of hydrogen bond donors and acceptors on each pair that allows one
base to preferentially bind to another. In the DNA double helix the cooperative nature of multiple
interactions occurring simultaneously and the structure of the helix itself with the phospate-sugar
backbone also plays a significant role in the complementary binding of the DNA bases. To study the
hydrogen bonding interactions of the DNA bases in isolation it is necessary to remove these other
contributions from the system.

To study the hydrogen bonding interactions of the DNA bases in detail it is of high importance
that the DNA bases are in solution. A known issue with the four DNA bases is their relatively
low solubility in common organic solvents. To ensure that the hydrogen bonding interactions being
studied are between the DNA bases the solvent must be a non-competitive solvent - the solvent must
not also form considerable hydrogen bonds with the DNA bases. Examples of such suitable non-
competitive solvents are chloroform, dichloromethane, hexane or benzene. Solvents such as DMSO,
methanol, water or acetone are not desirable due to their ability to form hydrogen bonds to the
DNA bases themselves. With this in mind a series of DNA bases were synthesised that would be
soluble in the previously discussed non-competitive solvents with the aim of studying the hydrogen
bonding of these functionalised DNA bases.

2.2 Synthesis of N-1 and N-9 Alkylated Nucleobases

The most logical position to functionalise the DNA bases is the position that is normally appended
to the phosphate in the DNA helix. That being N-1 in the pyrimidine bases and N-9 in the purine
bases. This is because this is most-analogous to biological systems and the hydrogen bonding donors
and acceptors should be least affected and the effects on the hydrogen bonding should be minimised
by steric or electronic effects. It is of added convenience that the N-1 and N-9 positions are relatively
reactive and there are many examples in literature of N-alkylation reactions both on the DNA bases
and on other purine and pyrimidine systems.[1][104]

The alkylating group of choice was the n-propyl group as it is relatively small so was not expected
to change the hydrogen bonding behaviour of the DNA bases but should impart solubility in the
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desired non-competitive solvents. The structures of the target N-1 and N-9 propyl DNA nucleobases
is shown below in Figure 2.1

Figure 2.1: Structures of the target N-1 and N-9-propyl DNA nucleobases. Left - right: N-1-
propylthymine, N-9-propyladenine, N-1-propylcytosine, N-9-propylguanine.

2.2.1 Propylthymine

The first DNA base for which alkylation was attempted was thymine. The alkylation of thymine with
n-bromopropane is shown below in Figure 2.2. These conditions are widely reported in literature
where there are numerous reports of alkylation of thymine.[1][5]

o 0
\ \ /\/BT \ \
HN — HN
}—NH K,CO3 }—N
DMSO
o RT 24h o \—/

Figure 2.2: The synthesis of N-1-propylthymine via the reaction of thymine with N-bromopropane
in DMSO.

This reaction proceeds via nucleophilic alkylation of the N-1 secondary amine. The nucleophilic
nitrogen attacks the electrophilic carbon adjacent to the bromide. This carbon is the electrophile
as it is 6 due to being next to the electronegative bromide. Bromide is also an excellent leaving
group which is eliminated from the reaction as a salt. Potassium carbonate then acts as a base to
remove a proton and leave the desired alkylated amine as shown in Figure 2.3. From understand-
ing this mechanism it is clear that this reaction has the potential to form a number of undesired
products. The first of those is the possibility of the product tertiary amine to react further with
N-bromopropane and form an undesired quaternary ammonium salt. This is a well known issue
with the alkylation of amines as the product of the alkylation reaction is also nucleophilic. The
other possible side product from this reaction is alkylation at the N-3 nitrogen present in thymine.
This nitrogen is also nucleophilic and may react with N-bromopropane. Fortunately, this nitrogen
is less nucleophilic than N-1 due to the electron-withdrawing effects of the two adjacent carbonyl
groups as shown in Figure 2.4.
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Figure 2.3: Mechanism of the reaction of thymine with N-bromopropane.
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Figure 2.4: Diagram showing how the thymine N-3 is less nucleophilic than N-1 due to the electron-
withdrawing effects of the adjacent carbonyl groups.

It is also important to note how the solvent pays a vital role in this reaction. This reaction
proceeds via a SN2 mechanism and the nucleophile is much more nucleophilic in polar aprotic
solvents than protic solvents. A protic solvent such as methanol would donate a proton which can
hydrogen bond to the electron density on the nucleophile and reduce its nucleophilicity. Aprotic
solvents such as DMSO, DMF or THF, however, do not donate a proton and the nucleophile is free
to react with the electrophile and form the desired product.

This reaction was performed successfully and the desired product was acquired via aqueous
work-up to remove the DMSO and column chromatography was used to remove the unwanted N-
3 alkylated isomer and dialkylated product which were formed in small amounts. The purity and
presence of N-3 propylthymine was ascertained via NMR, spectroscopy, Mass spectrometry and single
crystal X-ray diffraction. The similarity between the desired N-1 isomer and unwanted N-3 isomer
was a particular challenge. Literature reports of the synthesis of N-alkylated thymine compounds
report the different Rf values of both isomers. It is often noted that the N-1 isomer has a greater
Rf value so is eluted slightly earlier under standard chromatography conditions. To be certain that
the correct product has been isolated more quantitative evidence was required. Both isomers have
the same mass so mass spectrometry could not be used to distinguish the isomers. The proton and
carbon NMR spectra of each compound are also similar with only very slight shifts in the peaks for
each isomer. To definitively differentiate between the two isomers 2D HMBC NMR spectroscopy was
used. This heteronuclear technique made it possible to easily determine which isomer was present by
observing the coupling between the alkyl-group protons and the carbon environments in thymine. In
the N-1 isomer the alkyl protons couple to carbons C-2 and C-6. For the N-3 isomer these protons
couple to carbons C-2 and C-4. These carbon environments are unambiguously identified as both
are in very dissimilar environments (C=0 and C=C cf 2x C=0 respectively). The HMBC NMR
spectra of the N-1 isomer is shown below in Figure 2.5. These different isomers were also confirmed
to be correctly assigned by solving the single crystal X-ray diffraction data of each isomer.
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Figure 2.5: HMBC NMR spectrum on N-1-propylthymine recorded in CDClg
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Figure 2.6: Crystal structures of a) N-1-propylthymine and b) N-3-propylthymine

2.2.2 Propyladenine

The next synthesis of an alkylated DNA nucleobase to be attempted was the synthesis of N-9-
propyladenine. This reaction proceeds via the same SN2 mechanism as for the previously discussed
thymine analogue. However, literature discussions on the alkylation of adenine highlight a number of
possible side-products formed during the reaction[105]. The first of these is the unwanted alkylation
at the 6-amino position. This unwanted alkylation is overcome with the use of protecting groups.
The majority of preparations for N-9-alkylated adenine use the Boc protecting group[2]. This
protecting group is well known for the protection of amines and was chosen for the synthesis of N-
9-propyladenine. Other protecting groups used are Fmoc, benzoyl and acetyl, amongst others. The
scheme for the synthesis of 6-bis-Boc-amino protected adenine and subsequent alkylation is shown
below in Figure 2.7 adapted from literature.[105][2][106][3]

Boc
NH, Boc\N/Boc
N Boc,O NaHCO3
@ K)I\> R
k = N DMAP MeOH k
N H as 50°C 1.5h Z
RT 24h N H
Boc
Boc
K2CO3 (i DCM Et[ >
DME RT 2h
RT 24h

Figure 2.7: Synthesis of N-9-propyladenine via the Boc protection route.

The first step of the synthesis of N-9-propyladenine was the complete protection of adenine
with the Boc protecting group. This was performed by reacting adenine with 3 equivalents of
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Boc-anhydride in the presence of 4-(dimethylamino)pyridine (DMAP). Here, DMAP acts as a nucle-
ophilic catalyst by first reacting with Boc-anhydride and creating a more reactive Boc-pyridinium
species[3][107]. Adenine then reacts with the Boc-pyridinium species to form the Boc-protected
adenine product. The N-9-Boc protecting group can then be selectively removed by heating the
tris-Boc species in methanol with sodium hydrogen carbonate for 1.5 hours. Care must be taken
over the time for this reaction step as leaving the reaction for too long will leave to partial depro-
tection in the 6-amino position.[2] Once correctly protected and isolated, the 6-bis-Boc aminopurine
can be alkylated with n-bromopropane as before. It is here that the other side product can be
formed. Despite the use of protecting groups alkylation in the unwanted N-7 position is observed.
The reason for this is due to tautomerisation of the N-7, C-8 double bond. This allows N-7 to react
with n-bromopropane and form the undesired product as shown in Figure 2.8. This tautomerisation
and formation of both the N-7 and N-9 isomers is well-reported in literature. Reported ratios for
the formation of the N-7 and N-9 isomers range between 1:9 and 4:5. In this instance the isomers
were formed in a ratio of 1:8 as calculated from the 'H NMR integrals of the crude mixture. The two
isomers were not separated at this stage and were both carried onto the final step of the syntheses
which was the deprotection of the 6-amino position. The Boc groups were succesfully cleaved via
addition of trifluoroacetic acid (TFA) to a solution of the bis-Boc-6-aminopurine in DCM. Upon
removal of the Boc groups the N-7 and N-9 isomers were separated via column chromatography.
The N-9-propyladenine product was characterised by NMR, spectroscopy, mass spectrometry and
single crystal X-ray diffraction. The identity of the N-7 and N-9 isomers was confirmed via HMBC
NMR spectroscopy in a similar manner to the N-1 and N-3 isomers of propylthymine discussed
previously as shown below in Figure 2.9.

Boc Boc

Boc
~

N/Boc \N/Boc \N/Boc
N \ N N \ “ N \ N
| To==1_L,—1 1)
N/ N N/ N N/ N
H

Figure 2.8: The undesired N-7 isomer formed via tautomerisation.
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Figure 2.9: The HMBC NMR spectrum of N-9-propyladenine isomer recorded in CDClj3.

2.2.3 Propylcytosine

Literature preparations for the N-1 alkylation of cytosine were particularly difficult to find. With no
direct synthetic procedure found the observations from the synthesis of N-1-propylthymine and N-
9-propyladenine were applied to the synthesis of N-1-propylcytosine. The 4-amino position was pro-
tected with the Boc protecting group in a method adapted from the synthesis of N-9-propyladenine
and the N-1 position was subsequently deprotected in the same way. Bis-Boc-4-aminocytosine was
then alkylated with n-bromopropane in DMSO and the protected group removed using TFA as
shown in Figure 2.10.
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Figure 2.10: Reaction scheme showing the unsuccessful synthetic route to N-1-propylcytosine.

Initial observations of the mass spectrum and 'H NMR spectrum suggested the reaction had
proceeded as planned as the correct mass was observed and the expected peaks were observed in
the 'H NMR spectrum. However, analysis of the HMBC spectrum showed that the correct product
had not been formed. For the correct N-1 alkylated product it was expected that the primary N-1
alkylated CH2 (5.2 ppm) would couple to two carbon environments: the C-2 C=0 at ca 160 ppm
and the C-6 C=C at ca 130 ppm as shown in Figure 2.12. This was not observed in the HMBC
NMR spectrum. Instead the protons were coupled to just a single carbon at ca 160 ppm. This
suggested that the an undesired C-2-O-alkylated product had been formed. The formation of this
isomer can be explained by considering the keto-enol tautomerisation which may be observed in the
DNA nucleobases. This tautomerisation leads to the oxygen becoming the nucleophile which reacts
with the n-bromopropane and forms the undesired product as shown in Figure 2.11. The identity of
this undesired C-2-O isomer was further confirmed by single crystal X-ray diffraction (Figure 2.13).

Aﬁ xﬁ =

3)

Figure 2.11: The keto-enol tautomerisation of bis-Boc-4-aminocytosine which forms the undesired
C-2-O-propylcytosine.
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Figure 2.12: HMBC NMR spectrum recorded in CDCls showing the undesired C-2-O alkylated
product.
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Figure 2.13: Crystal structure of undesired C-2-0O alkylated product.

This reaction was repeated using acetyl-4-aminocytosine[108] and unprotected cytosine and the
undesired O-alkylated product was formed in each case. The commercially available benzoyl-4-
aminocytosine was then used and in this instance the correct N-1 alkylated product was formed.
The benzoyl protecting group was removed by treatment with ammonium hydroxide to form N-
1-propylcytosine which was characterised by 'H, '3C and HMBC NMR. spectroscopy and mass
spectrometry as shown in Figure 2.14 and 2.15.

NH,
NH4OH
)\)j )j 4 N)j
DMSO )\ MeOH O/J'\N

K2CO3 RT 24h
RT 24h

Figure 2.14: The successful synthesis of N-1-propylcytosine using the benzoyl protecting group.
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Figure 2.15: HMBC NMR spectrum recorded in CDCl3 showing the desired N-1-propylcytosine
product.

2.2.4 Propylguanine

The majority of literature reports on the functionalisation of guanine describe the limited solubility
of guanine in common laboratory solvents. This makes synthetic procedures more troublesome. It
is also clear from the structure of guanine that protecting groups are necessary for the efficient N-
9-alkylation of guanine. Therefore, 2-amino-6-chloropurine was used as a precursor to guanine and
selectively protected with the Boc-protecting group as before to afford 2-(bis-Boc)-amino-6-chloro-
9-propylpurine as shown in Figure 2.16.
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Figure 2.16: The synthesis of N-9-propylguanine via the Boc-protection of 2-amino-6-chloropurine.

The full Boc-protection and selective N-9 deprotection was analogous to the synthesis of propy-
ladenine. The use of the Boc protecting group also has the advantage of vastly increasing the solu-
bility of the substrate in common organic solvents (DCM, EtOAc) due to the bulky ¢-butyl groups
which are part of the Boc protecting group. The alkylation of 2-(bis-Boc)-amino-6-chloropurine with
n-bromopropane was also performed successfully and, as expected, both the N-7 and N-9 isomers
were formed in a ratio of 1:5 (calculated from the *H NMR integrals of the crude mixture). These
were carried into the next step without separating the two isomers. The final step which involved
heating in formic acid served the dual purpose of hydrolising the 6-chloro position and removing the
Boc protecting group. It was also possible to isolate 2-amino-6-chloro-9-propylpurine by performing
the deprotection reaction using TFA in DCM as these conditions are selective for Boc-deprotection
without hydrolising the 6-chloro position. The deprotected N-7 and N-9 isomers were isolated via
column chromatography and their identity confirmed by 'H, !3C and HMBC NMR spectroscopy as
shown in Figures 2.17, 2.18 and 2.19 as well as mass spectrometry and single crystal X-ray diffraction.

45



12 [ ] i ] 10
= 20
11 L] (] 3

- 30

= 40

= 60

- 70

muy

- 80
: 90
- 100
: 110

=5 ! 12 5120

- 130

F1 Chemical Shift (ppm)

- 140
< g . o] 10 1 : -
3 160
1 170
- 180
HoN N ] 190

N
\/
N

- 200

- 210

= 220

F2 Chemical Shift (ppm)

Figure 2.17: HMBC NMR spectrum recorded in CDCls showing the N-7 2-amino-6-
chloropropylpurine isomer.
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Figure 2.18: HMBC NMR spectrum recorded in CDCls showing the

chloropropylpurine isomer.

47

LBl Rk BLE RARA] L) RAL) thbbl L] Ukl RLLH DR L] L) bbb L) R RLLM AR LAY L) bk LU LAl R Rk ALY L) UL UL Rl Skl Rkl LAY bl bkl UL LRl L) Rk Rl ULkl bL B Rl |
oy
[N
o

220

F1 Chemical Shift (ppm)

N-9 2-amino-6-



L] it = 10
. W = 20
= 30

= 50

= 60

= 70
10 1 3 80
3 90
12 = 100

- 120

F1 Chemical Shift (ppm)

= 130

= 140

1)

: 160
: 170
: 180
= 190
: 200
: 210

- 220

L B L L e L L L b o L L e L L L L e e R
12 11 10 9 8 7 6 5 4 3 2 1 0

F2 Chemical Shift (ppm)

Figure 2.19: HMBC NMR spectrum recorded in DMSO-d showing the N-9-propylguanine product.

2.3 Synthesis of Further Functionalised Alkylated Nucleobases

The four DNA nucleobases have been synthesised with a propyl group in the N-1 and N-9 position.
The propyl group was chosen in this position as it was expected to have the least effect on the hydro-
gen bonding characteristics of the relevant nucleobase. The propyl group is relatively benign with
respect to electron donation or withdrawal so should have a minimal effect on the nucleophilicity of
the hydrogen bond donors and acceptors (a crucial contributing factor to the strength of a hydrogen
bond). The propyl group is also relatively small so should a small steric effect on the formation of
the hydrogen bond whilst still imparting sufficient solubility. Alkylation in the N-1 and N-9 for
pyrimidines and purines respectively was also chosen to have a minimal impact on hydrogen bonding
due to it not blocking the primary hydrogen bond donors or acceptors and being the same position
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where DNA nucleobases are attached to the sugar-phosphate backbone in nature.

With this in mind a number of different substituents were chosen for the four DNA nucleobases
which would have differing steric, electronic or positional effects on the molecule. The effect of these
substituents were studied by NMR dilution and titration experiments.

Studying the effect of sterics on the hydrogen bonding behaviour of the DNA bases was done
by substituting different R-groups in the N-1 or N-9 positions of the DNA nucleobases. Relatively
small groups such as n-ethyl and n-butyl chains through to relatively large groups such as n-decyl
and benzyl groups were used.

These alkyl and benzyl groups were added to the chosen DNA nucleobase in the same way as
described before in Section 2.2 by choosing the relevant alkyl or benzyl halide.

The effect of different electron-withdrawing substituents on the hydrogen bonding behaviour of
the DNA bases was done by substituting halogens in various positions of the chosen DNA base.
The synthesis of these halogenated DNA bases was more challenging as the addition of halogens
also affects the reactivity and regioselectivity of the DNA nucleobase for subsequent reactions so the
order and conditions of each reaction had to be carefully considered to achieve the desired target
molecules.

2.3.1 Halogenated Thymine

The majority of literature examples where thymine bears a halogen substituent exhibit the halogen in
the C-5 position[5][6]. In reality this means that the resulting products are in fact halogenated uracil
as the halogen is substituted for the C-5 methyl group. As uracil and thymine are so similar this was
not deemed to be an issue and the ease of adding a halogen in this position made this route the most
appealing. For the synthesis of a halogenated thymine derivative the substrate was also alkylated
with the n-propyl group as before to impart sufficient solubility and for a suitable comparison
to the non-halogenated n-propylthymine previously studied. Previous literature examples were
considered regarding whether to add the halogen first or perform the alkylation reaction first.[6]
The bromination of uracil outlined below in Figure 2.20 was the most common procedure found and
no examples of the halogenation of N-1-alkylated uracil were found.[5] Therefore uracil was first
brominated using bromine in DMF at 120 °C (Figure 2.20).

(6] O
Br2 Br
HN HN
(o] N DMF (o) N
H 120°C H

24h

Figure 2.20: The bromination of uracil in the C-5 position.

This reaction was highly successful and very simple to perform. The work-up of this reaction was
also especially simple and is worth noting. The reaction is simply allowed to cool and chloroform
is added to precipitate out the off-white product in excellent yield and purity. The identity of the
product was confirmed by mass spectrometry and NMR spectroscopy. HMBC NMR spectroscopy
was used to confirm that the desired C-5 bromination was achieved and no C-6 bromination was
observed. This can be explained by studying the mechanism for the reaction as shown in Figure
2.21.
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Figure 2.21: The formation of 5-bromouracil via aromatic electrophilic substitution mechanism
showing the stable C-5 transition state and the unstable C-6 transition state.

At first glance it would appear that the mechanism for the formation of bromouracil is via an
electrophilic substitution of an alkene. However, this does not provide an adequate explanation for
the selective regiochemistry of the reaction. It is important to remember the aromatic nature of the
pyrimidine ring which can be seen more clearly in the enol tautomer form. The regioselectivity of
the electrophilic substitution of pyrimidines in determined by the stability of the transition state
[109]. For the C-5 bromination the positive charge resides on C-6. This positive charge can then be
stabilised by the conjugated structure. For the C'-6 bromination the positive charge on C-5 cannot be
stabilised without leading to an unfavoured 6-electron, 2-coordinate nitrogen. The C-5 bromination
has the most stable transition state and therefore 5-bromouracil is exclusively formed. Another
factor is the well-known ortho-, para-directing property of phenols with respect to electrophilic
substitution[109].

The 5-bromouracil formed above was then carried onto the next alkylation step and the previously
used alkylation conditions were utilised to attempt to form 5-bromo- N-1-propyluracil. However, this
reaction was unsuccessful. The desired N-1-alkylated product was not observed and instead bis-N-
1,N-3-propyluracil was exclusively isolated. The reason for this unexpected product is likely to be
due to the C-5 bromine having an effect on the reactivity of both the N-1 and N-3 nitrogens. The
electron withdrawing bromine may be reducing the nucleophilicity of the N-1 nitrogen and reducing
the selectivity between the two positions.

To solve this issue the possibility of performing the alkylation first and then brominating the N-1-
alkylated product was considered. Looking at the mechanism for the bromination it can be seen that
this route would not be feasible. If the N-1 position was alkylated then the stabilisation of the C-6
positive charge would not be possible and the transition state would no longer be stable. This would
greatly limit the success of the bromination reaction. Furthermore, the work-up of precipitating the
product out with chloroform would no longer be applicable as the alkylated product would likely
be soluble in chloroform. Despite this, uracil was alkylated using standard alkylation conditions
nonetheless as N-1-propyluracil is still an interesting product in itself and can be used to study the
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effect of the thymine C-5 methyl group.

The alkylation reaction was attempted using a number of different polar aprotic solvents including
DMSO, DMF and THF and in all cases the di-alkylated product was formed. Temperatures ranging
between -10 and 120 °C were attempted with the same result. Polar protic solvents and non-
polar solvents were also used and no reaction was observed as expected. Finally, the base was
altered and the use of sodium hydroxide was found to form the desired mono-alkylated 5-bromo-N-
1-propyluracil which was identified by 'H, 13C and HMBC NMR spectroscopy (Fig 2.22) as well as
mass spectrometry.
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Figure 2.22: HMBC NMR spectrum of 5-bromo-N-1-propyluracil recorded in DMSO-d.

2.3.2 Halogenated Adenine

Due to the different purine substructure of adenine compared to pyrimidine substrucure of thymine
it was expected that different reaction conditions would be required for the halogenation of adenine.
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Literature examples on the halogenation of adenine report the alkylation reaction being performed
first.[6] Therefore, the previously alkylated adenine synthesised in Section 2.2.2 was used. The
halogenation of propyladenine was then performed using the conditions shown below in Figure 2.23.

NH,
/i LDA
-78°C 5h W
K — k \>—x
X, THF N/ N

-718>0°C
2h
X =8Br,l

Figure 2.23: The halogenation of adenine via the lithiation of propyladenine with LDA and subse-
quent reaction with reaction with relevant halogen.[6][8]

In contrast to the halogenation of uracil, which is a direct halogenation, the above reaction
proceeds via a lithiated intermediate which then reacts to form the desired halogenated product.
The lithiated intermediate is formed by first synthesising lithium diisopropylamide (LDA) from
diisopropylamine and n-butyllithium in THF at -78 °C. LDA is a strong, non-nucleophilic base
which, upon the addition of adenine readily removes the acidic C-8 proton from adenine. The
removal of this proton affords the strongly nucleophilic C-8 anion which can then react with the
electrophilic halogen as shown in the mechanism below (Figure 2.24).

&w% i &»

ol

Figure 2.24: The mechanism for the reaction of lithiated propyladenine with the appropriate halogen.

This reaction proceeded very efficiently in excellent yield; selectively forming the desired C-
8 halogenated adenine. The correct regiochemistry was confirmed by 'H, '3C and HMBC NMR
spectroscopy, mass spectrometry and X-ray crystallography.

2.3.3 Halogenated Cytosine

Due to cytosine being based on the same pyrimidine structure as thymine and uracil a similar
approach for the synthesis of halogenated cytosine was adopted[2]. Cytosine was first halogenated
and then the alkylation was performed. Cytosine was halogenated using iodine and iodic acid
in acetic acid as shown in Figure 2.25. This reaction was selective for the C-5 position for the
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same reason as for 5-bromouracil; that being the stability of the C-6 positive charge. The 5-
iodocytosine was then successfully alkylated using n-bromopropane under the same conditions as
before. Interestingly, this reaction did not form the undesired O-alkylated product which was
observed for the alkylation of cytosine. It is likely that the iodine substituent has an effect on this
reactivity.

NH, NH, NH,
) I/\/Br |
N/ HIO3 N/ N/
O PO
o N AcOH ¢ N DMSO o N
H 60°C H K2CO3
24h RT 24h

Figure 2.25: The C-5 halogenation of cytosine and subsequent alkylation .

2.3.4 Halogenated Guanine

For halogenated guanine the route previously outlined for halogenated adenine was attempted with
the aim of synthesising 6-chloro-2-amino-8-halo-N-9-propylpurine. This route was chosen due to
the analogous nature of the guanine precursor 6-chloro-2-aminopurine to adenine. The halogenation
of 6-chloro-2-amino- N-9-propylpurine using the previously utilised conditions shown below (Figure
2.26) was attempted.

Cl

Cl
LDA
N -78°C 5h AN N
i o \> — X I \}
s Xy THF Z T\
H,N N N

-78>0°C  HN
2h

X=8Brl

Figure 2.26: The attempted halogenation of 6-chloro-2-aminopurine using LDA which was unsuc-
cessful.

After completing the reaction and work up it was found that all the starting material had been
consumed. However, the desired halogenated product was not found. That the halogenation was
unsuccessful was initially surprising due to the excellent yield and success of the analogous reaction
with adenine. However, a study of the literature and notably a report by Gundersen et al revealed
how the subtle differences between 6-chloro-2-aminopurine and adenine can, with an understanding
of the reaction mechanism, lead to greatly differing products being formed.[8]
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Figure 2.27: Mechanism showing how treatment with LDA leads to the undesired imidazole com-
pound via loss of chloride anion.

In the mechanism above, the very strong LDA base removes any acidic protons. As well as the
desired acidic C-8 proton the proton in the 2-amino position is also removed (this happens during
the successful adenine halogenation also but the proton is regained during the aqueous work-up).
The negative charge on the C-8 anion can attack the electrophilic halogen as desired. However, the
negative charge in the 2-amino position can attack through the conjugated system onto the chloride
on C-6 as shown in the mechanism above (Figure 2.27. This is possible due to chloride being an
excellent leaving group. This breaks the ring-sturucture and forms two nitrile bonds. This is not
possible in the case of adenine due to no suitable leaving group being present.

The formation of the undesired imidazole product meant that another method for the halogena-
tion of guanine derivatives was needed. Gundersen et al. report a number of different methods for
the C-8 halogenation of 2-amino-6-chloropurine derivatives including the protection of the amine
group with tetrahydropuran (THP).[8] This technique prevents the anion being formed upon treat-
ment with LDA due to the added steric hindrance of the THP group and the fact that LDA is a
relatively bulky base due to the isopropyl groups. Another method reported by Gundersen et al.
in a separate report is the direct bromination of 2-amino-6-chloropurine derivatives using excess
bromine in water at room temperature.[7] This route was chosen as it appeared the most attractive
due to its obvious simplicity and the lack of protection and deprotection steps.

*t\> At\%

24h

Figure 2.28: The successful conditions for the halogenation of 2-amino-6-chloropurine.

This reaction was performed successfully and the product was easily extracted by allowing excess
bromine to evaporate in the fumehood and filtering the suspension to afford the desired product in
good yield and purity. The product was characterised by NMR, spectroscopy, mass spectrometry
and X-ray crystallography.
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2.4 Conclusions

In this chapter a large number of alkylated and halogenated nucleobases have been synthesised and
characterised as listed in the table below (Table 2.1). Progress has been made towards the efficient
synthesis of nucleobases which are functionalised with the chosen alkyl group and halogen and the
process has been optimised for each nucleobase. An important conclusion from this work is that
the alkylation and halogenation of nucleobases is not trivial and different conditions are required for
each base. This includes optimization of variables including the solvent, protecting group, reaction
conditions and even order of reaction steps. For each nucleobase a number of isomers are also formed;
the identity of which is not easily discernible by simple 1D NMR, and mass spectrometry techniques.
A reliable and fast method of identifying the correct isomer by 2D HMBC NMR has been outlined, as
well as how to separate the desired isomers from the mixture. These alkylated nucleobases display
improved solubility in non-polar organic solvents such as DCM as expected and this will allow
for their intermolecular interactions to then to be studied in a non-competitive solvent. However,
for the cytosine and guanine nucleobases sufficient solubility was not imparted by the alkylation.
The synthesis methods outlined in this chapter can be used to synthesise cytosine and guanine
nucleobase derivatives with different functionalities in the hope that these will be sufficiently soluble
in the chosen solvent. The halogenation of nucleobase derivatives again shows how each nucleobase
is remarkably different. Not one method for the halogenation of the these nucleobase derivatives
was the same and markedly different synthetic procedures were required for each desired compound.
This was explained by understanding the mechanism of each reaction and how the subtle changes
in the core pyrimidine and purine structures of the DNA bases affect this. The effect of adding
a halogen to the intermolecular interactions of the DNA nucleobases can be studied. Finally, the
halogen itself is a useful functional group to allow for further synthetic modifications of the DNA
nucleobases to be carried out.
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R1 R2 R1 R2 R1 R2 R1 R2 R3
a n-pr Me
b n-et Me
¢ n-bu Me
d n-pent Me
e n-hex Me
f n-oct Me
g n-dec Me
h benz Me
i t-bu-benz Me
j n-pr H
k n-pr Br
l  t¢-bu-benz Br
m n-pr H
n n-bu H
o benz H
p t-bu-benz H
q n-pr Br
r n-pr 1
S n-pr H
i t-bu-benz H
u n-pr I
v n-pr H OH
w t-bu-benz H OH
be n-pr H Cl
v t-bu-benz H  Cl

n-pr Br Cl

Table 2.1: Table of all synthesised DNA base analogues.
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2.5 Experimental

2.5.1 Materials and Equipment

Chemicals were purchased from commercial suppliers and used without further purification. Solid,
hygroscopic reagents were dried in an oven before use. Reaction solvents were thoroughly dried
before use employing standard methods. Reactions were monitored by thin layer chromatography
(TLC) using 0.2 mm aluminium sheets precoated with silica gel 60 F254 (Merck). TLC plates
were inspected with a UV lamp featuring both long wave (365 nm) and short wave (254 nm) UV
light. Column chromatography was carried out on silica gel Merck 60. Eluent relative vol/vol ratios
are indicated in each case. Nuclear magnetic resonance spectroscopy were recorded with a Bruker
AV-400 (400 MHz) or Bruker AV-3400 (400 MHz) instrument in the School of Chemistry. The
temperature was controlled at 298 K. Chemical shifts (§) are measured in part per million (ppm)
using the signals of the deuterated solvents as the internal standard. EI Mass spectra were taken
using a Bruker Apex IV 4.7 T mass spectrometer.

2.5.2 General Procedure for the Alkylation of Pyrimidine and Purine
Bases|1]

Pyrimidine base (1 g) and potassium carbonate (1.1 eq.) were added to a round bottom flask and
dissolved in DMSO (or DMF) (20 ml). Alkyl halide (1.1 eq.) was added via syringe and the solution
was stirred overnight at room temperature. The product was washed with water (3x150 ml) and
extracted into DCM (3x100 ml). The organic phase was dried over MgSQOy, the solvent removed
under reduced pressure and the product purified via column chromatography (SiO2 DCM:EtOAc
10:1 (v:v)) to yield a white powder.

N-1-n-propylthymine: (1.1 g, 83 %) 'H NMR (CDCl3 ,400MHz): § (ppm) 9.44 (br. s., 1H, N3),
6.98 (d, J=1.3 Hz, 1H, C6), 3.66 (t, J=7.5 Hz, 2H, C8), 1.92 (d, J=1.1 Hz, 3H, C7), 1.71 (sxt,
J=7.4 Hz, 2H, C9), 0.95 (t, J=7.5 Hz, 3H, C10); MS (EI): m/z+ Calc. = 169.0972 CSH13N202
(M-+H), Exp. = 169.0078 (M+H), 191.0769 (M-+Na)
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N-1-n-ethylthymine: (0.9 g, 74 %) 'H NMR (CDCl; ,400MHz): § (ppm) 8.50 (br. s., 1H, N3),
7.00 (d, J=1.1 Hz, 1H, C6), 3.77 (q, J=7.3 Hz, 2H, C8), 1.94 (d, J=1.1 Hz, 2H, C7), 1.31 (t, J=7.2
Hz, 3H, C9); 3C NMR (CDCl; ,101MHz): § (ppm) 164.1 (C4), 150.5 (C2), 140.0 (C6), 110.8 (C5),
43.6 (C8), 14.4 (CT), 12.3 (C9); MS (EI): m/z+ Cale. = 155.1765 CTHIIN202 (M+H), Exp =
177.0629 (M+Na)
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N-1-n-butylthymine: (1.2 g, 83 %) 'H NMR (CDCl3 ,400MHz): 6 (ppm) 8.65 (br. s., 1H, N3),
6.98 (d, J=1.1 Hz, 1H, C6), 3.70 (t, J=7.4 Hz, 2H, C8), 1.93 (d, J=1.1 Hz, 3H, C7), 1.67 (quin,
J=7.4 Hz, 2H, C9), 1.37 (sxt, J=7.4 Hz, 2H, C10), 0.96 (t, J=7.4 Hz, 3H, C11); '3C NMR (CDCl;
J101MHz): § (ppm) 164.1 (C4), 150.7 (C2), 140.4 (C6), 110.5 (C5), 48.3 (C8), 31.1 (C9), 19.7 (C10),
13.6 (C7), 12.3 (C11)

N-1-n-pentylthymine: (1.3 g, 83 %) *H NMR (CDCl3 ,400MHz): § (ppm) 9.07 (br. s., 1H, N3),
6.98 (s, 1H, C6), 3.69 (t, J—7.4 Hz, 2H, C8), 1.93 (s, 3H, C7), 1.68 (quin, J=7.3 Hz, 2H, C9), 1.15
- 1.43 (m, 4H, C10-11), 0.91 (t, J=6.8 Hz, 3H, C12); 3C NMR (CDCly ,101MHz): 6 (ppm) 164.3
(C4), 150.9 (C2), 140.4 (C6), 110.5 (C5), 48.5 (C8), 28.7 (C9), 28.5 (C10), 22.3 (C11), 13.9 (C7),
12.3 (C12)

N-1-n-hexylthymine: (1.5 g, 90 %) 'H NMR (CDCl; ,400MHz): 6 (ppm) 8.27 (br. s., 1H, N3),
6.98 (d, J=1.3 Hz, 1H, C6)), 3.69 (t, J=7.5 Hz, 2H, C8), 1.93 (d, J=1.1 Hz, 3H, C7), 1.68 (quin,
J=7.0 Hz, 2H, C9), 1.22 - 1.42 (m, 6H, C10-12), 0.90 (t, J=6.8 Hz, 3H, C13)

N-1-n-octylthymine: (1.6 g, 86 %) 'H NMR (CDCl; ,400MHz): 6 (ppm) 8.55 (br. s., 1H, N3),
6.98 (d, J=1.3 Hz, 1H, C6), 3.69 (t, J=7.4 Hz, 2H, C8), 1.93 (d, J=1.1 Hz, 3H, C7), 1.53 - 1.75 (m,
9H, C9), 1.17 - 1.40 (m, 10H, C10-14), 0.89 (t, J=7.2 Hz, 3H, C15); *C NMR (CDCl; ,101MHz): §
(ppm) 164.0 (C4), 150.7 (C2), 140.4 (C6), 110.5 (C5), 48.6 (C8), 31.7 (C9), 29.1 (C10), 29.1 (C11),
26.4 (C12), 22.6 (C13-14), 14.0 (C7), 12.3 (C15)

6 8 10 12 14 16
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N-1-n-decylthymine: (1.5 g, 71 %) *H NMR, (CDCl3 ,400MHz): § (ppm) 8.25 (br. s., 1H, N3),
6.98 (d, J=1.1 Hz, 1H, C6), 3.69 (t, J=7.4 Hz, 2H, C8), 1.93 (d, J=1.1 Hz, 3H, C7), 1.68 (quin,
J=7.1 Hz, 2H, C9), 1.16 - 1.44 (m, 16H, C10-16), 0.89 (t, J=6.7 Hz, 3H, C17); 3C NMR (CDCl;
,101MHz): 6 (ppm) 163.9 (C4), 150.6 (C2), 140.4 (C6), 110.5 (C5), 48.6 (C8), 31.8 (C9), 20.5 (C10),
29.4 (C11), 29.2 (C12), 29.2 (C13), 29.1 (C14), 26.4 (C15), 22.6 (C16), 14.1 (CT), 12.3 (C17)

N-1-benzylthymine: (1.5 g, 87 %) 'H NMR (CDCl3 ,400MHz): § (ppm) 8.57 (br. s., 1H, N3),
7.34 - 7.43 (m, 3H, C11-12), 7.30 (dd, J=7.8, 1.8 Hz, 2H, C10), 6.98 (d, J=1.3 Hz, 1H, C6), 4.90 (s,
9H, C8), 1.89 (d, J=1.3 Hz, 3H, C7); 3C NMR (CDCl; ,101MHz): 6 (ppm) 163.8 (C4), 151.0 (C4),
139.7 (C6), 135.4 (C9), 120.1 (C11), 128.5 (C10), 127.9 (C12), 111.2 (C5), 50.9 (C8), 12.4 (C7)
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N-1-(3,5-di-t-butylbenzyl)thymine: (2.3 g, 88 %) 'H NMR (CDCl3 ,400MHz): § (ppm) 8.71 (br.
s., 1H, N3), 7.41 (s, 1H, C12), 7.11 (s, 2H, C10), 7.00 (s, 1H, C6), 4.88 (s, 2H, C8), 1.89 (s, 3H,
C7), 1.32 (s, 18H, C14); 13C NMR (CDCl3 ,101MHz): § (ppm) 164.0 (C4), 151.7 (C2), 151.0 (C11),
139.8 (C6), 134.5 (C9), 122.5 (C12), 122.2 (C10), 110.9 (C5), 51.3 (C8), 34.8 (C13), 31.4 (C14), 12.4
(C7); MS (EI) m/z+ Calc. = 329.2224 C20H29N202 (M+H), Exp = 329.2045 (M+H)
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N-1-propyluracil: (1 g, 71 %) *H NMR (CDCl3 ,400MHz): § (ppm) 8.51 (br. s., 1H, N3), 7.15
(d, J=7.9 Hz, 1H, C6), 5.70 (dd, J=7.9, 2.4 Hz, 1H, C5), 3.70 (t, J=7.7 Hz, 1H, C7), 1.74 (sxt,
J=7.4 Hz, 2H, C8), 0.98 (t, J=7.4 Hz, 3H, C9); 1¥C NMR (CDCl; ,101MHz): § (ppm) 163.4 (C4),
150.6 (C2), 144.4 (C6), 102.0 (C5), 50.4 (CT), 22.3 (C8), 10.9 (C9); MS (EI) m/z+ Cale. = 155.0815
CTH11N202 (M+H), Exp. 155.0950 (M+H)
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N-1-propyl-5-bromouracil: (0.3 g, 24 %) 'H NMR (CDCl; ,400MHz): § (ppm) 8.81 (br. s., 1H,
N3), 7.51 (s, 1H, C6), 3.72 (t, J=T7.4 Hz, 2H, C7), 1.75 (sxt, J=T.4 Hz, 2H, C8), 0.99 (t, J=T.4
Hz, 3H, C9); C NMR (CDCl; ,101MHz): 6 (ppm) 159.2 (C4), 150.0 (C2), 143.8 (C6), 96.2 (C5),
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50.8 (C7), 22.4 (C8), 10.8 (C9); MS (EI) m/z+ Calc. = 232.9920 CTH10BrN202 (M+H), Exp. =
232.9921 (M+H), 254.9744 (M+Na), 250.0188 (M+NH4)
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N-1-((3,5-di-t-butylbenzyl)-5-bromouracil: (0.9 g, 43 %) 'H NMR (CDCl; ,400MHz): § (ppm)
8.39 (br. s., 1H, N3), 7.49 (s, 1H, C12), 7.45 (t, J=1.8 Hz, 1H, C6), 7.12 (d, J=1.8 Hz, 2H, C10),
4.91 (s, 2H, C8), 1.34 (s, 18H, C14); 13C NMR (CDCl; ,101MHz): ¢ (ppm) 158.9(C4), 152.1 (C2),
150.1 (C11), 143.2 (C6), 133.5 (C9), 123.1 (C12), 122.5 (C10), 96.6 (C5), 52.1 (C8), 34.9 (C13),
31.4 (C14); MS (EI) m/z+ Cale. = 393.1172 C19H26BrN202 (M+H), Exp. = 393.1188 (M+H),
415.0985 (M+Na)
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N-1-propyl-5-iodocytosine: (0.7 g, 59 %) 'H NMR (DMSO-d6 ,400MHz): & (ppm) 8.08 (s, 1H,
C6), 6.44 (br. s., 1H, C7), 3.60 (t, J=7.2 Hz, 2H, C8), 1.56 (sxt, J=7.3 Hz, 2H, C9), 0.81 (t, J=7.4
Hz, 3H, C10); '3C NMR (DMSO-d6 ,101MHz): § (ppm) 163.9 (C4), 154.6 (C2), 152.0 (C6), 55.1
(C5), 48.6 (C8), 21.9 (C9), 10.7 (C10); MS (EI) m/z+ Cale. = 279.9941 CTH11IN30 (M-+H), Exp.
— 279.9943 (M+H), 301.9754 (M+Na)

2.5.3 General Procedure for the tris-Boc Protection of Pyrimidine and
Purine Bases[2]

To a Ny flushed flask containing purine or pyrimidine base (10.0 mmol) and DMAP (0.122 g, 1.00
mmol) was added dry THF (50 ml) via cannula. BoczO (9.6 g, 40 mmol)) was added under a Ny
atmosphere and the colourless suspension was stirred overnight at room temperature until a pale
yellow solution was formed. The solvent was removed under reduced pressure to give a yellow oil
which was used without further purification. Rf (0.45 7:3 hexane:EtOac)

Tris-Boc-adenine: (3.9 g, 92 %) 'H NMR (CDCl; ,400MHz): 6 (ppm) 8.97 (s, 1H, C2), 8.48
(s, 1H, C8), 1.68 (s, 9H, C15), 1.39 (s, 18H, C12); MS (EI) m/z+ Calc. = 436.2191 C20H30N506
(M+H), Exp. = 436.2201 (M+H), 458.2023 (M+Na)
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Tris-Boc-cytosine: 3.8 g, 92 %) 'H NMR (CDCl; ,400MHz): 6 (ppm) 7.97 (d, J = 7.9 Hz,
1H, C6)), 7.07 (d, J = 7.8 Hz, 1H, C5), 1.60 (s, 9H, C9), 1.56 (s, 18H, C12); 3C NMR (CDCl,,
100MHz): § (ppm) 162.3 (C10), 160.0 (C7), 150.1 (C4), 149.0 (C2), 143.3 (C6), 96.8 (C5), 85.2 (CS,
C11), 27.5 (C9, C12); MS (EI) m/z+ Calc. = 411.2006 C19H29N307 (M+), Exp = 411.1907 (M+).
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Tris-Boc-2-amino-6-chloropurine: (4.3 g, 91 %) 'H NMR. (CDCl3 ,400MHz): § (ppm) 8.58 (s, 1
H), 1.69 (s, 9 H), 1.47 (s, 18 H), 3C NMR (CDCls, 100MHz): & (ppm) 153.0 (C13), 152.7 (C10),
151.2 (C6), 149.9 (C2), 148.7 (C4), 144.3 (C8), 139.6 (C5), 87.4 (C14), 83.2 (C11), 27.2 (C12,C15)

o

2.5.4 General Procedure for the bis-Boc Protection of Pyrimidine and
Purine Bases|2]

The unpurified tris-Boc nucleobase (9.2 mmol) was dissolved in EtOAc (400 ml) and washed with
2M HCI (50 ml), followed by brine (200 ml). The organic phase was dried over MgSO, and the
solvent removed under reduced pressure. The resulting colourless oil was dissolved in MeOH (100
ml) and NaHCOg3 sat. (50 ml) was added. The turbid solution was stirred at 50 C for one hour
until complete conversion was observed by TLC RF (0.48 EtOAc). The MeOH was removed under
reduced pressure and the aqueous layer was diluted with water and extracted with DCM. The organic
layer was dried over MgSO4 and evaporated to give a white solid. This crude product was purified
by column chromatography (SiO3) to yield bis-Boc-adenine as a pure product. (2.9 g 8.7 mmol 94
%)
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Bis-Boc-adenine: (2.9 g, 94 %) 'H NMR (CDCl3 ,400MHz): & (ppm) 8.87 (s, 1H, C2), 8.51
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(s, 1H, C8), 1.44 (s, 18H, C12); MS (EI) m/z+ Calc. = 336.1666 C15H22N504 (M+H), Exp. =
336.1667 (M+H), 358.1491 (M+Na)

N 11

Bis-Boc-cytosine: (2.7 g, 94 %) 'H NMR (CDCl3 ,400MHz): ¢ (ppm) 7.68 (d, J = 7.1 Hz, 1 H),
7.26 (s, 1 H), 7.12 (d, J = 7.1 Hz, 1 H), 1.56 (s, 18 H). '3C NMR (CDCls, 100MHz): § (ppm) 163.6
(C10), 158.4 (C2), 149.4 (C4), 145.6 (C6), 96.7 (C5), 84.9 (C11), 27.6 (C12). MS (EI) m/z+ Calc.
= 312.1554 C14H22N305 (M + H), Exp = 311.1548.
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Bis-Boc-2-amino-6-chloropurine: (2.8 g, 83 %) 'H NMR, (CDCl3 ,400MHz): 6 (ppm) 8.41 (s, 1H,
C8), 1.49 (s, 18H, C12), 3C NMR (CDCl; ,100MHz): § (ppm) 155.7 (C10), 150.6 (C6), 150.3 (C2),
148.0 (C4), 147.2 (C8), 127.5 (C5), 83.5 (C11), 27.3 (C12).

2.5.5 General Procedure for the Boc-deprotection of Pyrimidine and
Purine Bases[3]

Bis-Boc-alkylnucleobase (~ 200 mg) was dissolved in DCM (20 ml) and TFA (2 ml) was added. The

solution was stirred at room temperature overnight. The reaction was quenched via addition of aq.

NaHCOj sat. and extracted with DCM. The organic layer was dried over MgSO,4 and the solvent
removed under reduced pressure to yield a white powder.
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N-9-propyladenine: (80 mg, 85 %) 'H NMR (CDCl3 ,400MHz): § (ppm) 8.37 (s, 1H, C2), 7.84
(s, 1H, C8), 6.07 (br. s., 2H, N10), 4.19 (t, J=7.3 Hz, 2H, C11), 1.95 (sxt, J=7.3 Hz, 2H, C12),
0.99 (t, J=7.4 Hz, 3H, C13); 13C NMR (CDCl3 ,101MHz): § (ppm) 154.6 (C4), 151.2 (C2), 150.0
(C6), 141.0 (C8), 119.5 (C5), 45.7 (C11), 23.4 (C12), 11.2 (C13)
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N-9-butyladenine: (81 mg, 83 %) 'H NMR (CDCl; ,400MHz): § (ppm) 8.37 (s, 1H, C2), 7.80
(s, 1H, C8), 5.90 (br. s., 2H, N10), 4.20 (t, J=7.2 Hz, 2H, C11), 1.89 (quin, J=7.5 Hz, 2H, C12),
1.38 (sxt, J=7.3 Hz, 2H, C13), 0.97 (t, J=7.4 Hz, 3H, C14)
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N-9-benzyladenine: (100 mg, 94 %) 'H NMR (CDCl3 ,400MHz): § (ppm) 8.41 (s, 1H, C2), 7.82
(s, 1H, C8), 7.33 - 7.38 (m, 3H, C14,C15), 7.29 - 7.33 (m, 2H, C13), 6.04 (br. s., 2H, N10), 5.39 (s,
9H, C11); ¥C NMR (CDCl; ,101MHz): 6 (ppm) 154.7 (C4), 151.7 (C2), 150.1 (C6), 140.9 (C8),
135.3 (C12), 129.2 (C14), 128.6 (C15), 127.9 (C13), 119.4 (C5), 47.4 (C11); MS (EI) m/z+ Calc. =
996.1087 C12H12N5 (M+H), Exp. = 226.1095 (M-+H), 248.0910 (M+Na)

N-9-(3,5-di-t-butylbenzyl)adenine: (110 mg , 88 %) 'H NMR (CDCls ,400MHz): § (ppm) 8.43
(s, 1H, C2), 7.75 (s, 1H, C8), 7.40 (s, 1H, C15), 7.18 (s, 2H, C13), 5.92 (br. s., 2H, N10), 5.35 (s,
2H, C11), 1.29 (s, 18H, C17); **C NMR (CDCl3 ,101MHz): 6 (ppm) 155.5 (C4), 153.1 (C14), 151.7
(C2), 150.2 (C6), 140.3 (C8), 134.4 (C12), 122.5 (C15), 122.3 (C13), 119.5 (C5), 47.9 (C11), 34.8
(C16), 31.3 (C17)
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2-amino-6-chloro- N-9-propylpurine: (70 mg, 68 %) 'H NMR (CDCls ,400MHz): ¢ (ppm) 7.77
(s, 1H, C8), 5.07 (br. s., 2H, N10), 4.06 (t, J=7.2 Hz, 2H, C11), 1.90 (sxt, J=7.3 Hz, 2H, C12),
0.97 (t, J=7.4 Hz, 3H, C13)
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2-amino-6-chloro- N-7-propylpurine: (32 mg, 73 % )'H NMR (CDCl3 ,400MHz): § (ppm) 7.95
(s, 1H, C8), 5.03 (br. s., 2H, N10), 4.29 (t, J=7.4 Hz, 2H, C11), 1.93 (sxt, J=7.3 Hz, 2H, C12),
0.98 (t, J=7.4 Hyz, 3H, C13)

2.5.6 Synthesis of N-1-propylcytosine via Deprotection of Benzoyl Group[4]

N-1-propyl- N-4-benzoylcytosine (257 mg, 1 mmol) was suspended in NH4OH (4 ml) and methanol
(10 ml) and stirred at room temperature overnight. The suspension was then evaporated under
reduced pressure and triturated with methanol to afford the pure product as a white powder (120
mg, 78%).

'H NMR (METHANOL-d4 ,400MHz): § (ppm) 7.61 (d, J=7.3 Hz, 1H, C6), 5.94 (d, J=7.3 Hz,
1H, C5), 3.75 (t, J=7.3 Hz, 1H, C7), 1.71 (sxt, J=7.4 Hz, 1H, C8), 0.93 (t, J=7.5 Hz, 3H, C9);
13C NMR (METHANOL-d4 ,101MHz): § (ppm) 167.6 (C4), 159.1 (C2), 147.9 (C6), 96.2 (C5), 52.7
(C7), 23.4 (C8), 11.3 (C9)

2.5.7 General Procedure for Hydrolysis and Boc-deprotection of 2-amino-
6-chloropurine Derivatives|3]

bis-Boc-alkyl-6-chloro-2-aminopurine (206 mg, 0.5 mmol) was added to a round-bottomed flask with
formic acid (4 ml) and the yellow solution was stirred at 75 °C for 2 hours. The reaction mixture
was concentrated to dryness under reduced pressure and purified by column chromatography (SiO2)
to yield an off-white powder (65 mg, 67%).
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N-9-propylguanine: 'H NMR, (DMSO-d6 ,400MHz): & (ppm) 8.84 (s, 1H, C8), 7.23 (br. s., 2H,
N10), 4.02 (t, J=7.2 Hz, 2H, C11), 1.80 (sxt, J=7.3 Hz, 2H, C12), 0.86 (t, J=7.4 Hz, 3H, C13); 3C
NMR (DMSO-d6 ,101MHz): § (ppm) 155.2 (C4), 154.1 (C2), 150.0 (C6), 137.1 (C8), 109.8 (C5),
45.7 (C11), 22.1 (C12), 10.7 (C13); MS (EI) m/z+ Calc. = 194.1036 C8HI12N50 (M+H), Exp. =
194.1039 (M+H), 216.0851 (M+Na)

2.5.8 Synthesis of 5-bromouracil[5]

Uracil (1.00 g, 8.92 mmol) was dissolved in DMF (5 mL) and heated to 120C. Bromine (1.57 g,
9.81 mmol) was added via syringe and the solution was stirred at 120 °C for 24h. The reaction was
allowed to cool to room temperature and the dark brown solution was poured onto chloroform (500
ml) upon which an off-white precipitate was formed. The solid was collected via suction filtration
and washed with chloroform (100 ml) to yield 5-bromouracil which required no further purification

(1.50 g, 88 %).

'H NMR (DMSO-d6, 400 MHz): § (ppm) 11.48 (bs, 1H, N3), 11.20 (bs, 1H, N1), 7.88 (d, J =
6.2 Hz, 1H, C6); 13C NMR (DMSO-d6, 100 MHz): § (ppm) 160.80 (C4), 151.53 (C2), 142.88 (C6),
95.14 (C5).

2.5.9 Synthesis of 5-iodocytosine[6]

Cytosine (10.0 g, 90.0 mmol), iodine (34.3 g, 135.0 mmol), and iodic acid (22.2 g, 126.0 mmol) were
stirred in acetic acid (300 mL) at 40 °C overnight. When the reaction was complete, the mixture
was cooled and treated with NasS2O3 (sat. aq.; 200 mL) until a white suspension was obtained.
The mixture was then neutralized with NaOH (6 m aq.; 900 mL). The resulting white solid was
collected by filtration, and washed with slightly basified water until the filtered water had neutral
pH. The solid was dried under reduced pressure to give 5-iodocytosine as a white solid (20.6 g, 96

%).

'H NMR (DMSO-d6, 400 MHz): & (ppm) 10.76 (br. s, 1 H, N1), 7.76 (s, 1 H, C6), 6.48 (br. s, 2
H, NH2); 1¥C NMR (DMSO-d6, 100 MHz): § (ppm) 164.4 (C4), 155.8 (C2), 149.4 (C6), 55.2 (C5);
MS (EI) m/z+ Calc = 237.9471 C4AH5N30I (M+H)+, Exp = 237.9464
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2.5.10 General Procedure for C-8 Halogenation of Purine Bases|[7][8]

Procedure a) Treatment with LDA:

To a solution of diisopropylamine (0.145 mL, 1.03 mmol) in dry THF (3 mL) n-Buli (0.536 mL,
1.00 mmol, 1.87 M in hexane) was added dropwise at -78 °C under Nj. After stirring for 30 minutes
a solution of alkyl nucleobase (0.500 mmol) in THF (1.5 mL) was added and stirred for a further
60 minutes at -78 °C. A solution of halogen (1.00 mmol) in THF (1.5 mL) was added dropwise
and the resulting dark mixture was stirred for 60 minutes at -78 °C and allowed to warm to room
temperature. Aqueous NHCly sat. (5 mL) was added and the resulting mixture was extracted with
EtOAc (3 x 50 mL). The organic extracts were washed with brine (100 mL), dried over MgSOy4 and
evaporated under reduced pressure to yield pure compound as an off-white solid.

NH,
4
N 5 N,
i
\N o~N
11
12
13

8-bromo-N-9-propyladenine: (110 mg, 85 %) 'H NMR (CDCl3 ,400MHz): & (ppm) 8.33 (s, 1H,
C2), 5.81 (br. s., 2H, NH2), 4.19 (t, J=7.3 Hz, 2H, C11), 1.90 (sxt, J=7.4 Hz, 2H, C12), 0.99 (t,
J=T7.4 Hz, 3H, C13); 13C NMR (CDCl3 ,101MHz): § (ppm) 153.7 (C4), 152.4 (C2), 151.3 (C6), 127.8
(C8), 119.9 (C5), 46.1 (C11), 22.8 (C12), 11.0 (C13); MS (EI) m/2+ Calc. = 256.0192 C8H11BrN5
(M+H), Exp = 256.0186 (M+H)
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8-iodo- N-9-propyladenine: (140 mg, 91 %) 'H NMR (CDCl; ,500MHz): § (ppm) 8.29 (s, 1H,
C2), 5.78 (br. s., 2H, NH2), 4.15 (t, J=7.5 Hz, 2H, C11), 1.89 (sxt, J=7.4 Hz, 2H, C12), 1.00 (t,
J=1.5 Hz, 3H); 13C NMR (CDCl3 ,126MHz): 6 (ppm) 153.7 (C4), 152.6 (C2), 151.4 (C6), 122.4
(C8), 100.2 (C5), 47.6 (C11), 23.1 (C12), 11.1 (C13); MS (EI) m/2+ Calc. = 304.0054 C8H11IN5
(M+H), Exp = 304.0052 (M+H)

Procedure b) Direct halogenation:

Bromine (aq. sat. 5 ml) was added to a suspension of purine base (200 mg) in water (2ml).
The flask was closed stirred at room temperature for 24 hours. The flask was opened and left until
excess bromine had evaporated. The solvent was then evaporated under reduced pressure and the
solid purified by column chromatography (SiO; DCM:MeOH 98:2 v:v).

66



2-amino-6-chloro-8-bromo- N-9-propylpurine: (220 mg, 80 %) 'H NMR (CDCl3 ,400MHz): &
(ppm) 5.08 (br. s., 2H, NH2), 4.08 (t, J=7.4 Hz, 2H, C11), 1.86 (sxt, J=7.4 Hz, 2H, C12), 0.98 (t,
J=7.5 Hz, 3H, C13);
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Chapter 3

Intermolecular Interactions of
Alkylated and Halogenated DNA
Nucleobases

3.1 Hydrogen Bonding Interactions of N-1 and N-9 Alky-
lated Nucleobases

Following on from the synthesis of the alkylated DNA nucleobases the hydrogen bonding interactions
of these nucleobases can now be studied. The propyl group has been chosen with a view to increase
the solubility of the DNA bases whilst having as little impact as possible on the hydrogen bonding
interactions. The propyl group itself has no significant hydrogen bond donors or acceptors and
is relatively small so should have minimal steric effect. The group is also relatively benign with
respect to electron donation or withdrawal and finally, the propyl group was added in the N-1 and
N-9 positions of the DNA pyrimidines and purines respectively so as to closely mimic the structure
of the DNA bases found in nature and not block any of the hydrogen bonding sites. The hydrogen
bonding interactions of the alkylated nucleobases were studied via a series of NMR titrations and
by studying the crystal structures.

3.1.1 The Theory and Practices of NMR Titration

The principle of an NMR titration is to observe the changes in the NMR, spectrum of the sample
when the concentration is changed or an additional analyte is added to the sample. These changes
in the NMR spectrum provide information on how the chemical environments are being affected by
the change in concentration or addition of another analyte. This can be used to study hydrogen
bonding interactions as the chemical shifts of the functional groups within a hydrogen bonding dimer
are different to those within a monomer. For example, in a simple carboxylic acid the acid proton is
in a different chemical environment in the monomer to when it is a hydrogen bond donor in a dimer
as illustrated in Figure 3.1. The chemical shift observed in the NMR spectrum provides information
on whether the sample is, on average, in the free state (monomer) or bound state (dimer). This,
coupled with the known changes in concentration across multiple data points can allow the binding
constant to be calculated and the stoichiometry of the interaction to be deduced.
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0—H O——H-----0

Monomer Dimer

Figure 3.1: Illustration showing the different carboxylic acid proton environments in both the
monomer and dimer which can be observed by NMR, spectroscopy.

In the above Figure 3.1 the carboxylic acid proton is in a different chemical environment for both
the free state and the bound state. This results in a different chemical shift being observed in the
proton NMR spectrum. The chemical shift for the monomer is expected to be upfield relative to
the dimer as the hydrogen bonding within the dimer further deshields the carboxylic acid proton.
Hydrogen bonding is more prevalent at higher concentrations as at lower concentrations the molecules
are surrounded by solvent molecules. Therefore, as concentration is increased more hydrogen bonding
molecules are in close proximity and can interact and the resonant proton is shifted downfield.

For an NMR titration experiment studying hydrogen bonding it is important that the solvent
itself does not form appreciable hydrogen bonds to the analyte as this would produce inaccurate
results as the solvent will be competing with the sample to form hydrogen bonds. Therefore, it is
preferred to perform the titration experiment in a non-competitive solvent such as DCM, chloroform
or benzene. It is however, still possible to use competitive solvents such as acetone, methanol or
DMSO if at some point the analyte can ’out-compete’ the solvent and form hydrogen bonds. Care
must be taken when using protic solvents such as methanol as these may exhibit a H-D exchange
with the sample and cause the disappearance of the resonant H signal.

3.1.2 NMR Titration Studies of N-1 and N-9 Alkylated Nucleobases
Self- Association Studies

The hydrogen bonding interactions of N-1 and N-9 alkylated nucleobases were studied by performing
various NMR titrations. The self-association binding constants for each alkylated nucleobase were
calculated by performing a dilution experiment on each sample. For the dilution experiments a high
concentration of the sample was prepared to represent the sample in the bound (AA)’ state and
this was sequentially diluted until a dilute sample representing the 'unbound (A)’ state was formed.
'H NMR spectra were recorded for each titre and the NH chemical shift was recorded for each
concentration. The data was fitted to the equations below using non-linear curve fitting procedure.
This data was then fitted to the following equations.[110]

= 1 AK4[A)o — /T + 8K 4[A, )

8Ky
[A] = [A]o — 2[AA4] (3.2)
6obs = 2[[:;1]1:]5d [[14‘%?]05]( (33)

Where [AA] is the concentration of the bound species, Ky is the association constant, [A]o is
the total concentation, [A] is the concentration of the free species, d4 is the limiting bound chemical
shift of the dimer and d; is the free chemical shift.

The dilution experiment for each alkylated nucleobase was carried out and the data from the
analytical hydrogen bond donor NH chemical shift(s) fitted to the equations 3.4-3.6 above and solved
using purpose-written software on a computer. During the experiment the NH peaks were found to
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shift upfield as the sample was diluted as shown in Figure 3.2. This indicates that at as the sample
is diluted the presence of bound species decreases and unbound species increases. The hydrogen
bonded bound species exhibits a downfield chemical shift as the hydrogen bond has the effect of
deshielding the H nucleus. The free species, on the other hand, exhibits an upfield chemical shift as
the H nucleus is no longer deshielded by the electron-withdrawing hydrogen bond acceptor. Whilst
a shift in the hydrogen bonding NH peak was observed, as expected, for N-1-propylthymine no
shift was observed in any of the other peaks in the NMR. This indicates that no other parts of the
molecule are displaying any appreciable interactions. This is also indirect evidence that the correct
N-1 alkylated isomer is present. In the N-1 isomer the hydrogen bonding NH proton is a relatively
large distance from any other proton in the molecule. This means that any inductive effect of the
presence of hydrogen bonding would not be observed in any adjacent proton environments. (It is
likely that the C-2 and C-4 carbonyl environments would be affected but it is not practical to study
carbon environments in a NMR dilution experiment due to the low concentrations which would
require long collection times.)
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Figure 3.2: Overlayed 'H NMR spectra of the dilution experiment of N-1-propylthymine in CDCl;
at 298 K.

The relative amounts of monomer and dimer in the hydrogen bonding system at a given con-
centration can be represented by a speciation plot which plots the percentage population of [A] and
[AA] in solution against concentration as shown in Figure 3.3. As expected, at low concentrations
the population is effectively exclusively [A] as the sample is so dilute then dimers are highly unlikely
to form. As concentration increases the concentration of [AA] increases until the dimer is in the
majority. In solution it is not feasible to achieve a population of 100% dimer as this would be a
solid crystal structure. In solution there is a dynamic exchange of hydrogen bonding pairs so even
in a saturated solution there is likely to always be unbound species.

70



0.6
100~ b

754
0.4

50

Population (%)

A8

0.2 4

254

T T T T
0 200 400 0 200 400
Conc. (mM)

(a) (b)

Figure 3.3: a) Speciation chart of population of [A] and [AA] against concentration for the self-
association of N-1-propylthymine. b) Plot showing the change in chemical shift of the thymine NH
against concentration for the self-association of N-1-propylthymine.

The solution of the equations 3.4-3.6 also importantly yields the association constant for the
self-association of the sample. This gives an indication of the strength of the hydrogen bonding
interaction. The self-association constant for propylthymine was calculated to be 1.79 M~! These
value is in accordance to literature values for the association of similar alkylated nucleobases ana-
logues. This is a relatively weak interaction, as expected, as thymine does not preferentially form a
complementary pair with itself.

Host-Guest Binding Studies

To study the hydrogen bonding interactions of the synthesised alkylated nucleobases with their re-
spective pairs host-guest titration experiments were carried out. It was expected that the association
constants for the complementary DNA base pairs would be considerably higher than those found
for the self-association studies. For the host-guest titrations a Job plot was first plotted for each
host-guest mixture. A Job plot is a method of continuous variation used for calculating the stoi-
chiometry of a binding event. The stoichiometry of binding is required so that the correct equations
can be applied for the calculation of the association constant. In a binding event of A with B it is
possible that a single A will bind with a single B; this is a 1:1 isotherm. However, a single A may
bind with more than one B; a 1:2, 1:3 etc. isotherm. For a Job plot the total molar concentration of
each species are held constant and their mole fractions are varied between 0 and 1. The observable
(for 'H NMR titration the change in chemical shift (Ad)) is plotted against the mole fraction. For
a 1:1 isotherm the Job plot will be symmetrical with the peak in Ad at the 0.5:0.5 mole fraction.
At this mole fraction the ratio of host and guest are equal and each species can bind to one of the
other. At all other mole fractions one species is in excess and a lesser degree of binding is observed
resulting in a lower AJ.

For the binding of alkylated DNA nucleobases a 1:1 binding isotherm is expected as each nu-
cleobase has one primary selective hydrogen bonding site (the Watson-Crick face). Although it is
possible for a nucleobase to bind on the Watson-Crick and Hoogsteen face simultaneously, common
sense suggests that at the equimolar mole fraction 1:1 binding will be observed. Below are the
Job plots recorded for the complementary base pair of N-1-propylthymine and N-9-propyladenine
(Figure 3.4).

71



0.06

0.04 1

AS

0.02

. :
0.00 0.25 0.50 0.75 1.00
Mole Fraction of G

Figure 3.4: Job plot of propylthymine-propyladenine titration where propylthymine was the host
(H) and propyladenine was the guest (G). Recorded in CDCl3 at 298 K.

The Job plot above shows a maximum AJ at a guest mole fraction of 0.62. This suggests a
1:2 binding stoichiometry which is different to the 1:1 stoichiometry that was expected. This can
be explained by the possibility for both Watson-Crick and Hoogsteen hydrogen bonding. If both
these hydrogen bonding modes are observed it is possible for each adenine molecule to bind to two
thymine molecules. These hydrogen bonding pairs would both result in a shift in the relevant NH
proton peak in the NMR spectra. To confirm whether Watson-Crick or Hoogsteen hydrogen bonding
present in the host-guest system it is possible to monitor chosen CH shifts of the host and guest.
The hydrogen bonding in each position will affect the CH shift of protons which are adjacent to
the hydrogen bonding donors differently as shown in Figure 3.5. For thymine-adenine Watson-Crick
binding a shift in the C-2 CH proton will be observed whereas for Hoogsteen binding a shift in the
C-8 CH proton will be observed. For the cytosine-guanine base pair it is somewhat simpler as for
Watson-Crick binding both the N-1 and C-2 NH hydrogen bond donors are involved in hydrogen
bonding but for Hoogsteen binding these donors are not involved so any shift in the N-1 and C-2
NH protons must be due to Watson-Crick binding. If Hoogsteen binding is present the C-8 CH will
be shifted.
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Watson-Crick

Hoogsteen

Figure 3.5: The different geometries of Watson-Crick and Hoogsteen binding between the comple-

mentary base pairs highlighting the environments that are shifted depending on which hydrogen
bonding mode is observed in red.

For the thymine-adenine host-guest titration shifts in both the C-2 and C-8 protons were ob-
served as shown in Figure 3.6. This indicates that both Watson-Crick and Hoogsteen hydrogen
bonding are present in the host-guest system. Both of these binding modes are shown in Figure 3.7.

%c JL
e
JL 1
g

JJLL

N\

J

B aaa B s MAAMaaaaasasaasaszass sl
845 840 835 830 825 820 815 810 805 800 795 790 7.8 780 775 7.70
c-2 Chemical Shift (ppm) c-8

Figure 3.6: 'H NMR spectra showing the shift in the C-2 and C-8 signals of propyladenine as the
concentration of propylthymine is increased. Recorded in CDCl3 at 298 K.
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Figure 3.7: Structure of the 1:2 thymine:adenine hydrogen bonding stoichiometry as observed in the
Job plot showing the Watson-Crick and Hoogsteen binding as confirmed by the 'H NMR spectra
above (3.6).

For the host-guest NMR titrations of the complementary base pairs a solution of guest was
titrated into a solution of host of constant concentration and 'H NMR. spectra were recorded for
each titre. The relevant NH shift of the host was used for fitting to the following equations. For each
complementary pair the host-guest experiment was repeated with the host and guest roles reversed
each time.

] — LKAl V1 + 8K [A] )

8Ky
[A] = [A]o — 2[AA4] (3.5)
_2M44] . [A]
dobs = 4l dq + [A]O(Sf (3.6)

The speciation and association constants for the binding of the complementary base pairs were
calculated and plotted (Figure 3.8) and, as expected, a larger association constant is observed than
for the dilution experiments. For the AT base pair a binding constant of 70.4 M~! was calculated.
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Figure 3.8: a),b) Speciation chart of the PTPA and PAPT NMR titration experiments. ¢),d) Plot
of the change in chemical shift against concentration for the PTPA and PAPT NMR titration

experiments.

3.1.3 Crystallographic Studies of N-1 and N-9 alkylated Bases

The solid-phase crystal structure of the alkylated DNA bases was determined by single-crystal X-
ray crystallography. This allowed the solid-state interactions between the bases to be studied. In
solution it is easy for the molecules to move freely and orientate into a favourable position for
hydrogen bonding interactions. In the solid state other interactions such as m — 7 stacking may take

priority in the formation of a crystal structure.

A single crystal of N-1-propylthymine was grown by slow evaporation of CDCl3 and the crystal
structure was solved for the crystal structure shown below (Figure 3.9):
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Figure 3.9: Crystal structure of N-1-propylthymine.

The crystal structure of N-1-propylthymine clearly shows the molecules arranged in the position
for Watson-Crick hydrogen bonding. The distances and angles between the relevant hydrogen bond
donors and acceptors also indicates that hydrogen bonding is present. To further study the inter-
molecular hydrogen bonds between the molecules the Hirschfeld surface of the N-1-propylthymine
crystal was plotted. The Hirshfeld surface plots the electron-distribution around a chosen portion
of the crystal structure. Different coloured areas of d,, o, plotted on the Hirshfeld surface indicate
that two atoms are in contact at a normalised distance below the Van der Waals radius of the rele-
vant atoms internal and external to the surface [103]. The close contact of atoms is a fundamental
feature in the formation of bonds and intermolecular interactions so a peak in the Hirshfeld surface
indicates that an intermolecular interaction is present between the molecule within the surface and
an external molecule. The Hirshfeld surface can be displayed visually and superimposed on the
crystal structure to show the locations of any peaks or troughs in d,, 4. The surface can also be
shown graphically to plot the distance between the atoms within the surface (d;) and outside the
surface (d.) to the surface.
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Figure 3.10: a) Hirshfeld surface and b) finger plot of N-1-propylthymine crystal structure.
For the crystal structure of N-1-propylthymine the Hirshfeld surface clearly shows two areas of
short dyorm in red (Figure 3.10). These are where the hydrogen bonds are expected to be over the

C=0 hydrogen bond acceptor and N-H hydrogen bond donor. These areas of short d, o indicate
that there is an attractive intermolecular interaction between these parts of the molecule and the
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adjacent molecule external to the Hishfeld surface. Hirshfeld surface analysis of the adjacent molecule
also shows peaks in the positions over the complementary hydrogen bond donors and acceptors (not
shown for clarity). The relatively large peak shown by the strong red contrasting colour and sharp
peaks in the finger plot suggest that the interaction is a hydrogen bond due to the well known
directional nature of a hydrogen bond and how a hydrogen bond is similar to a covalent bond in
how it shares electrons. To be sure that short d,.» contacts are due to electron density provided
by hydrogen bond donors and acceptors it is possible to selectively show the Hirshfeld surface by
internal and external element as shown in Figure 3.11. Looking at the Hirshfeld surface it can be
seen that there are other red highlighted areas which indicates that other interactions are present in
the crystal. There is also an interaction between the C-6 proton and the C-2 carbonyl. Interestingly,
these interactions were not observed in the NMR dilution experiment as no other peaks were found
to be shifted. This shows a difference between the interactions in the crystal and solution phases.

\jl% y

de

Figure 3.11: Hirshfeld surface and finger plot of propylthymine crystal structure by internal and
external element a),b) = Oi He; ¢),d) = Hi He

For the selected internal and external element Hirshfeld plots above it is clear that the peaks in
the Hirshfeld surface are due to hydrogen bond donors and acceptors. When O is chosen for the
internal element and H for the external element a clear peak is seen in the Hirscheld surface. This
shows that these two elements are close as would be the case in a hydrogen bond. For the reciprocal
of this interaction it can be seen that Hi is interacting with Oe as expected for the other part of
the hydrogen bonding pair. For the secondary HO interaction between the C-6 proton and C-2
carbonyl it can be seen by the intensity and size of the red area of the Hirshfeld surface that this
is not as strong an interaction. The distance of this interaction is 2.618 A compared to 1.959 A for
the Watson-Crick paired hydrogen bond. This is expected as the CH hydrogen bond donor is less
effective than NH as carbon is less electronegative than nitrogen.

When other elements are chosen no particularly short d,, ., distances are observed. The other
large contribution to the Hirshfeld surface comes from Hi He. These close contacts are much more
diffuse and not seen in a sharp peak as shown by the absence of red areas and the broad peak in
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the finger plot which indicates much weaker electrostatic interactions. It is not surprising that these
electrostatic interactions are on the area of the molecule bearing the alkyl chain and methyl group.

The surface area and volume of the Hirschfeld surface was calculated at 203.05 A2 and 201.13
A3, Hydrogen bonding interactions (OH and HO) cover 30.8 % of the total Hirschfeld surface and
electrostatic interactions (HH) cover 50.8 % of the surface.

Figure 3.12: A view of the hydrogen bonded network in the crystal structure of N-9-propyladenine.

For the single crystal structure of adenine above (Figure 3.15) both Watson-Crick (W-C) and
Hoogsteen (H) hydrogen bonding modes can be seen. In the crystal lattice each molecule binds on
both hydrogen bonding face and the Watson-Crick face binds to the Hoogsteen face. This result was
not expected as the Watson-Crick binding is known to be the mode selected in nature and W-C-W-C
hydrogen bonding allows for the most ideal hydrogen bonding angles. However, in a crystal lattice
the interactions that favour the highest stability of the entire lattice are favoured. This suggests that
W-C-W-C hydrogen bonding then leads to less stable interactions throughout the rest of the lattice
(such as less stable H-H interactions or unfavourable steric interactions). Therefore, the W-C-H
bonding allows the total lattice energy to be minimised.
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Figure 3.13: a) Hirschfeld surface and b) finger plot of N-9-propyladenine crystal structure.

The Hirshfeld surface for N-9-propyladenine shows that there is intermolecular hydrogen bonding
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present between each propyladenine molecule at the W-C-H site. This is shown by the red regions
in the Hirschfeld surface in areas where the hydrogen bond donors and acceptors are close. The
Hirshfeld surface was calculated to have a total area of 217.94 A% and volume of 219.04 A3.
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Figure 3.14: Hirshfeld surface and finger plot of propyladenine crystal structure by internal and
external element a),b) = Ni He (reciprocal); c¢),d) = Hi He

The Hirshfeld surfaces of N-9-propyladenine when selected by element also show how the inter-
molecular interactions are due to hydrogen bonding donors and acceptors. There is also a relatively
large electrostatic interaction but it neither as strong as the hydrogen bonds nor is it especially
directional and has minimal effect on the orientation of the molecules within the crystal lattice.

Close contacts between N and H contribute 30.1% of the total surface area whereas 54.1% of the
total surface is due to H-H interactions.
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Figure 3.15: Cocrystal structure of N-1-propylthymine and N-9-propyladenine.

It was also possible to grow a cocrystal of thymine and adenine. It was interesting to discover
that in this cocrystal the expected Watson-Crick hydrogen bonding was not observed between the
complementary base pair. The thymine molecule binds to the Hoogsteen face of adenine via the
reverse Watson-Crick hydrogen bond mode. It can be seen from the crystal structure that the
hydrogen bond lengths and angles are not ideal; particularly the C'-6-amino proton on adenine. It
is possible that this intermolecular lattice structure is the most stable when all the other factors of
crystal packing are considered. Alternatively, this could be just one of many polymorphs that form
when a crystal grows and other arrangements are also possible.
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Figure 3.16: Hirshfeld surface and finger plot of propylthymine and propyladenine cocrystal. a) b)
= propylthymine; ¢) d) = propyladenine

The Hirshfeld surface of both components of the cocrystal highlights the hydrogen bonding
between the two molecules as there are areas of high electron density where the two surfaces meet
between the relevant hydrogen bond donors and acceptors. It can be seen that there is some
interaction on both adenine C-6-amino protons suggesting that Watson-Crick interactions are also
present. However, there is no peak over the N-1 nitrogen on adenine which shows that Watson-Crick
hydrogen bonding is not present.

As expected, the surface areas and volumes of propylthymine and propyladenine surfaces are
comparable to those calculated for the self-association crystals. The propylthymine crystal had a
surface area of 209.11 A2 and volume of 206.99 A%. Propyladenine had a surface area and volume
of 212.96 A% and 212.05 A®.

The contribution to the total surface area by element is also comparable for both the comple-
mentary cocrystal and the self-association crystal. For thymine H-H interactions contribute 52.1 %
and OH and HN interactions contribute 24.9 %. For adenine the H-H interactions contribute 50.4
% and the hydrogen bonding interactions (NH and HO) contribute 25.9 %.

3.2 Effect of Substituents on the Self-Assembly of Alkylated
DNA Nucleobases

The four DNA nucleobases have been synthesised with a range of different alkyl, benzyl and halogen
groups to study the steric and electronic effect of these groups on hydrogen bonding self-assembly.

Firstly, the effect of different steric groups on the hydrogen bonding interactions was studied.
This was done by studying the hydrogen bonding interactions between the nucleobases in both
solution and crystal phases with different alkyl and benzyl substituents. It was expected that as the
steric bulk increased the strength of the hydrogen bonding interaction would go down.
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3.2.1 Alkylated Thymine

A number of thymine analogues were analysed by NMR dilution experiments to study the effect of the
alkyl group and any substituents added to the core thymine pyrimidine structure. The association
constants for the analysed thymine analogues are shown below in Table 3.1.

R! RZ K4 M1 r D-A (A) 6 D-H-A
n-pr Me  1.79 1.959 H1-01 169.746 N1-H1-O1
n-et Me

c n-bu Me 1.38
n-pent Me 1.49 1.980 H1A-O1B, 171.325 N1A-H1A-O1B,

‘ 1.974 H1IB-O1A  168.008 N1B-H1B-O1A
e n-hex Me

f n-oct Me 3.93

g n-dec Me 3.78

h benz Me 4.28 1.991 H1-02 172.079 N1-H1-O2

i t-bu-benz Me 2.94 1.977 H1-0O1 175.511 N1-H1-O1

j n-pr H 4.41

k n-pr Br 10.30

1 ¢bu-benz Br

Table 3.1: Table of association constants for the synthesised thymine analogues as calculated by
NMR dilution and hydrogen bonding lengths (r) and angles (f) as calculated from the relevant
crystal structure.

It can be seen that the alkyl or benzyl group in the N-1 position of thymine does not have a
significant effect on the association constant. The association constant is slightly higher (indicating a
stronger interaction) for the longer n-oct and n-dec chains. This may be due to the interdigitation of
the long alkyl chains providing an extra stabilising effect. It was expected that the long alkyl chains
may provide a steric barrier to association by wrapping around the molecule and possibly blocking
the hydrogen bonding part of the molecule but this does not appear to be the case. For the benzyl
group the association constant is slightly higher. This may be due to additional 7 interactions caused
by the aromatic benzyl group. This can be investigated by looking at the NMR spectra. That the
association constant is lower for the t-butylbenzyl group supports this theory as the ¢-butyl groups
would interfere with the 7 interactions and lower the association constant. The group with the
greatest effect on the association constant was the bromine substituted in the C-5 position. This
was found to increase the association constant by ca five times (although the association constant
is still relatively small). This suggests that bromine is either having an effect on the electronic
structure of the thymine analogue which, in turn, affects its hydrogen bonding. Alternatively, the
bromine may provide additional halogen bonds that stabilise the hydrogen bonding structure.
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For the crystal structures of DNA bases with different alkyl groups it was expected that the total
Hirshfeld surface area and volume would increase with increasing size of alkyl or benzyl group. It
was also expected that the contribution of electrostatic interactions to the surface would increase
relative to the contribution of hydrogen bonds.

Entry Surface Area (A?)  Surface Volume (A?)

a 203.06 201.15
d 256.56 271.22
h 246.07 255.08
i 389.93 466.45
m 219.04 217.94
q 240.63 247.06
r 247.49 248.02
x 230.88 229.67

Table 3.2: Table of Hirschfeld surface areas and volumes calculated from the crystal structure of
DNA base analogues.

For the alkyl chains the Hirshfeld surface area and volume increased as expected as the chain
length was increased. This is purely because the crystal is larger as the chain is lengthened by an
increasing number of carbons. These alkyl chains increase the non-polar, electrostatic interactions
between the surfaces. However, for the benzyl groups some other interactions were observed that
were of note.
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Figure 3.17: Hirschfeld surface and finger plot of benzylthymine crystal structure

The hydrogen bonding between the expected donors and acceptors was seen at the reverse-
Watson-Crick site as evidenced by the strong red areas on the Hirshfeld surface as shown in Figure
3.17. In addition to these further red areas can be seen on the Hirshfeld surface and there is
evidence of some secondary peaks in the fingerprint plot. This shows that some other interactions
are present in the crystal structure. Growing the crystal structure to show more adjacent molecules
and analysing the Hirshfeld surface by element showed that further hydrogen bonding was present
as well as 7 interactions.
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Figure 3.18: Hirschfeld surface and finger plot of benzylthymine crystal structure by element also
showing the reciprocal contact between internal and external element. a), b) = Oi He; ¢), d) = Ci
He

The further hydrogen bonding interactions were present between the C=0 acceptors on thymine
and the C-H donors on the benzyl group. CH protons are not as effective hydrogen bond donors
as the more commonly observed NH or OH donors. This is due to the lower electronegativity of
carbon compared to nitrogen or oxygen which does not induce as great a positive charge density
on the proton. This decreased strength of hydrogen bond between CO and CH can be observed by
much smaller red areas on the Hirshfeld surface.

For N-1-propylthymine any secondary interactions observed in the crystal were not observed in
the NMR dilution. However, the other hydrogen bonding interactions between thymine and the
benzyl group in N-1-benzylthymine can be observed in the NMR dilution spectra. A small shift was
observed in both the benzyl, C-5 methyl and C-6 thymine protons as shown in figure (3.19). These
shifts are not likely to be due to inductive effects of the hydrogen bond as they are relatively far
from the site of the hydrogen bond so this suggests that for N-1-benzylthymine there are secondary
interactions observed in the solution phase.
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Figure 3.19: Overlay of the 'H NMR dilution experiment of N-1-benzylthymine showing the shift
in benzyl and C-6 protons of N-1-benzylthymine performed in CDCl;3 at 298 K.
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Figure 3.20: Overlay of the 'H NMR dilution experiment of N-1-benzylthymine showing the lack
of shift in benzyl and C-6 protons in N-1-(3,5-di-t-butyl)benzylthymine performed in CDCl3 at 298
K.

The 7 interactions were present between the benzyl group carbons and the protons on the methyl
and C6 group on thymine. These impact of these interactions on the crystal structure can be seen by
observing the angle of the benzyl group. It was expected that the benzyl group would orthogonal to
the thymine as this would minimise any steric interactions. The total surface area of the Hirschfeld
surface was 246.07 A2 with a volume of 255.08 A%. Of this 23.3 % of the total surface were OH
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interactions and 47.5 % were HH interactions. These were both slightly lower than expected due to
the relatively large 18.8 % contribution of CH interactions which was not seen for the other crystal
structures.

For the 3,5-(di-t-butyl)-benzyl group it was expected that these secondary hydrogen bonding
interactions and 7 interactions would not be as prevalent due to the added steric bulk of the t-
butyl groups. As can be seen from the NMR spectra above (Figure 3.20), this is indeed the case.
No significant shift was observed in the benzyl, C-6 or C-5 methyl peak during the NMR dilution
experiment. This suggests that the t-butyl groups inhibit these interactions. However, they were
still observed in the crystal structure as can be seen in Figure 3.21 and 3.22.
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Figure 3.21: Hirschfeld surface and finger plot of 3,5-(di-t-butyl)-benzylthymine crystal structure.

For this crystal structure the hydrogen bonding between the thymine nucleobases was observed as
expected as shown by the large red areas between the thymine hydrogen bond donors and acceptors.
A number of smaller interactions were also present in the crystal structure including the interaction
between the C-2 C=0 and C-5 methyl group on adjacent molecules. These interactions are relatively
weak due to the weaker hydrogen bonding between CH donors. A considerably larger hydrogen
bonding interaction was observed between the C-4 C=0 and the chloroform solvent molecule. For
this hydrogen bond the donor is also a CH proton. However, it is considerably larger due to the
inductive electronegativity of the three chlorine atoms. It can be seen in Figure 3.22 (c), d)) that Cl-
H interactions are also present in the crystal and it these that are responsible for the non-symmetrical
shape of the Hirshfeld finger plot as Cl is not present within the surface.
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Figure 3.22: Hirshfeld surface and finger plot of 3,5-(di-¢-butyl)-benzylthymine crystal structure by
element also showing the reciprocal contact between internal and external element. a), b) = Oi He;
¢), d) = Hi Cle; e), f) = Ci He

It was not a surprise that 3,5-(di-¢-butyl)-benzylthymine was the largest of the thymine crystal
structures due to the bulky ¢-butyl groups. The surface had an area of 389.93 A2 and volume of
466.45 A3, With 54.6 % of this surface comprising HH interactions this crystal also had the largest
contribution from electrostatic interactions.
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3.2.2 Alkylated Adenine

N NN
-

\
o
R! R? Ky M™! r D-A (A) 6 D-H-A
n-pr H 3.07  2.106 H5Bb-N2A, 163.193 N5B-H5Bb-N2A,
2.207 H5Aa-N3B  169.828 N5A-H5Aa-N3B
2.119 H5Ab-N2B, 161.122 N5A-H5Ab-N2B,
2.226 H5Ba-N3A  165.883 N5B-H5Ba-N3A
C n-bu H
,  benz H 2.171 H00a-N002  174.939 N003-H00a-N002
2.200 HOOb-N005  161.704 N003-HO0b-N005
i t-bu-benz H 0.29
n-pr Br 2.390 H1Ab-N2B  174.012 N1A-H1Ab-N2B

2.235 H1Ba-N4A  166.027 N1B-H1Ba-N4A
2.161 H1IBb-N2A  169.851 N1B-H1Bb-N2A
2.288 H1Aa-N4B  166.777 N1A-H1Aa-N4B
n-pr I 2.098 H1Ab-N2B  155.241 N1A-H1Ab-N2B
2.160 H1Ba-N4A  171.104 N1B-H1Ba-N4A

Table 3.3: Table of association constants for the synthesised adenine analogues as calculated by
NMR dilution and hydrogen bonding lengths (r) and angles (f) as calculated from the relevant
crystal structure.

The crystal structure of 3,5-(di-¢-butyl)-benzyladenine was of interest due to the stacking interactions
observed between the adenine molecules. 7 stacking interactions were observed between the benzyl-
functionalised thymine molecule but these interactions were between the benzyl group and not the
nucleobase itself. 7 stacking of the nucleobases is of greater interest as it is also observed within
a biological DNA helix and could suggest some cooperativity of the intermolecular interactions.
stacking interactions between the nucleobases will induce the close proximity of hydrogen bonding
pairs and may make further hydrogen bonds more likely. The directional nature of 7w stacking and
hydrogen bonds could work together to increase the likelihood of further interactions as shown in
Figure 3.23.
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Figure 3.23: Simplified crystal structure of 3,5-(di-t-butyl)-benzyladenine showing the 7 stacking
interactions by analysing the Hirschfeld surface by element Ci Ce.

As well as the C-C m stacking interactions shown above, the adenine molecules were found
to hydrogen bond alternatively on the Hoogsteen and Watson-Crick faces as seen for other adenine
analogues. Of particular interest here was the slight twist in the hydrogen bond between the Watson-
Crick face of the highlighted molecule and the Hoogsteen face of the adjacent partner. It is likely
that this twist is due to the steric hindrance of the relatively large 3,5-(di-t-butyl) benzyl group as
shown by the interactions observed on this part of the molecule in Figure 3.24.
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Figure 3.24: a) A simplified structure 3,5-(di-¢-butyl)-benzyladenine showing the twist in the WC-H
hydrogen bond caused by; b) ¢) = Ci He (reciprocal) and d) e) = Hi He close contacts.

For the crystal structure of 8-bromo-N-9-propyladenine it was expected that the Watson-Crick
binding face would be preferred compared to the Hoogsteen face due to the electron-withdrawing
effects of the bromine. This would make the N-7 nitrogen a less effective hydrogen bond acceptor.
However, as can be seen in Figure 3.25 both Watson-Crick and Hoogsteen faces bind alternatively
in a manner similar to that which was observed for N-9-propyladenine.
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Figure 3.25: Crystal structure and Hirshfeld surface and finger plot of 8-bromo-N-9-propyladenine.

The binding of the Watson-Crick face to the Hoogsteen face suggests that, although less favourable
than pure Watson-Crick binding, it is favourable in this crystal structure due to the other inter-
actions present in the crystal lattice. It is noticeable that a considerable twist can be seen in
the hydrogen bonding between the Watson-Crick face of the surface highlighted molecule and the
Hoogsteen face of its hydrogen bond partner. This is in contrast to what was observed for N-9-
propyladenine where the molecules were arranged in a planar arrangement. This twisted hydrogen
bond is not the most favourable orientation of a hydrogen bond due to the strained bond angles
present and it suggests that other interactions are forcing the molecules to twist to allow for the
total energy to be lower in the system. Analysing the Hirshfeld surface by element shows some Br-Br
interactions and it is likely that it is these that cause the twist in the hydrogen bond as shown in
Figure 3.26. The Hirschfeld surface is also considerably larger for 8-Bromo- N-9-propyladenine than
N-9-propyladenine as expected due to the relatively large bromine atom. From the crystal structure
of 8-iodo- N-9-propyladenine the same Watson-Crick to Hoogsteen hydrogen bonding was observed
as for the bromo and unhalogenated analogue. However, the presence of water molecules hydrogen
bonding to the adenine structure made further analysis of the crystal structure difficult.
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Figure 3.26: Crystal structure and Hirshfeld surface and finger plot of 8-bromo-N-9-propyladenine
by element showing the Br-Br interaction (magenta) which causes the twist in the hydrogen bond
(lime).
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3.2.3 Alkylated Cytosine

It was not possible to study the interactions of the alkylated cytosine analogues. This was due to
the insufficient solubility of the molecules and a failure to find crystallisation conditions that led to
successful isolation of a single crystal.

a n-pr H
i t-bu-benz H
1 N-pr I

Table 3.4: Table of the synthesised cytosine analogues. No dilution experiments were performed on
these molecules.

3.2.4 Alkylated Guanine

R3
N
fpas
HoN N/ N

\
Rl
R! R? R? KqM~! r D-A (A) 6 D-H-A
a n-pr H OH
t-bu-benz H OH 2.037 H2Ch-N4B  168.152 N2C-H2Ch-N4B

1.959 H1Ca-O1B  165.887 N1C-H1Ca-O1B
1.943 H1Ba-N4D  173.425 N1B-H1Ba-N4D
2.008 H2Bb-O1D  157.573 N2B-H2Bb-O1D
2.033 H2Db-N4A  165.117 N2D-H2Db-N4A
1.992 H1D-O1A 164.504 N1D-H1D-O1A

h N-pr H Cl 0.01
i t-bu-benz H Cl
k n-pr Br Cl 2.281 H2b-N1 163.526 N2-H2b-N1

Table 3.5: Table of association constants for the synthesised guanine analogues as calculated by
NMR dilution and hydrogen bonding lengths (r) and angles (f) as calculated from the relevant
crystal structure.
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The crystal structure of 2-amino-6-chloro- N-9-propylpurine was particularly interesting due to
the two molecules engaging in hydrogen bonding through neither the Watson-Crick or Hoogsteen
faces of the molecule as seen in Figure 3.27

(a) (b)

Figure 3.27: Crystal structure and Hirshfeld surface and finger plot of 2-amino-6-chloro-N-9-
propylpurine.

Instead of hydrogen bonding through the Watson-Crick or Hoogsteen face of the molecule the
hydrogen bonding was observed between the 2-amino protons and the N-3 nitrogen. This site is
not normally observed in nature due to the phosphate-sugar backbone limiting its access to other
nucleobases within the DNA helix. In the alkylated structures this position is also the most sterically
hindered. It could be suggested that the chlorine atom is having an effect on the hydrogen bonding
of the purine molecule and making the Watson-Crick and Hoogsteen faces less favourable. Chlorine
is relatively electronegative element and can withdraw electrons from the N-1 nitrogen making it a
less effective hydrogen bond acceptor. The chlorine atom also makes the Hoogsteen face unavailable
quite simply as there are no hydrogen atoms to act as hydrogen bond donors. However, it is possible
that the Watson-Crick face hydrogen bonding is not observed in the crystal structure due to the
other factors that govern the growth of a crystal such as sterics. Observing the Hirschfeld surface
by element also shows some halogen bonding interactions between the chlorine atom and the propyl
chain (Figure 3.28) so it is possible that the effect of these could also make the N-3 nitrogen hydrogen
bonding site more favourable.
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Figure 3.28: Hirschfeld surface and finger plot of 2-amino-6-chloro- N-9-propylpurine showing the
halogen bonding between Cli and He.

3.3 Conclusions

The hydrogen bonding interactions of a number of different DNA base analogues were studied.
Analysis by NMR dilution and titration showed that, as expected, a complementary base pair of
adenine and thymine associates more strongly than the relevant self-associative dimer. A co-crystal of
propyladenine and propylthymine was also analysed and a W-C-H hydrogen bonding mode observed.
The effect of alkyl chain length and size on the hydrogen bonding interactions of DNA nucleobase
analogues was also investigated. NMR dilution experiments showed that the alkyl chain has a minor
effect on the strength of hydrogen bonding interaction. However, when aryl groups are introduced
into the chain evidence of secondary m interactions are observed in the NMR spectra. These w
interactions were also observed via Hirshfeld surface analysis of the crystal structure of arylated
nucleobases. It was found that the introduction of bulky steric groups can limit these 7 interactions
as shown in the NMR spectra and Hirshfeld surface. Halogen groups can also have an effect on the
intermolecular interactions of DNA nucleobases due to the formation of secondary interactions and
the electronic effect of the halogen on the hydrogen bond donors and acceptors.

3.4 Experimental

3.4.1 Binding Studies

Deuterated chloroform was purchased from Sigma Aldrich and filtered through basic alumina and
dried over 4Amolecular sieves. Basic alumina was purchased from Sigma Aldrich and used as sup-
plied.

Self-association

A high concentration of analyte was prepared in CDClg and 450 ul of this solution was transferred
to a capped NMR tube. A small volume of pure CDCl; was added successively to dilute the sample
and a 'H NMR spectrum recorded following each dilution. The data was fitted to a dimerisation
model by solving the equations outlined previously using non-linear curve fitting procedure.
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Host-Guest association

A chosen analyte was employed as the host of which the solution concentration was kept constant.
The host was dissolved in CDCl3 to make a 2 ml solution (4 5 mM). 500 pl of the host solution was
transferred to a capped NMR tube and a 'H NMR. spectrum was recorded. The guest compound
was dissolved in the remaining host solution and titrated into the NMR tube. 'H NMR spectra were
recorded following addition of each titre. The data was fitted to 1:1 binding isotherm by solving the
equation outlined previously. The chemical shift of NH on host was used for fitting.

Crystallography

Single crystal X-ray diffraction experiments were performed on a Rigaku Saturn724+ diffractometer
equipped with a rotating anode using monochromated Cu-Ka radiation (A = 1.5418 A) at 120 K. The
structures were solved by direct methods using either SHELXS or SHELXT[111] and refined with
SHELXL[112] using a least squares method. OLEX2 software was used as the solution, refinement
and analysis program.[113] All hydrogen atoms were placed in geometrically calculated positions;
non-hydrogen atoms were refined with anisotropic displacement parameters.
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Chapter 4

The Synthesis of
DNA-Functionalised Porphyrins

To study the surface self-assembly of the DNA nucleobases it was necessary to synthesise a supramolec-
ular tecton bearing at least one DNA nucleobase. For surface self-assembly studies it was important
that the tecton would readily associate on a surface. It was also important that the tecton could
bear multiple DNA nucleobases if possible. Finally, a well-defined molecular structure that would
present the DNA nucleobases to each other in a controllable, predictable manner was required. To
this end, a porphyrin was chosen as functionalisation is possible in multiple positions, it is planar
and its surface behaviours are well studied. A porphyrin also bears four-fold symmetry and as there
are four DNA bases this will allow for the possibility of evenly distributing four different DNA bases
on the molecule. Thymine functionalised porphyrins have also been synthesised previously in the
group so there is a proven synthetic route which can be adapted and comparative studies can be
performed|[83].

There are numerous methods and procedures for synthesising functionalised porphyrins as out-
lined in Figure 4.1. Porphyrins are synthesised from the condensation of an aldehyde with pyrrole[114].
Therefore, one method for synthesising functionalised porphyrins is by synthesising functionalised
aldehydes. This functionalisation will then be carried onto the final product. This method was
employed previously in the group for the synthesis of thymine functionalised porphyrins[83]. In a
similar manner it is also possible to functionalise the pyrrole moeity. Both these methods impart the
functionalisation before the synthesis of the porphyrin ring. Another method involves the synthesis
of a porphyrin with reactive groups and then adding the desired functionalisation onto the porphyrin
once it has been formed. Both these methods have their own advantages and disadvantages which
will be discussed. Furthermore, each method presents different features which may be utilised to
form the desired product with tuned properties in an efficient a manner as possible.
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Figure 4.1: Simplified schemes of different methods for the production of functionalised porphyrins
via; a) functionalised aldehydes b) functionalised pyrrole ¢) post-porphyrin-synthesis functionalisa-
tion.

The method of using functionalised aldehydes was utilised for the synthesis of thymine function-
alised porphyrins[83]. This method adds the functionalisation at the meso position on the porphyrin
which is particularly useful as it reliably places each functionalised base 90 degrees apart from
each other in the (5,10,15,20) positions which is important for control of the self-assembly of the
compounds. This technique also introduces the functionalisation early on in the synthetic route
meaning that the functionalisation is likely to be done using simpler and cheaper starting materials.
If the functionalisation step is particularly difficult or poor yielding it may be beneficial to perform
the reaction will less valuable starting materials without any possible hindrance that using a more
complex molecule may bring (solubility, reactivity, selectivity etc.).

The method of functionalising the pyrrole moeity positions the functionalisation in a different
position to that achieved when functionalising the aldehyde. A clear disadvantage of using this
method is the lack of control over the regiochemistry of the final product. The functionalisation could
occur in the positions shown in Figure 4.1 where the functionalisation is evenly spaced (2,7,12,17) or,
alternatively, in the (2,7,12,18) or (2,8,12,18) positions due to the two different possible orientations
of the pyrrole. This lack of control makes this method undesirable for the synthesis of supramolecular
tectons as the products are often difficult to separate.

Post-synthetic functionalisation of the porphyrin can be performed in either the meso position
or on any other position on the porphyrin where the reaction conditions suit. In some cases the
functionalisation reaction may be selective which allows for the efficient synthesis of porphyrins
where multiple functionalisations are present. This is especially applicable in this work where the
functionalisation of a porphyrin with multiple different nucleobases is desired. This technique also
allows for the synthesis of a much simpler porphyrin; at least at first. Porphyrin synthesis is typically
poor yielding and porphyrins are often not trivial to separate. Therefore, synthesising a porphyrin
from simple starting materials in large quantities and then adding the functionalisation after may
be a more efficient route. If the functionalisation is added before the porphyrin is synthesised it is
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likely that at least 70% of the functionalised starting material will be lost.

For the study of more complex self-assembled systems bearing multiple selective hydrogen bond-
ing sites it is necessary to synthesise a porphyrin bearing multiple different DNA bases. Ideally,
a porphyrin bearing one of each of the four DNA bases would be synthesised. The synthesis of
porphyrins bearing different meso functionalities is not trivial and there are a number of different
methods for their synthesis, as detailed in the Introduction and outlined in Figure 4.2. In brief,
there is the Adler-Longo modified Rothemund method where the different functionalised aldehy-
des are simply mixed in the stoichiometric quantities with pyrrole and the statistical product is
formed[115][116][117]. There is the more considered approach first described by Lindsey where each
‘side’ of the porphyrin is assembled separately and then selectively reacted together in a multi-step
synthesis[114][118]. It is also possible to synthesise a symmetric porphyrin and then selectively add
each independent unit.
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Figure 4.2: Simplified schemes of different methods for the production of functionalised porphyrins
via; a) mixed functionalised aldehydes b) Lindsey multi-step synthesis ¢) post-porphyrin-synthesis
selective functionalisation.

Each of the methods for synthesising porphyrins with different meso functionality has advantages
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and disadvantages. The mixed aldehyde method, while being synthetically the most simple, has the
major disadvantage of being almost entirely unselective. It is a relatively simple method as in most
cases it is possible to synthesise large amounts of each aldehyde with relative ease and then the
starting materials are simply mixed together. However, as shown in Table 4.1 below, this statistical
approach will yield 59 different possible products from one reaction (assuming each aldehyde has
equal reactivity). Some of these products will be formed in very small amounts but the obvious
difficulty in purification of the mixture demonstrates how the mixed aldehyde method is unsuitable
for the synthesis of a porphyrin where the meso functionality is not all the same. Even the TACG
desired product is formed with three possible positional isomers.

4:0 3:1 2:2% 2:1:1*%  1:1:1:1%*

TTTT TTTA TTAA TTAC TACG
AAAA TTTG TTCC TTAG
cCCcC TTTC TTGG TTCG
GGGG AAAT AACC AATC
AAAG AAGG AATG
AAAC CCGG AACG

CCCT CCTA
CCCA CCTG
CCCG CCAG
GGGT GGTA
GGGA GGTC
GGGC GGAC

Table 4.1: Table of different possible products formed when 4 aldehydes are statistically mixed in
an Adler-Longo method. * = 2 positonal isomers; ** = 3 positional isomers

The synthesis route described by Lindsey or adaptations thereof are the most common route
used for the synthesis of porphyrins where differing meso functionalities are present.[114][118] This is
because it overcomes the problem of statistical mixtures. In this method the porphyrin is sequentially
assembled in a multistep synthesis. First, a functionalised dipyrromethane is synthesised which is
selectively reacted with another aldehyde (or carboxylic acid, acid chloride etc.) and then another
dipyrromethane and so on until a porphyrin ring is formed. This method has the clear advantage of
selectively forming the desired product. It is also possible to control the positional isomerisation of
the final product. However, this method requires a large number of steps and the use of challenging
reaction techniques due to the lack of stability of the intermediates.

The post-synthetic functionalisation route can be made selective for the synthesis of porphyrins by
utilising selective functionalisation techniques[119]. These may include the use of protecting groups
or by manipulating the stoichiometry of each functionalisation step so that only the desired product
is formed. For example, Y-T may be reacted with a stoichiometric excess of tetra-X-porphyrin so
that only tri-X-mono-T-porphyrin is formed. This technique may also produce positional isomers
and unwanted products where the functionalisation occurs twice on the same molecule. However,
many fewer isomers will be formed with this technique than the statistical mixed isomer approach as
shown in the flowchart below (Figure 4.3). A limitation of this approach is the difficulty in finding
functionalisation steps that are selective. Successive functionalisation steps may also lead to low
yields of the final product once any side products and the culmination of imperfect yields are taken
into account.
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Figure 4.3: Flowchart showing the three positional isomers formed via successive selective function-
alisations of a porphyrin.

4.1 Synthesis of DNA-Base Functionalised Aldehydes

4.1.1 N-1 and N-9 arylated Nucleobases

Previous work in the group synthesised a thymine-functionalised porphyrin by synthesising an alde-
hyde bearing the thymine moiety and performing the relevant condensation reaction to form the
desired porphyrin[83]. This approach was successful so it was adapted to synthesise analogous por-
phyrins bearing the other DNA bases. Firstly, the DNA functionalised aldehydes in Figure 4.4 were
synthesised. This process was largely adapted from previous work in the group or the excellent
report by Gothelf et al.[120][121].

" N\, . .
A% <§> %ﬁ M\ﬁ»

? $y 9

Figure 4.4: The DNA nucleobase functionalised aldehydes synthesised from the adapted procedure
by Gothelf et al.

The DNA base functionalised aldehydes above all feature the para-formylphenyl group in the N-1
or N-9 position for pyrimidines and purines respectively. The goal was to functionalise the DNA
nucleobases at the same nitrogen that is normally attached to the sugar-phospate backbone in DNA.
This was with the aim of allowing the final products to perform in a similar way to the N-1 and N-9
functionalised aldehydes synthesised previously. The aldehyde functional group is separated from
the DNA nucleobase by a phenyl group. This is to sufficiently space the nucleobases out in the final
product. The phenyl group is also planar and relatively rigid compared to an alkyl chain. This will
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facilitate control of the position of the DNA base in the final product and allow for predictable and
reliable self-assembly. The nucleobase N-C bond can also rotate to provide sufficient movement of
the DNA nucleobase which will allow for facile hydrogen-bonding to occur.

For the synthesis of N-1 or N-9 aryl functionalised DNA bases it was necessary to form a C-
N bond. For this the previously utilised SN2 nucleophilic substitution reaction was not suitable.
The SN2 reaction for the formation of alkyl DNA bases was successfully performed using an alkyl
halide and this reaction is not possible using an aryl halide. Aryl halides are relatively unreactive to
nucleophilic substitution due to the steric hindrance of the aryl group and the increased C-X bond
strength in aryl halides compared to alkyl halides[109]. Gothelf et al. report the synthesis of N
functionalised aryl DNA nucleobases via a Chan-Lam Evans modified Ullmann coupling[122][123].
This is a copper-mediated coupling reaction where an aryl boronic acid is oxidatively coupled to
NH or OH compounds in air[124]. This coupling has advantages over the comparable Buchwald-
Hartwig coupling as it may be performed in air at room temperature and a relatively inexpensive
copper catalyst is used in contrast to a palladium catalyst. The synthesis of N-aryl nucleobases
has classically been performed via heterocyclization of suitable precursors[125][126]. This technique,
however, has often led to low yields and a new synthetic route is required for each nucleobase.
Considering the compelling disadvantages of other routes and the prior success in synthesising N-
1 aryl thymine the Chan-Lam Evans coupling route was chosen for the synthesis of N-1 or N-9
para-formylphenyl nucleobases using the conditions shown below (Figure4.5):

DNA Base

Cu(OAc),
4-formylphenylboronicacid N

DNA Base —

Base
Solvent
N 1-4 days

AN
o

Figure 4.5: Scheme for the Chan-Lam Evans Ullmann coupling used for the synthesis of N-1 or N-9
paraformylphenyl nucleobases

Gothelf et al. reported the requirement for protecting groups in the coupling reaction[120].
Protecting groups are required to eliminate possible N-arylation at undesired positions. A further
benefit of using protecting groups is to increase the solubility of the DNA bases in the reaction
solvent and to allow for more convenient purification by column chromatography. A number of
different protecting groups and solvents were investigated by Gothelf and those which gave the
best results in each case were used[120]. It was interesting to note that different protecting groups
and solvents were found to be optimal for each base. Different bases were also tested with similar
results. For N-1-paraformylphenylthymine the benzoyl group was used. For this the synthesis of
N-3-benzoylthymine was required. This was synthesised in two steps from thymine as described by
Reese et al.[4]. N-3-benzoylthymine was then carried forward into the synthesis of N-3-benzoyl-N-1-
paraformylphenylthymine using the conditions shown below (Figure 4.6). Pyridine was used as the
base and DCM was used as the solvent.
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Figure 4.6: Scheme for the Chan-Lam Evans Ullmann coupling of 4-formylphenylboronic acid and
N-3-benzoylthymine.

The reaction was carried out for three days until no further presence of starting N-3-benzoylthymine
could be observed by TLC or mass spectrometry. The product was then isolated via aqueous work
up, using EDTA as a chelating agent to remove copper, and purified by column chromatography.
The identity of the final product was confirmed by mass spectrometry and proton and carbon NMR
spectroscopy.

For the synthesis of N-9-aryl adenine derivatives it was described in the literature how the Boc
protecting group gave optimal results under Chan-Lam Evans coupling conditions[120]. Therefore
6-bis-Boc-aminopurine was synthesised in two steps as previously described in the synthesis of propy-
ladenine (Section 2.2.2)[3]. The 6-bis-Boc-aminiopurine was then reacted with 4-formylphenylboronic
acid under the Chan-Lam-Evans coupling conditions shown below (Figure 4.7).
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Figure 4.7: Scheme for the Chan-Lam Evans Ullmann coupling of 4-formylphenylboronic acid and
6-bis-Boc-aminopurine.

For adenine it was reported by Gothelf that improved yields were observed when triethylamine
was used as a base and DMF was used as a solvent. It is suggested that is due to the increased
strength of triethylamine as a base and the increased solubility of the products in DMF. This
reaction was not successful when 6-mono-Boc-aminopurine was used which is likely due to the
reduced solubility of the mono-Boc starting material. Due to the fact that arylated purines can
chelate to Cu(I) it was especially important to remove the copper with the strongly chelating EDTA
during the work up[127]. The isolation of pure product from the reaction was more challenging than
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for the thymine species for a number or reasons. Firstly, the DMF solvent proved more challenging to
remove compared to DCM due to is miscibility with water and high boiling point. It was necessary to
thoroughly remove all traces of DMF as even small traces would lead to complications when column
chromatography was used. Small amounts of partial product deprotection were also observed during
the purification. When column chromatography was performed both bis and mono-Boc products
were eluted. This is likely due to the mildly acidic properties of the silica which was used. A
combination of these factors led to comparatively low yields for the desired product. It should
be noted that the mono-Boc product, whilst not the desired product, is still of some use as the
Boc-protecting groups will have to be removed from the final porphyrin product.

The synthesis of N-1-paraformylphenylcytosine was reported by Gothelf et al. via a 4-allythiocytosine
derivative[120]. This was synthesised from the commercially available 4-thiouracil. This route has
the advantage that 4-allylthiocytosine derivatives can readily be converted to cytosine by methanolic
ammonia or converted to uracil upon treatment with strong aqueous acid or base[128]. The synthesis
of N-1-paraformylphenylcytosine under the conditions described by Gothelf et al. was attempted by
Sam Gilson as shown below (Figure 4.8).
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Figure 4.8: Scheme for the Chan-Lam Evans Ullmann coupling of 4-formylphenylboronic acid and
4-vinylthiouracil.

Whilst this synthesis was successful, only low yields were obtained and although 4-thiouracil is
commercially available, it is prohibitively expensive. Therefore, alternative routes for the synthesis
of N-1-paraformylphenylcytosine were investigated. Reactions using the commercially available and
inexpensive N-4-benzoylcytosine as used for the synthesis of alkylcytosine derivatives were attempted
but these were unsuccessful. The attachment of the Boc protecting group was then attempted using
N-4-bis-Boc-cytosine as synthesised in Section 2.2.3. The Chan-Lam-Evans coupling of this starting
material was then performed successfully using the condtions shown below (Figure 4.9. The correct
regiochemistry of this cytosine aldehyde was confirmed by the crystal structure.
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Figure 4.9: Scheme for the Chan-Lam Evans Ullmann coupling of 4-formylphenylboronic acid and
N-4-bis-Boc-cytosine.

For a guanine functionalised phenyl aldehyde a 2-amino-6-chloropurine derivative was used. This
was due to the notoriously low solubility of guanine compounds in common organic solvents. The 2-
amino-6-chloropurine derivative was protected using the Boc protecting group as described earlier for
the synthesis of alkylguanine (Section 2.2.4) and the coupling reaction with 4-formylphenylboronic
acid was performed using the conditions below (Figure 4.10). Hydrolysis and Boc-deprotection can
be performed simultaneously by heating the product in aqueous acid to afford the guanine derivative.
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Figure 4.10: Scheme for the synthesis of a guanine functionalised aldehyde precursor via the Chan-
Lam Evans Ullmann coupling 4-formylphenylboronic acid and bis-Boc-2-amino-6-chloropurine.

In the report by Gothelf et al. a number of different methods for the deprotection of the coupled
aryl nucleobases are described[121][121]. In this work it was decided that the protecting group
would be retained until after the porphyrin step. This is because the protecting groups aid in the
solubility of the DNA nucleobases in common organic solvents. Therefore, it was expected that
porphyrin synthesis and purification would be easier with the protecting groups present. Once the
DNA functionalised porphyrin had been successfully synthesised and isolated then the protecting
group could be removed. Deprotection steps are generally highly yielding with easily separable side
products so it was not expected that these would present many significant challenges.
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4.1.2 C-5 and C-8 Arylated Nucleobases

The functionalisation of DNA aldehydes in the N-1 and N-9 positions as shown above was chosen
as it resembles the functionalisation site of the DNA sugar backbone. This should allow the DNA
nucleobases to hydrogen bond and interact in a similar way. Changing the position of the func-
tionalisation may have an impact on the angle at which the DNA base pairs will approach each
other when engaged in hydrogen bonding. This may allow for different self-assembled structures
to be assembled. Changing the functionalisation site may also have an impact on the hydrogen
bonding due to steric or electronic effects of the pendant group. To this end, C-5 and C-8 func-
tionalised arylated nucleobases were synthesised. The C-5 and C-8 positions for pyrimidines and
purines were chosen due to the availability of previously synthesised C-5 and C-8 halogenated nucle-
obases. A study of the literature showed that these are the most commonly substituted sites[129][5].
There are many examples of C-5 and C-8 functionalisation of nucleobases and many of these rely
on metal-catalysed cross-coupling reactions[106]. There are a large number of examples of cross-
coupling reactions where a halogen-containing component is coupled to an aryl group including the
Suzuki, Sonogashira and Heck reactions[130]{131][132][133][134][135][136]. An advantage of these
cross-coupling reactions on the C-5 and C-8 halogenated DNA bases is that they are more selective
compared to the Chan-Lam-Evans coupling as there is only one halogen group present on each DNA
base compared to multiple nitrogen sites. This enhanced selectivity means that protecting groups
are not required. The DNA bases possess, however, notoriously poor solubility in common organic
solvents so solubility can be enhanced by utilising an alkyl chain in the N-1 or N-9 positions. An
advantage of not using a protecting group is that it reduces the number of steps in the synthetic
route and no further deprotection reactions are required once the porphyrin has been synthesised.
Conveniently, the required starting materials have already been synthesised in Section 2.3 and these
can be reacted with the relevant aryl derivative.
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Figure 4.11: Scheme for the synthesis C-5 or C-8 arylated nucleobases via a relevant cross-coupling
reaction of the C-5 and (-8 halogenated nucleobases synthesised in Section 2.3.

There are numerous examples of cross-coupling reactions of halogenated nucleobases and due
to the wide scope of cross-coupling reactions in synthetic chemistry there are often many possible
solvents, catalysts, bases and reaction conditions to consider[137]. Therefore, a number of screening
reactions were set up to investigate a suitable set of reaction conditions that yielded the desired
product in appreciable yield. The aim of these screening reactions was not to thoroughly investigate
the best and most efficient route possible with an emphasis on the effect of each and every aspect
of the reaction conditions. Only the desired arylated nucleobases in acceptable yield to carry into
further reactions were required. Due to its simplicity and the affordability and availability of the
starting materials, the Suzuki reactions was chosen first for screening. Here, the readily available
4-formylphenylboronic acid could be used and a number of different solvents, bases and temperatures
were screened. The conditions were taken from examples in literature where analogous halogenated
nucleobases were reacted with aryl boronic acids[106][137]. However, in almost all cases the starting
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materials were different in at least one factor (halogenated nucleoside, different aryl functionality)
and this almost certainly had some effect on the results of the screening reactions performed.

A number of different solvents were screened with various reaction conditions and no product
was observed. In the majority of cases only the starting halogenated DNA base was observed. This
was unexpected as the reaction conditions were taken from comparable examples in literature. It
is likely that the reason for the failure of these reactions was due to the lack of solubility of the
starting materials. The majority of literature examples include a halogenated DNA nucleoside[137].
Compared to a DNA nucleobase these compounds have a 5-carbon sugar and this sugar group
will likely change the solubility of the starting material compared to an alkyl group. After testing
a number of solvents a mixture of dimethoxyethane (DME) and water (4:1 v:v) was found to be
successful[106]. Unlike previous solvents, this mixture readily dissolved all components of the starting
reaction mixture and it is likely that this can be attributed to its success. These successful reaction
conditions shown below (Figure 4.12) were successfully utilised for the synthesis of C-5 and C-8
paraformylphenyl nucleobases.
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Figure 4.12: The synthesis of C-8 arylated adenine via a Suzuki reaction of 8-iodo- N-9-propyladenine
synthesised in section 2.3 with 4-formylphenylboronic acid. These conditions were successfully used
for C-5 arylated thymine and cytosine derivatives.

4.2 Synthesis of DNA Functionalised Porphyrins

4.2.1 Adler-Longo Method

A number of different DNA functionalised aldehydes have been synthesised where the paraformyl-
phenyl group is in either the N-1 or N-9 position or in the C-5 or C-8 position for pyrimidines
and purines respectively. For the synthesis of a symmetric porphyrin where all the meso sub-
stituents are the same the chosen aldehyde is simply reacted with pyrrole to form a porphyrin. This
was done previously in the group with N-3-benzoyl- N-1-paraformylphenylthymine to form tetra- N-
3-(benzoylthymine)phenylporphyrin (TNbzTPP)[83]. The benzoyl protecting groups were readily
removed using ammonium hydroxide as shown below to provide tetra-N-3-thyminephenylporphyrin
(TNTPP).
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Figure 4.13: The synthesis of TNTPP via the reaction of N-3-benzoyl- N-1-paraformylphenylthymine
with pyrrole and subsequent benzoyl deprotection with ammonium hyrdroxide as previously de-
scribed by Champness et al.[83]

The final TNTPP product was isolated in 8 % yield over two steps as a dark-purple powder.
The identity of the product was confirmed by 'H and '3C NMR spectroscopy as well as MALDI
mass spectrometry with an exact mass of 1110.36. As expected, the final product was not readily
soluble in non-polar organic solvents such as DCM or chloroform. Solubility could be achieved by
addition of a couple of drops of TFA to the NMR sample in CDCls. This is due to the twist in the
protonated porphyrin structure afforded by the addition of acid; a change from dark purple to green
is also observed. The solubility of TNTPP was not sufficient for NMR titration studies due to the
high concentrations required for these experiments.

This same synthetic route was also attempted using the N-9-adenine aldehyde. N-9-formylphenyl-
N-6-bis-Boc-adenine was reacted with pyrrole under the conditions shown below to form tetra-N-
9-(bis-Boc-adenine)phenylporphyin (TNBocAPP).
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Figure 4.14: The synthesis of TNAPP via the reaction of N-9-formylphenyl- N-6-bis-Boc-adenine
with pyrrole and subsequent Boc deprotection with potassium hyrdroxide.
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Isolation of this product was much more challenging than for the thymine functionalised por-
phyrin. The reaction yielded a mix of adenine-containing porphyrins with a loss of any number of
8 possible Boc-protecting groups. The presence of these products was confirmed by MALDI mass
spectrometry. The loss of each successive Boc group resulted in a reduction by 100 mass units as
shown below (Figure 4.16. This mixture of products made purification and isolation of a single prod-
uct difficult. This is due to the considerable effect that the Boc groups have on the solubility and Rf
of the compound. Where a large number of Boc groups are present the compound is readily soluble
in chloroform and is eluted by column chromatography at an appreciable rate using DCM:EtOAc
(90:10) as eluent. However, the solubility and Rf of the compound drops rapidly where fewer Boc
groups are present. For the mono-Boc and Boc-deprotected product the compound is sparingly
soluble in DMSO and requires the addition of methanol and triethylamine to the chromatography
eluent. Despite all of these Boc-protected adenine porphyrin compounds being useful it was chal-
lenging to isolate an acceptable amount of each compound due to the vastly differing properties of
each compound. The loss of the Boc protecting groups is likely due to the TFA used in the porphyrin
synthesis. TFA is a known reagent used for the removal of Boc groups.
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Figure 4.15: MALDI mass spectrum of crude TNAPP showing partially deprotected products. m/z
1447 = 3xBoc, m/z 1547 = 4xBoc .

To overcome the issue of having a mixture of compounds where the number of Boc groups n=0-8
it was suggested that the reaction mixture be combined and fully deprotected to afford a single
product. The Boc deprotection was achieved by treatment of the mixture with potassium hydroxide
in methanol at 50 ° C. These conditions did afford the desired deprotected product. However, the
reaction produced an appreciable amount of incomplete deprotection. This is likely due to the low
solubility of the deprotected product. The final tetra- N-9-adeninephenylporphyrin (TNAPP) was
characterised by NMR spectrosopy and MALDI mass spectrometry with a mass of 1146.
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Figure 4.16: MALDI mass spectrum of deprotected and purified TNAPP. m/z Calc. 1147.41 (M+H);
Exp. 1147.27 .

The synthesis of tetra- N-1-cytosinephenylporphyrin (TNCPP) was also attempted using N-1-
formylphenyl- N-4-bis-Boc-cytosine. The Boc-protected tetra cytosine porphyrin was synthesised
using the same conditions as used previously for porphyrin synthesis. The fully protected product
was isolated and the troublesome issue of undesired Boc-group removal was not observed. This,
coupled with the high solubility of the fully-Boc-protected product, allowed for a pure product to
be isolated and an NMR spectrum of high quality was collected as shown below (Figure 4.17).
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Figure 4.17: Proton NMR, spectrum of TBocNCPP recorded in CDClj.

The synthesis of porphyrins where the DNA nucleobase is functionalized in the C-5 or C-8
position was attempted using the C-5 and C-8 functionalized aldehydes synthesised earlier. Un-
fortunately, all attempts using these aldehydes were unsuccessful. The C-5-formylphenyl-/N-1-
propylcytosine was reacted with pyrrole under the same conditions which were used to synthesise
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the tetra-DNA-nucleobase substituted porphyrins previously. The reaction started as a colourless
solution which darkened upon addition of TFA as seen previously. This darkening indicated that
the reaction had proceeded successfully. However, upon quenching the reaction the desired product
was not observed in the MALDI mass spectrum. This same negative result was seen when C-8-
formylphenyl- N-9-propyladenine was used. It is suggested that these negative results are due to
insufficient solubility of the starting material preventing the reaction from completely forming the
necessary cyclic porphyrin structure.

4.2.2 Lindsey Method

The DNA functionalised porphyrins synthesised in the previous section are all symmetric porphyrins
where the same functionalisation is present in each of the four meso positions. To compare the hy-
drogen bonding properties of the DNA functionalised porphyrins to the previously studied alkyl
nucleobases it is necessary to study the compounds in NMR titration experiments. For these ex-
periments the compounds must be readily soluble in a suitable solvent. All of the tetra-DNA base
functionalised porphyrin do not display sufficient solubility to be analysed by NMR titration. For
a model that is easily comparable to the previous studies of alkylated DNA bases it is necessary to
synthesise a porphyrin bearing a single DNA base. This will allow the same 1:1 binding model to be
studied as before, whereas, a tetra-DNA base functionalised porphyrin could display a 4:1 binding
model. For a mono-DNA base functionalised porphyrin it is also possible to increase the solubility
of the compound by adding solubilising groups in the other three meso positions. This approach was
taken previously in the group for the thymine functionalised porphyrin: the tetra thymine porphyrin
was not sufficiently soluble for NMR titration studies so a mono thymine porphyrin was synthesised.
The solubility of this compound was increased by the addition of ¢-butyl groups.

The synthesis of a mono-DNA base porphyrin requires the aforementioned type of porphyrin
as there are two different components in the meso position. For the synthesis of mono-thymine
porphyrin Champness et al. report the synthesis of a porphyrin in a method adapted from that
pioneered by Lindsey[83][114]. Porphyrin synthesis by simple mixing of different aldehydes would
produce a statistical mixture of compounds as explained earlier. Instead, the approach used uses a
multi step synthesis where each ’side’ of the porphyrin is sequentially and selectively assembled and
added.

First, the synthesis of 3,5-di-tert-butylbenzyldipyrromethane was performed. This was achieved
by first synthesising 3,5-di-tert-butylbenzaldehyde from 1-bromo-3,5-di-tert-butylbenzene which was
then reacted with excess pyrrole as shown below (Figure 4.18).
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Figure 4.18: Reaction scheme for the synthesis of 3,5-di-tert-butylbenzyldipyrromethane via 3,5-di-
tert-butylbenzaldehyde.

The bulky aldehyde 3,5-di-tert-butylbenzaldehyde was synthesised by first reacting 1-bromo-3,5-
di-tert-butylbenzene with n-butyllithium[138]. The starting material undergoes a metal-halogen
exchange and forms the highly reactive lithiated intermediate. To this intermediate DMF is added.
The highly polar character of the lithiated species makes it an excellent nucleophile and it readily
reacts with the electrophilic DMF to afford the desired aldehyde in excellent yield. Formation of
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the lithiated species is required as aryl halides are known to be poor nucleophiles with respect to
nucleophilic substitution[109].

This aldehyde was then carried on to the formation of 3,5-di-tert-butylbenzyldipyrromethane[139].
The formation of a dipyrromethane is similar to the formation of a porphyrin where an aldehyde un-
dergoes a condensation reaction with pyrrole under acidic conditions. The essential condition of this
reaction that ensures a dipyrromethane is formed is the stoichiometry of the aldehyde and pyrrole
components[140]. For a porphyrin the aldehyde and pyrrole are reacted in a 1:1 ratio and this allows
the ring to form. For a dipyrromethane the ring formation is prevented by using an excess of pyrrole
(in this case pyrrole was used as the solvent). This ensures that each aldehyde molecule reacts with
two pyrrole species and then cannot react further as all the aldehyde has been consumed. An impor-
tant distinction is also the lack of oxidation step present in the synthesis of a dipyrromethane. The
addition of an oxidising reagent such as p-chloranil or DDQ would form an unsaturated aromatic
dipyrromethene. Due to their aromatic character dipyrromethenes are relatively stable and not
suitable as a building block for the synthesis of porphyrins. Therefore, the dipyrromethane reaction
is quenched by addition of base. Due to the unstable nature of the dipyrromethane product the
synthesis, work up, purification and storage of this compound must be carried out in the dark to
avoid decomposition into undesired polymeric species. The desired product was synthesised in 81%
yield and characterised by NMR spectroscopy and mass spectrometry.

This dipyrromethane compound represents one ’side’ of the porphyrin. It was then necessary to
synthesise the other ’sides’ which can be selectively added onto this building block. This required
the synthesis of a protected 3,5-di-tert-butylbenzyl carbonyl species via the reaction schemes (Figure
4.19) shown below. A protected carbonyl species is required for the selective and controlled addition
to the dipyrromethane compound.

i) Oxalyl Chloride

t-Bu t-Bu t-Bu t-Bu DMF t-Bu t-Bu
KoMnO4 DCM
RT N»
— —
i) Morpholine

@ o NEt3 o N/\
RTN,
s
Figure 4.19: Reaction scheme for the synthesis of morpholine-3,5-di-tert-butylbenzylamide via 3,5-
di-tert-butylbenzoic acid.

For the synthesis of 3,5-di-tert-butylbenzoic acid 3,5-di-tert-butyltoluene was oxidised by treat-
ment with potassium permanganate[141]. This carboxylic acid was then converted to the morpholine-
amide in two steps. First, the carboxylic acid was reacted with oxalyl chloride to form an acid chlo-
ride. This highly reactive acid chloride was then rapidly reacted with morpholine in the presence of
catalytic triethylamine to form the desired amide. This chosen route for the amide synthesis was
chosen due its relatively high yield and the availability of starting materials and reagents. There are
numerous other possible routes for amide coupling due to its relevance in peptide synthesis. These
often include coupling reagents such as DCC, HOBt and HATU, amongst others.[142],[143]

The amide-protected 3,5-di-tert-butylcarbonyl species could then be reacted with the previously
synthesised dipyrromethane to synthesise three ’sides’ of the desired porphyrin in the reaction shown
below (Figure 4.20).
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Figure 4.20: Reaction scheme for the synthesis of morpholine-3,5-di-tert-butylbenzylamide via 3,5-
di-tert-butylbenzoic acid.

The reaction above is an acylation of an electron rich arene[109][144][145]. Under the conditions
above the reaction is known as the Vilsmeier Haack reaction. For this reaction the first step is the

formation of the formylating agent (or Vilsmeier Reagent). This is formed from the morpholine-
amide and phosphorus oxychloride as shown in the mechanism below (Figure 4.21).

112



H

Sy

|
o
‘\/O \ NH k/o Ag. Work-up

—_— Ar >

N POV

Figure 4.21: Mechanism for the Vilsmeier Haack reaction.

The Vilsmeier Reagent is then attacked by the electron rich dipyrromethane in an electrophilic
substitution reaction. The electrophilic substitution occurs selectively at the « position of the pyrrole
due to the stability of the intermediate. When electrophilic substitution occurs at the a position
there are three resonance forms that stabilise the positive charge. For substitution at the 5 position
there are only two resonance forms as shown below (Figure 4.22) .
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Figure 4.22: The resonance forms of the intermediate formed during electrophilic substitution of
pyrrole showing the increased stability of the intermediate upon substitution at the « position.

After electrophilic substitution the aromaticity of the arene is restored by removal of the proton
by another molecule of amide, and another iminium ion is generated (not shown for clarity). Chloride
is then lost as a suitable leaving group. The iminium ion formed in this step is then converted to
a carbonyl by an aqueous work up. Importantly, this final iminium ion cannot undergo further
electrophilic substitution due to the lack of suitable leaving group. This ensures the reaction stops
after a single substitution of each amide and the desired product is formed.

The desired product was isolated as a dark purple powder in 86% yield after purification by
column chromatography and the identity was confirmed by NMR spectroscopy.

For the fourth and final ’side’ of the porphyrin it was necessary to synthesise a DNA base
functionalised dipyrromethane. This dipyrromethane would react with the other three ’sides’ and
form the desired porphyrin. A thymine functionalised dipyrromethane was previously synthesised in
the group and the same approach was used with an adenine aldehyde as shown below (Figure 4.23).

(Boc),N
(Boc),N

N
\ i) Pyrrole
InCl3

RT, N,

i) NaOH

Figure 4.23: The synthesis of bis-Boc-adenine-N-9-phenyl-(meso)dipyrromethane.

The synthesis of the adenine functionalised dipyrromethane was similar to that of 3,5-di-tert-
butylphenyl-dipyrromethane where the chosen aldehyde was reacted with excess pyrrole. For the
adenine dipyrromethane synthesis the acid was changed to the milder indium chloride. It was found
that, whilst this makes the reaction proceed at a slower rate, fewer side products were observed. This
made isolation of the desired dipyrromethane easier. The work up of the reaction was also modified
due the lower solubility of the product in hexane compared to the 3,5-di-tert-butyl analogue. Once
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the reaction was complete the reaction was quenched with the addition of aqueous sodium hydroxide
(I M) and the product extracted with DCM. After evaporation of the solvent the crude product was
purified by column chromatography to afford the pale-yellow product in 26 % yield. This protected
dipyrromethane was then combined with the acylated tert-butyldipyrromethane in the next step to
synthesise the desired porphyrin.

The synthesis of the final mono-adenine-tri(di-tert-butyl)phenylporphyrin was achieved by com-
bining the two previously synthesised dipyrromethanes in the method outlined by Lindsey as shown
below (Figure 4.24).

i) NaBH,
MeOH:THF
RT

(Boc)N —

i =N i) TFA

I/

BN =

b s

Figure 4.24: The synthesis of mono-adenine-tri(di-tert-butyl)phenylporphyrin.

First, the acylated dipyrromethane was reduced to the corresponding carbinol by treatment with
sodium borohydride (NaBHy) in mixture of THF and methanol (1:1 v:v). Sodium borohydride is a
well known reagent used for the reduction of ketones to alcohols and is commonly used in preference
over the more powerful lithium aluminium hydride (LiAlH,4)[109]. Both reagents will selectively
afford the desired ketone product and NaBH, does not violently react with water meaning that water-
free conditions are not required. Upon the addition of NaBH, significant effervescence was observed.
Therefore, the reagent was added slowly over the course of 20 minutes until the dark purple starting
material was no longer present and a pale orange solution was observed. The resulting carbinol
species was isolated by careful evaporation of the solvent and dried under vacuum. The dicarbonyl
species is now more susceptible to electrophilic attack upon addition of the acid catalyst and the
adenine functionalised dipyrromethane. The dicarbinol species is protonated by the acid and water
is released resulting in the highly electrophilic carbocation as shown in Figure 4.25. This carbocation
then rapidly reacts with the nucleophilic dipyrromethane and, after oxidation with DDQ, the desired
mono-adenine-tri-(di-tert-butyl)phenylporphyrin (MATtBPP) is formed.
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Figure 4.25: The mechanism for the acid catalysed condensation reaction between the dicarbinol
species and the nucleophilic dipyrromethane. (It is worth noting that both aromatic substitution
reactions do not in fact occur simultaneously.)

The product was isolated by column chromatography and the pure product was characterised by
NMR spectroscopy, MALDI mass spectrometry and X-ray crystallography.

The multi-step synthesis detailed above did successfully afford the desired porphyrin. Synthesis
of this compound using the mixed aldehyde method would afford a large quantity of side products
and this would increase the purification steps and limit the yield of the desired product. Conversely,
the multi-step synthesis afforded only the desired product and this avoided excessive purification.
Despite this synthesis method requiring a large number of steps (7 in total) and some complicated
experimental procedures most steps proceeded in excellent yield with minimal purification. The
3,5-di-tert-butylphenyl aldehyde and carboxylic acid were both synthesised in quantitative yield
with trivial purification. These were both transformed into the relevant dipyrromethane and amide
in 81 % and 85 % yield respectively. The diacylated dipyrromethane was then formed from these
components in 86 % yield resulting in a net yield of 59 % over 5 steps. This yield demonstrates how
even minor inefficiencies in yield can lead to a considerable loss of product once combined over the
course of a multi-step synthesis. However, the acylated dipyrromethane is synthesised from largely
inexpensive materials (with the exception of pyrrole which is essential in any porphyrin synthesis)
and a total yield of 59 % is highly acceptable over the course of 5 steps. It is also worth noting that,
once synthesised, the acylated dipyrromethane can be used as a building block for the synthesis of
a number of porphyrins where the meso functionality is different. A different dipyrromethane with
the desired functionality can be reacted with the acylated species.

The yield for the synthesis of the adenine functionalised dipyrromethane was relatively low at 26
%. This is due to the lack of stability of dipyrromethane compounds in general, in addition to the
poor solubility of the compound which made purification difficult. The final porphyrin-forming step
was also low yielding, but not especially so when compared to many other examples of porphyrin
synthesis[146]. Once the final step was completed the overall combined yield was roughly 1 % (59 x
22 x 12) over all 7 steps. This yield would be improved greatly if the synthesis of the functionalised
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dipyrromethane could be bettered. However, the synthesis of porphyrins is well known for its low
yields and the yield of a multi-step synthesis will always be low where the final step has a yield not
exceeding 30 %. It is worth remembering that high yields are not the focus of this work where the
synthesis of complex, novel compounds is the main aim.

4.3 Post-Synthesis Functionalisation

It is also possible to synthesise a functionalised porphyrin by introducing the desired functionality
after the porphyrin has been synthesised. Benefits of this method include the synthesis of a porphyrin
from readily available starting materials and the opportunity to exploit the selectivity of cross-
coupling reactions to efficiently synthesise the desired porphyrin. For this it is necessary to first
synthesise a porphyrin with the relevant reactive sites to which the functionality can be added. It
has been shown earlier in this work and in the literature that cross-coupling reactions can be used to
successfully functionalise aromatic compounds with DNA bases. In these reactions halogens, boronic
acids and alkyne functionalities have been used as the reactive site for cross coupling. Therefore,
the tetraphenylporphyrins bearing these functionalities shown in Figure 4.26 were synthesised.

Figure 4.26: The porphyrins used for post-synthetic functionalisation.

4.3.1 Porphyrin Synthesis

Tetra-(4-bromophenyl)porphyrin was synthesised from the condensation reaction of commercially
available 4-bromobenzaldehyde with pyrrole in propionic acid as shown below (Figure 4.27). Pro-
pionic acid is a relatively mild acid with a high boiling point and is used as the solvent for the
reaction. The use of a relatively mild acid is required so as to effectively protonate the aldehyde
without leading to excessive polymerisation of the pyrrole starting material. The product is conve-
niently insoluble in cold propionic acid so upon completion the reaction can be cooled and filtered
which, after washing with methanol, yielded the product as bright purple crystals. It was possi-
ble to synthesise this porphyrin in relatively large quantities despite the modest yield due to the
commercial availability and affordability of the starting material. Using the method where refluxing
propionic acid is the solvent also allows much greater concentrations of starting materials to be
used which allowed large quantities to be synthesised without using excessively large quantities of
solvent, column chromatography or unwieldy large reaction vessels. The method where DCM is used
as the solvent with an acid catalyst although typically slightly higher yielding, performed at room
temperature and suitable for a higher range of substrates require low concentrations (500 mM) and
this was not deemed practical for larger scale synthesis. The bromine group could then be used as
a suitable reactive substrate for cross-coupling reactions.

117



ZT

Br
—_—
Propionic acid
120°C
N 2h

Br

Figure 4.27: The synthesis of tetra-(4-bromophenyl)porphyrin by reacting 4-bromobenzaldehyde
with pyrrole in refluxing propionic acid.

The synthesis of tetra-(4-boronic acidphenyl)porphyrin was first attempted using the same con-
ditions as above but with the commercially available 4-formylphenylboronic acid. This method was
not successful. This was not surprising and the failure of this reaction was likely due to the low
solubility and stability of 4-formylphenylboronic acid. To overcome this the pinacol ester derivative
was used in a method outlined by Stoddart et al.[147]. Boronic esters are a common alternative to
boronic acids due to their increased solubility in non-polar solvents and chiefly for their increased
stability. The boronic ester aldehyde derivative was successfully reacted with pyrrole to afford a
boronic ester functionalised porphyrin which could then be deprotected to afford tetra-(4-boronic
acid phenyl)porphyrin.

Finally, a tetra-(4-ethynylphenyl)porphyrin was synthesised from 4-ethynylbenzaldehyde. This
ethynyl group functionalised porphyrin could be used for Sonogashira cross-coupling reactions.
4-ethynylbenzaldehyde was first synthesised from 4-bromobenzaldehyde in a Sonogashira cross-
coupling reaction. In a Sonogashira cross-coupling a terminal alkyne is coupled to an aryl or vinyl
halide with a palladium catalyst, a copper co-catalyst and an amine base. Here, 4-bromobenzaldehyde,
the aryl halide was reacted with TMS-acetylene, the terminal alkyne, in the mechanism shown below
(Figure 4.29)[134].
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Figure 4.28: The mechanism of the Sonogashira cross-coupling reaction.
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Figure 4.29: The mechanism of the Sonogashira cross-coupling reaction.

First, two successive ligands are dissociated from the palladium catalyst. In all Sonogashira
reactions either PdPhy or PdCl,Phy was used (PdClyPhy is first reduced from Pd?! to Pd® in situ).
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Oxidative addition of the aryl halide then coordinated the aryl group to the palladium catalyst. The
terminal alkyne, which is first coordinated to the copper cocatalyst with the aid of amine base is
then trans-metallated to the palladium catalyst. In this process the alkyne group exchanges with the
halogen, in turn regenerating the copper halide cocatalyst. Isomerization of the alkyne-palladium
species then forms the cis isomer. Reductive elimination of this complex yields the cross-coupled
alkyne product whilst regenerating the palladium catalyst.

In the reaction above, TMS-acetylene was used as the terminal alkyne as TMS is a common
protecting group for alkyne groups. A protecting group is required to prevent Sonogashira coupling
from occurring on both sides of the alkyne. This would form the unwanted 4,4-ethynyl diben-
zaldehyde species. The TMS protecting group can also be readily removed when desired. The
4-ethynylbenzaldehyde could be isolated by simple filtration of the reaction mixture and washing
with hexane to afford the crude product in excellent yield. Any 4-bromobenzaldehyde starting ma-
terial could be removed with the use of a cold-finger. This separation technique exploits the different
sublimation temperatures of two compounds. The impure compound is placed in a vessel and heated
under vacuum. The low pressure greatly reduces the boiling point of 4-bromobenzaldehyde. (Sub-
limation was observed at 60 °C under vacuum compared to the literature reported boiling point of
123 °C at atmospheric pressure[148].) The sublimed impurity is then collected on a water-cooled
insert placed before the vacuum exit point. This cooled insert, known as the cold finger, allows
the sublimed product to solidify. After purification of 4-ethynylbenzaldehyde the aldehyde was car-
ried forward into the synthesis of tetra-(TMS-ethynylphenyl)porphyrin using the same propionic
acid conditions as before. The TMS-protected porphyrin could then be deprotected using boron
trifluoride diethyletherate to afford the desired tetra-(ethynylphenyl)porphyrin.

All of the above porphyrins bearing cross-coupling reactive sites could be synthesised in apprecia-
ble amounts without laborious reaction conditions or purification steps and were synthesised from
readily-available starting materials. This meant that an appreciable amount of porphyrin could
then be carried forward into the subsequent functionalisation steps. The post-porphyrin-synthesis
DNA nucleobase functionalisation of the above porphyrins was attempted with the previously syn-
thesised C-5 and C-8 halogenated nucleobases. These compounds all bear the necessary halogen
group commonly found as the other reactive component in cross-coupling reactions. Furthermore,
it was envisaged that the N-1 and N-9 alkylation of these halogenated nucleobases would increase
the solubility of the starting materials and the resulting functionalised porphyrin without the need
for protecting groups and without impacting excessively on the hydrogen bonding.

4.3.2 Functionalisation

Attempts were made to couple halogenated DNA nucleobases to the functionalised porphyrins. The
halogenated nucleobases synthesised earlier (Fig 4.30) were used in Sonogashira reactions with tetra-
ethynylphenylporphyrin under the conditions shown below (Fig 4.31)[135][149].

L = <1
\ NIV

di-t-butylbenzyl

Figure 4.30: Halogenated nucleobase analogues used for Sonogashira cross-coupling reactions.

120



Pd(PPh3)4
Cul

NEt;
THF

60 °C 18h

Figure 4.31: Reaction conditions for the Sonogashira reaction of 5-iodo-N-1-propylcytosine with
tetra~ethynylphenylporphyrin. This reaction was also attempted for the DNA base analogues of
thymine and adenine above (Fig 4.30).

These reactions were unsuccessful in all cases. No evidence of a cross-coupling reaction could
be observed. However, the starting material was consumed. Analysis of the reaction mixture by
MALDI MS showed a new peak at 773. This peak corresponds to the mass of starting tetra-
ethynylphenylporphyrin plus copper. Porphyrins are widely used in host-guest chemistry for their
ability to associate to metals. Therefore, this suggests that the Sonogashira reaction is not proceeding
due to the copper catalyst being associated to the porphyrin starting material.

To overcome this issue copper-free Sonogashira coupling conditions were found, of which there
are a large number in literature[150][151]. If no copper was present in the reaction it could not
associate to the starting material. A Pdy(dba)s catalyst was used in toluene with triethylamine
used as the base as shown in the scheme below (Fig 4.32) and attempted for each halogenated DNA
nucleobase.
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Figure 4.32: Scheme for the copper-free Sonogashira reaction of 8-iodo-N-9-propyladenine with
tetra-ethynylphenylporphyrin. This reaction was also attempted for the DNA base analogues of
thymine and cytosine above (Fig 4.30).

These reactions were unsuccessful for each DNA nucleobase. It was noted that the tetra-
ethynylphenylporphyrin starting material was insoluble in toluene even upon heating the reaction
to 80 °C. This insolubility of the starting material may explain why the reactions were unsuccess-
ful. Therefore, the reactions were repeated in THF; a solvent which was found to dissolve all the
reagents. These reactions were also unsuccessful.

4.4 Conclusions

In this chapter a number of DNA nucleobase functionalised porphyrins were synthesised and a
number of different methods to synthesise DNA nucleobase functionalized porphyrins with differ-
ent regiochemistry and symmetry were investigated. The method that yielded the greatest success
was the Adler-Longo method were protected N-1 and N-9 paraformylphenyl pyrimidine and purine
nucleobases were reacted with pyrrole. This method was successful for the synthesis of symmetric
porphyrins bearing the thymine, adenine and cytosine nucleobases. However, the resulting de-
protected porphyrins displayed very poor solubility which made full deprotection and purification
challenging. The method of reacting the chosen functionalised aldehyde with pyrrole, whilst being
efficient for symmetric porphyrins bearing the same functionality in each of the four meso positions,
is not feasible for the synthesis of porphyrins where different functionalities are desired. A step-wise
synthesis of porphyrins is described which has now been proven successful for both thymine and
adenine porphyrins. Once the acylated dipyrromethane precursor is synthesised it should be pos-
sible to react it with the functionalised aldehyde of choice to synthesise both cytosine and guanine
functionalised porphyrins. These porphyrins also bear a number of tert-butyl groups which greatly
increases the solubility of the product making purification, characterization and further analysis less
challenging. Progress has also been made towards the synthesis of DNA nucleobase functionalised
porphyrins by adding the DNA nucleobase functionality to a previously synthesised porphyrin. This
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post-synthesis functionalisation has the advantage of allowing a large quantity of porphyrin to be
synthesised, to which the chosen functionality can then be added via cross-coupling reactions. As
yet these cross-coupling reactions have proved to be unsuccessful but the ’tool-kit’ of necessary
components has been outlined and shows promise as shown by literature examples of similar re-
actions. This method also displays the greatest promise for the eventual goal of synthesising the
tetra-substituted porphyrin where each meso position bears one of the four DNA nucleobases as
shown in the proposed route below (Figure 4.33). Sequential addition of each DNA nucleobase via
cross-coupling reactions should, in theory, produce the desired product efficiently with minimal side
products.

NH;

4) |—</N | H N/ IN
N N/)\NHZ ( \n/
AN °

Figure 4.33: Scheme for four successive Sonogashira coupling reactions for the theoretical synthesis of
a meso-substituted tetrapheylporphyrin where each meso position bears a different DNA nucleobase.

4.5 Experimental

4.5.1 Materials and Equipment

Chemicals were purchased from commercial suppliers and used without further purification. Solid,
hygroscopic reagents were dried in an oven before use. Reaction solvents were thoroughly dried
before use employing standard methods. Reactions were monitored by thin layer chromatography
(TLC) using 0.2 mm aluminium sheets precoated with silica gel 60 F254 (Merck). TLC plates
were inspected with a UV lamp featuring both long wave (365 nm) and short wave (254 nm) UV
light. Column chromatography was carried out on silica gel Merck 60. Eluent relative vol/vol ratios
are indicated in each case. Nuclear magnetic resonance spectroscopy were recorded with a Bruker
AV-400 (400 MHz) or Bruker AV-3400 (400 MHz) instrument in the School of Chemistry. The
temperature was controlled at 298 K. Chemical shifts (§) are measured in part per million (ppm)
using the signals of the deuterated solvents as the internal standard. EI Mass spectra were taken
using a Bruker Apex IV 4.7 T mass spectrometer.
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4.5.2 General Procedure for the Chan-Lam-Evans Coupling of Protected
Nucleobases

Bis-Boc-adenine (0.43 g, 1.3 mmol), copper(II) acetate (0.35 g, 1.9 mmol), 4-formylphenyl boronic
acid (0.39 g, 2.6 mmol) and molecular sieves were added to ask which had been flame-dried and
backfilled with dinitrogen three times. Dry DMF (25 mL) was added via cannula followed by
addition of trimethylamine (0.35 mL, 2.6 mmol). The resulting green-blue solution was stirred at
room temperature for 72 hours in air. The solution was diluted with CH5Cly, ltered through celite
and washed with water (3 x 100 ml) in the presence of EDTA. The pale green solution was dried
over MgSOy4 and the solvent removed under reduced pressure to give the crude product. This was
puried via column chromatography (SiOs CHyCly : CHyCly:EtOAc 90:10) to yield an off-white solid
(0.47 g, 83 %).

N-9-(4-formylphenyl)-C-6-(bis-Boc-amino)adenine: 'H NMR (CDCl; ,400MHz): § (ppm) 10.12
(s, 1H, C12), 8.98 (s, 1H, C2), 8.47 (s, 1H, C8), 8.15 (dt, J=8.7, 2.0 Hz, 2H, C11), 8.05 (dt, J=8.4,
1.6 Hz, 2H, C10), 1.51 (s, 18H, Boc)

4.5.3 General Procedure for the Suzuki Coupling or C-5 and C-8 Halo-
genated Nucleobases

[106]

Halogenated nucleobase (1 mmol) was suspended in water (2 ml) with KoCOg (2.2 mmol) and a
solution of 4-formylphenylboronic acid (1.5 mmol) in DME (4 ml) was added. The turbid mixture
was bubbled with Ny for 20 minutes and Pd(PPhs)s (0.1 mmol) was added. The mixture was
heated for at 80 °C for 24 hours under N5. Upon which the dark solution was cooled and filtered
through celite. The filtrate was evaporated to dryness and purified by column chromatography (SiOs
CH;Cly:MeOH 95:5)

16

N-9-propyl-C-8-(paraformylphenyl)adenine: 'H NMR (CDCl3 ,400MHz): § (ppm) 9.78 (s, 1H,
C12), 7.74 (d, J=8.2 Hz, 2H, C11), 7.32 (d, J=8.2 Hz, 2H, C10), 7.29 (s, 1H, C2), 3.55 (t, J=7.4 Hz,
2H, C13), 1.53 (sxt, J=7.4 Hz, 2H, C14), 0.72 (t, J=7.4 Hz, 3H, C15); 13C NMR (CDCl3 ,101MHz):
§ (ppm) 191.7 (C13), 162.8 (C6), 158.0 (C8), 155.9 (C2), 145.2 (C4), 138.6 (C12), 135.6 (C9), 130.1
(C11), 128.2 (C10), 107.4 (C5), 51.4 (C14), 21.9 (C15), 10.1 (C16);
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4.5.4 General Procedure for the Formation of Tetra-Substituted DNA
Nucleobase Porphyrins

1-formylphenyl-bis-Bocadenine (200 mg 0.45 mmol) was added to a flask which had been flame
dried and backfilled with dinitrogen three times. CH5Cls (300 ml) was added via cannula followed by
freshly distilled pyrrole (0.30 ml 0.45 mmol) and TFA (1 ml). The reaction mixture was stirred under
dinitrogen at room temperature for 15 minutes upon which a purple solution formed. DDQ (102 mg
0.45 mmol) was added and the mixture stirred at room temperature for 1 hour. Triethylamine (1
ml) was added and the mixture stirred for a further 15 minutes. The solution was filtered through
celite and evaporated under reduced pressure to yield a purple residue which was purified via column
chromatography (SiOy CH3Cla:EtOAc 9:1 viv CHyCla:MeOH 8:2 v:v) to yield pure product (9 mg
0.008 mmol 2 % )

NG NN
A x>
HNT NP
Chemical Formula: CgqH42N24
miz: 1146.4024 (100.0%), 1147.4058 (69.2%), 1148.4091 (23.6%)

tetra adenine porphyrin: MS (MALDI-TOF, DCTB Matrix, positive mode) Calc: 1146.40 Found:
1147.3 (M+). The compound was found to be too insoluble in suitable solvents to record a 'H NMR
spectrum.

(Boc),N
N(Boc),

(Boc),N
N(Boc),

tetra (bis-Boc)cytosine porphyrin 'H NMR, (CDCl3 ,400MHz): ¢ (ppm) 8.92 (s, 8H, C13,C14),
8.33 (d, J=8.2 Hz, 8H, C9), 8.07 (d, J=7.4 Hz, 4H, C6), 7.83 (d, J=8.3 Hz, 8H, C8), 7.37 (d, J=7.4
Hz, 4H, C5), 1.66 (s, 72H, Boc), -2.81 (s, 2H, NH)
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4.5.5 Synthesis of 3,5-di-t-butylbenzaldehyde

1-bromo-3,5-di-tert-butylbenzene (1 g, 3.72 mmol) and THF (15 ml) was added to a flask which had
been flame-dried and back-

filled three times with nitrogen. n-butyllithium (2.26 ml, 1.6 M in hexanes, 4.46 mmol) was
added via syringe at -78 °C over a period of 20 minutes. The mixture was stirred for a further 20
minutes at -78 °C and DMF (0.4 ml, 5.2 mmol) was added. After 1 hour the reaction was allowed
to warm to room temperature and water (10 ml) was added. The organic layer was extracted with
diethyl ether (3 x 10 ml), dried over MgSO, and the solvent removed under reduced pressure to
give a colourless solid (1.2 g 100 %): 'H NMR (CDCl; ,400MHz): ¢ (ppm) 10.02 (s, 1H, C1), 7.74
(d, J=1.8 Hz, 2H, C3), 7.72 (t, J=1.8 Hz, 1H, C6), 1.38 (s, 18H, C7); 13C NMR (CDCIl3 ,101MHz):
d (ppm) 193.2 (C1), 151.8 (C4), 136.2 (C2), 128.9 (C5), 124.1 (C3), 35.0 (C6), 31.3 (C7); MS (EI)
Calc.: M+ = 218.17 Found: M+H = 219.17, M+Na 241.16, M+NH, = 236.20

4.5.6 Synthesis of 3,5-di-tert-butylphenyl-dipyrromethane

3,5-di-tert-butylbenzaldehyde (1 g, 3.5 mmol) was dissolved in freshly distilled pyrrole (35 ml) and
TFA (0.3 ml, 0.35 mmol) was added. The mixture was stirred for 20 minutes upon which a pale yellow
solution was formed. The reaction was quenched by addition of NaOH (30 ml, 0.01 M). The organic
layer was extracted with dichloromethane, dried over MgSO,4 and the solvent removed under reduced
pressure. The dark yellow oil was purified by column chromatography (SiOy, DCM:EtOAC:NEt;
90:9:1-84:15:1) to give a gold-yellow solid (1.1 g, 67 %): 'H NMR (CDCl3 ,400MHz): § (ppm) 8.95
(s, 1H, NH), 8.35 (s, 1H, NH), 7.69 (d, J = 8.5 Hz, 2H, C3), 7.48 (d, J = 8.4 Hz, 2H), 6.78 (m, J
= 1.4 Hz, 2H, C11), 6.22 (q, J = 2.8 Hz, 2H C10), 5.94 - 6.01 (m, 2H, C9), 5.62 (s, 1H, C1), 1.47 -
1.59 (m, 18H); 13C NMR (CDCl;3 ,101MHz): § (ppm) 150.62 (C4), 132.86 (C2), 130.01 (C8), 129.26
(C3), 123.63 (C5), 117.67 (C11), 108.58 (C10), 107.57 (C9), 84.05 (C1), 43.64 (C6), 27.86 (C7); MS
(ESI) Calc.: M+ = 326.24 Found: M+H = 327.31
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4.5.7 Synthesis of 3,5-di-tert-butylphenyl morpholin-4-yl ketone

3,5-di-tert-butylbenzoic acid (7 g, 29.9 mmol) was added to a flask which had been flame-dried and
back-filled with nitrogen three times. DCM (70 mL) was added via cannula followed by DMF (0.77
mL, 9.9 mmol) and oxalyl chloride (2.3 mL, 26.9 mmol) via syringe (15 mins). This colourless solution
was stirred under nitrogen for 90 minutes. A second flame-dried, back-filled flask was charged with
DCM (70 mL), morpholine (9.3 mL, 108 mmol) and triethylamine (4.3 mL, 30.8 mmol). This solution
was carefully added to the first via syringe over a period of 20 minutes. The resulting turbid solution
was stirred under nitrogen for 2 hours and quenched via careful addition of 0.5 M HCI (100 mL)
and stirred fora further 30 minutes. The organic layer was separated and washed with water (3 100
mL) and dried over MgSO, and the solvent removed under reduced pressure to yield a colourless
product (8.43 g, 95%): 'H NMR (CDCl3, 400MHz): § (ppm) 7.47 (t, J= 1.8 Hz, 1H, C5), 7.23 (d,
J= 1.9 Hz, 2H, C3), 3.86 - 3.57 (m, 8H, C8-C9), 1.33 (s, 18H, C7); *C NMR (CDCl3, 101MHz): §
(ppm) 171.5 (C1), 151.1 (C4), 134.5 (C5), 123.9 (C3), 121.2 (C2), 66.9 (C8-C9, 34.9 (C6), 31.3 (C7)

4.5.8 Synthesis of bis-Boc-adenine-phenyl-dipyrromethane

(Boc),N

1-formylphenyl-bis-Boc-adenine (700 mg, 2.1 mmol) and freshly distilled pyrrole (16 mL, 228 mmol)
were added to a ask and degassed with nitrogen for 30 minutes. InC1® (102 mg, 0.46 mmol) was added
and the reaction was stirred under nitrogen for 2 hours. The reaction was quenched via addition of
aq. NaOH and the mixture was filtered. The solvent was removed under reduced pressure to yield
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a dark brown oil which was purified by column chromatography (SiOs CH2Cly : CH5Cly:EtOAc
85:15) to yield an off-white solid (300 mg, 26 %). 'H NMR, (CDCl3, 400MHz): § (ppm) 8.95 (s, 1H,
C2), 8.35 (s, 1H, C8), 7.69 (d, J= 8.5 Hz, 2H, C11), 7.48 (d, J= 8.4 Hz, 2H, C10), 6.78 (m, J=
1.4 Hz, 2H, C17), 6.22 (q, J= 2.8 Hz, 2H, C16), 5.94 - 6.01 (m, 2H, C15), 5.62 (s, 1H, C13), 1.47 -
1.59 (m, 18H, Boc); 13C NMR (CDCls, 101MHz)): & (ppm) 152.79 (C6), 150.62 (Boc), 143.65 (C2),
143.22 (C8), 132.86 (C5), 131.72 (C12), 131.43 (C9), 130.01 (C14), 129.26 (C11), 123.63 (C10),
117.67 (C17), 108.58 (C16), 107.57 (C15), 84.05 (Boc), 43.64 (C5), 27.86 (Boc) MS (EI): m/z+:
Calc 578.2492 (M + Na)+ Found 578.2498 (M + Na)+.

4.5.9 Synthesis of mono-(phenyladenine)-tri-(3,5-di-tert-butylphenyl)porphyrin
(Mono AP)

1,9-bis(3,5-di-tert-butylbenzoyl)-5-(3,5-di-tert-butylphenyl)dipyrromethane (80 mg, 0.1 mmol) was
dissolved in MeOH (25 ml) and THF (10 ml). NaBH4 (400 mg, 0.1 mmol) was added slowly over
30 minutes upon which an orange solution was formed. The reaction was quenched via addition of
water, extracted with CHyCls, dried over KoCO3 and the solvent removed under reduced pressure.
The resulting orange solid was dried in vacuo for 1 hour to yield the dicarbinol compound before
being carried onto the next step without further purification. The dicarbinol compound and bis-Boc-
adenine-phenyl-dipyrromethane were dissolved in MeCN (200 ml) and TFA (0.7 mL, 9.36 mmol))
was added and the mixture stirred at room temperature for 5 minutes. DDQ (531 mg, 2.34 mmol)
was added and the reaction mixture was stirred for a further hour before triethylamine (1.3 mL,
9.36 mmol) was added to quench the reaction, before stirring the dark purple solution for a further
15 minutes. The solution was filtered through alumina and the solvent removed under reduced
pressure. The dark purple solid was purified via column chromatography (SiOy CH2Cly) (10 mg
0.008 mmol 8 %) . MS (MALDI-TOF, DCTB matrix, positive mode) Calc: 1084.48 Found 1084.8
(M+H)+. 'H NMR (CDCl3, 400MHz)): 6 (ppm) 8.87 - 9.00 (m, 8H, C15,C16), 8.60 (s, 1H, C2),
8.42 - 8.52 (m, 3H, C22), 8.16 (d, 3J= 8.5 Hz, 2H, C11), 8.07 - 8.14 (m, 6H, C20), 7.78 - 7.87
(m, 3H, C10, C8), 1.55 (br. s., 54H, C24), -2.70 (m, 2H, NH). ¥C NMR (CDCl3, 126MHz)): §
(ppm) 155.8, 153.9, 150.2, 148.8, 148.7, 142.6, 141.2, 141.2, 139.8, 135.7, 134.5, 129.9, 129.7, 121.9,
121.6, 121.4, 121.1, 120.5, 117.6, 35.1, 31.7 MS (MALDI-TOF, DCTB matrix, positive mode) Calc:
1084.48 Found 1084.8 (M+H)+.
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Chapter 5

Self-Assembly of DNA
Functionalised Porphyrins

5.1 Crystal Structure

The synthesised DNA base functionalised porphyrins could now be used for self-assembly and their
intermolecular interactions studied. The crystal structure of the previously synthesised mono-
thymine porphyrin had already been solved where hydrogen bonding interactions were observed
between the thymine moiety as expected as shown below (Figure 5.1)[83].

Figure 5.1: View of the single crystal X-ray structure of mono-TP illustrating the formation of the
inter-thymine double hydrogen-bonding interaction (represented with the two dotted lines) observed
in the solid state. Hydrogen atoms of the tert-butyl groups are omitted for clarity. Atoms are
coloured as follows: C - light blue; N - dark blue; H - white; O - red.[83]
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The crystal structure of the synthesised mono-adenine porphyrin was found by growing a single
crystal by slow evaporation of the compound from CDCIl3. The crystal structure confirms the iden-
tity of the product and the relative planar arrangement of the adenine moiety with respect to the
porphryin ring (Figure 5.2). The crystal structure provides insight into the intermolecular interac-
tions present within the solid phase. Of most interest is the adenine-adenine hydrogen bond. As
expected, the adenine moiety forms intermolecular hydrogen bonds to an adjacent molecule. The
hydrogen bonding mode observed is that between the Ho-Ho faces of the molecule. As discussed
previously, it is possible for unfunctionalised adenine to self-associate into up to 21 different arrange-
ments while functionalisation in the N-9 position, as employed here and in the N-9-propyladenine
analogue, limits the number of possible arrangements to 15. The three most relevant of those, in or-
der of decreasing stability, are the We-We, We-Ho and Ho-Ho hydrogen bonding modes. Therefore,
it is relatively surprising that the mono-adenine porphyrin was found to adopt the Ho-Ho hydrogen
bonding interaction as the We-We and We-Ho hydrogen bonding modes are observed for adenine
or 9-propyladenine. This can likely be attributed to the the presence of additional hydrogen bond-
ing interactions from EtOAc solvent molecule or other packing interactions from the large t-butyl
functionalised porphyrin ring.

Figure 5.2: View of the single crystal X-ray structure of mono-AP illustrating the formation of the
inter-adenine double hydrogen-bonding interaction (represented with the two dotted lines) observed
in the solid state. Hydrogen atoms of the tert-butyl groups are omitted for clarity. Atoms are
coloured as follows: C - light blue; N - dark blue; H - white.

The hydrogen bond lengths of the mono-adenineporphyrin crystal in the Ho-Ho arrangement are
slightly longer than those observed in 9-propyladenine which adopts the We-Ho arrangement. This is
in agreement with the relative calculated stability of these interactions. For the We-Ho interactions
there are two bond lengths and angles shown due to the asymmetric interaction.
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Entry Mode rH-N(A) 1 N-N(A) 6 D-H-A

n-prA  Wc-Ho 2.085,2.207 2.965, 3.086 165.646, 169.701
tBBzA  Wc-Ho 2.171, 2.200 3.029, 3.028 174.9, 161.7
mAP  Ho-Ho 2.340 3.084 145.1

Table 5.1: Table of Hydrogen bonding angles between adenine functionalised porphyrin and simple
alkyl analogues.

5.2 NMR Dilution and Titration Studies

To further study the hydrogen bonding of DNA functionalised porphyrins in solution a number of
NMR titration experiments were carried out. These would provide information on the association
constant of the interaction giving an insight into the relative strength of the interaction. The
previously synthesised mono-thymineporphyrin was analysed by both a dilution experiment and
titration experiment with 9-propyladenine to determine the self-association constant and association
constant with a simple analogue of the relevant base pair. Mono-thymineporphyrin with its bulky
t-butyl groups was used by Champness et al. for these studies due to the insufficient solubility of
tetra-thymineporphyrin in a suitable solvent[83]. These experiments were repeated with the mono-
adenineporphyrin and its relevant base pair (propylthymine) to compare the self-association and
base pair dimer constants as shown below (Table 5.2).

Entry KdS KdD

mTP 9 84
mAP 12 245

Table 5.2: Table of association constants for the self-association (Kd S) and complementary dimeri-
sation (Kd D) of DNA functionalised porphyrins with the relevant alkylated base pair.

As expected, the association constants (Kd D) for the binding of DNA functionalised porphyrins
to the relevant base pair are considerably higher than the self-association constant (Kd S). This is
due to the increased hydrogen bond strength of complementary base pair binding (A-T vs AA or
TT). The Kd S and Kd D values are in line with those reported in literature. Speciation plots of
titration of mAP with propylthymine show how the population of mAP (Host) and propylthymine
(G) change as the guest is titrated into the host solution (Figure 5.3). At low concentration of guest
the solution is primarily consisted of host as expected. As the guest is added the population of host
decreases and the host-guest dimer population increases.
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Figure 5.3: Speciation plot of population against concentration for the titration of porpylthymine
(H) with mono-adenineporphyrin (G).

5.3 Surface Self-Assembly of DN A Functionalised Porphyrins

The primary focus of this work is studying the 2D self association of DNA functionalised por-
phyrins on a surface. It was hoped that an adenine functionalised porphyrin would interact with
the previously synthesised thymine functionalised porphyrin in a multicomponent system due to the
complementary hydrogen bonds formed between the two nucleobases. This surface self-assembly
work was carried out by Dr Matthew Blunt, our collaborator at University College London in a
recently submitted publication.

5.4 Self-Assembly of Zn-Tetra-TP

The first investigation of this work was the study of zinc-metallated-tetrathymineporphyrin. This
was compared to the previously studied tetrathymine porphyrin which was found to self-assemble
on the surface due to thymine-thymine intermolecular hydrogen bonds.[83] The zinc-metallated
porphyrin was found to assemble in an identical manner to the free-base porphyrin but with the
clear increase in contrast due to the central metal atom (5.4). Zn-tetra-TP forms an ordered structure
on a square lattice with p4 symmetry with a unit cell of dimensions a = (26.2 + 0.9)A; b = (26.3
+ 0.5)A; o = 89 + 2)°. The unit cell vectors were arranged at angles of fa = (5 + 2)° and b =
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(26 £ 2)° with respect to the underlying HOPG lattice. These unit cell dimensions are identical to
those previously measured for free-base tetra-TP.

Figure 5.4: Self-assembly of Zn-tetra-TP at the liquid-solid interface between TCB and HOPG. (a)
Drift corrected STM image of the Zn-tetra-TP network; bright features correspond to porphyrin
cores. The insert shows a magnified view of the structure with the 2D unit cell marked. Unit cell
parameters from STM are: a = (26.2 £ 0.9) A; b = (26.3 + 0.5) A; a = (89 =+ 2)°. The orientation
of the underlying HOPG lattice is given by the arrows in the top right hand corner. STM imaging
parameters: Vs = -0.85 V; It = 10 pA. Scale bar = 4 nm. (b)Molecular model of the Zn-tetra-TP
network from MM simulations. Unit cell parameters a= 26.7 A; b= 26.7 A; o = 89.4°.

Molecular modelling was used to establish the positions of Zn-tetra-TP molecules on the surface
and the relative orientation of the thymine groups. Geometry optimised MM simulations were
calculated using the unit cell dimensions from drift-corrected STM images. Thymine groups can
rotate around the thymine N-1-phenyl bond leading to two possible orientations that thymine can
adopt relative to the rest of the molecule. The MM simulations selected the orientation of the
thymine groups such that the hydrogen bonding interactions were maximised whilst retaining the
unit cell dimensions observed via STM. In the resulting model shown in Figure 5.4 all the thymine
groups point in the same direction with respect to the porphyrin core and the Watson-Crick hydrogen
bonding mode is observed. Unit cell dimensions from the MM simulations are a = 26.7 A; b = 26.7
A; o =89.4°, with the unit cell vectors making angles with respect to the underlying HOPG lattice of
fa = 4.6° and b = 26.0°. These unit cell dimensions are clearly in agreement with the experimental
dimensions observed via STM.

5.5 Self-Assembly of Tetra-AP

The self-assembly of the synthesised tetra-adenine porphyrin was then studied on the HOPG surface.
This molecule had not been studied before and it was hoped that intermolecular hydrogen bonds
would form between the adenine functional groups to form a 2D supramolecular network. The tetra-
adenine porphyrin was not metallated so images with such high contrast as Zn-tetra-TP were not
expected. Instead, a cross-shaped pattern was observed which allowed the orientation of porphyrin
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molecules with respect to each other to be identified. The self-assembled structure forms an oblique
lattice with p2 symmetry and unit cell dimensions a= (19.8 4+ 0.6) A; b= (22.9 + 0.7) A; a = (84
3)°. The angles of the unit cell vectors with respect to the underlying HOPG lattice are fa= (23
4)° and b= (3 3)°. The adenine groups on tetra-AP can also rotate with respect to the porphyrin
core in a manner similar to that shown by tetra-TP leading to two possible orientations when the
molecule is adsorbed onto the surface. Molecular modelling simulations showed that in contrast to
the thymine porphyrins these adenine groups do not adopt the same orientation with respect to the
porphyrin core. Instead, the adenine groups adopt alternative orientations around the molecule as
shown in Figure (5.5). The MM simulations found that these orientations were necessary to form
a molecular model that both matched the experimental unit cell dimensions and displayed sensible
hydrogen bonding interactions. In the molecular model proposed, each adenine molecule forms three
hydrogen bonds: A Wc-We dimer between two adenine groups at opposite corners of the unit cell
and another formed by the close packing of an adjacent tetra-AP. The unit cell dimensions of the
tetra-AP MM are a = 19.2 A; b = 22.8 A; a = 83.7°, with the unit cell vectors making angles
with respect to the underlying HOPG lattice of fa = 26.3° and b= 2.7° which closely match the
experimentally derived unit cell dimensions.

Figure 5.5: Self-assembly of tetra-AP at the liquidsolid interface between TCB:THF and HOPG.
(a) Drift- corrected STM image of the tetra-AP network; cross shaped features correspond to the
porphyrin cores. The insert shows a magnified view of the structure with the 2D unit cell marked.
Unit cell parameters from STM are: a = (19.8 + 0.6) A; b = (22.9 + 0.7) A; a = (84 3)°. The
orientation of the underlying HOPG lattice is given by the arrows in the top right hand corner.
STM imaging parameters: Vs = -0.65 V; It = 45 pA. Scale bar = 6 nm. (b) Molecular model of the
tetra-AP network from MM simulations. Unit cell parameters a = 19.2 A; b = 22.8 A; o = 83.7°.

5.6 Self-Assembly of Zn-Tetra-TP and Tetra-AP Mixture

Zn-Tetra-TP and Tetra-TP were codeposited in a 1:1 molar ratio on HOPG and studied via STM
to show the images shown below. Figure 5.6 (a) shows the ordered domains formed on the surface
and in image 5.6 (b) the cross shape of individual porphyrins can be seen highlighting the ordered
orientation that the molecules adopt. Analysis of drift-corrected images gave unit cell dimensions
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(marked on Figure 4b in red) of a = (21.7 & 0.7) A; b= (22.0 £ 0.6)A; o = (90 + 3)°. The angles
the unit cell vectors make with respect to the underlying HOPG lattice are fa= (12 + 3)° and b=
(19 3)°. It is clear from the images that the porphyrins adopt an ordered arrangement due to the
observed ordered pattern of cross-shaped images. The orientation and unit cell dimensions of these
images was found to be different to those observed for Zn-tetra-TP and tetra-AP mono-component
networks indicating that the mono-component self-assemblies are not present. However, in images
(5.6 a and b) it is not possible to differentiate the Zn-thymine and adenine species. It was hoped
that the metallated porphyrin could be differentiated from the free-base porphyrin by the increased
contrast observed in the STM images for the metallated species. Extended scanning of the surface
did find areas where a different contrast was consistently observed. In these images the molecules
of brighter contrast have been assigned to the Zn-containing porphyrin.

Figure 5.6: (a)Large scale STM image of the Zn-tetra-TP and tetra-AP network.(b) Drift-corrected
STM image of the Zn-tetra-TP and tetra-AP network; cross shaped features correspond to porphyrin
cores. The insert shows a magnified view of the structure with the 2D unit cell marked in red. Unit
cell parameters from STM are: a= (21.7  0.7) A; b= (22.0 + 0.6) A; o = (90 & 3)°. The orientation
of the underlying HOPG lattice is given by the arrows in the top right hand corner. (c) Alternate
contrast image of the Zn-tetra-TP and tetra-AP network showing ordered arrangement of molecules
with brighter contrast corresponding to Zn-tetra-TP; insert shows the 2D Fourier transform of the
STM image. Unit cell parameters for the marked blue cell from STM are: a= (31.1 £+ 1.1) A; b=
(30.8 + 1.0) A; o = (90 + 4)°. STM image scale bars: (a)25 nm; (b)5nm and (c¢)6 nm. STM imaging
parameters: (a)Vs = -0.50 V, It = 10 pA; (b)Vs =-0.25 V, It = 10 pA; and (¢)Vs =-0.55 V, It =
10 pA.

A model was calculated for the arrangement of Zn-tetra-TP and tetra-AP on the surface by MM
simulations as shown in Figure 5.7. This structure displays p4 symmetry consisting of alternating
Zn-tetra-TP and tetra-AP molecules arranged in a chessboard type pattern. The unit cell dimensions
measured via STM measurements from image (b)(red) and (c)(blue) are overlaid on the model. The
unit cell dimensions are red: al= 21.9 A; bl= 22.2 A; al= 90.9°; and blue: a2= 31.4 A; b2= 30.9
A; a2=90.8°. The angles that the red unit cell vectors make with respect to the underlying HOPG
lattice are fa = 13.9° and ¢b = 17.0°. These dimensions are all consistent with those obtained
from drift-corrected STM measurements. In this model the structure is stabilised by four hydrogen
bonds in the form of an ATAT quartet as shown in Figure 5.7. These A and T components are
each from different porphyrin molecules. The quartet consists of two We-We dimers (highlighted in
green) and two additional NH-O hydrogen bonds formed from the adenine amine group and thymine
carbonyl. This results in six hydrogen bonds in total for the hydrogen bonding quartet. As described
earlier, ATAT quartets have been observed before by Mamdouh et al.[82]. In that study a number
of adenine-thymine interactions were observed on HOPG including AT dimers and different ATAT
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quartets (Figure 5.8). The stability of these interactions were calculated using DFT calculations
to quantify the binding energy of these structures. The most stable structure in this study with a
binding energy of Ebind = 1.24 eV per mol consisted of a Hoogsteen structure as shown in Figure
5.8 (12). (As was observed in the propyladenine:propylthymine cocrystal structure). The ATAT
quartet observed between adenine and thymine porphyrins however, was calculated to have a lower
binding energy of Ebind = 1.08 eV per quartet. This would suggest that the observed ATAT quartet
was not the most stable possible arrangement for the DNA nucleobase porphyrins. It is important
to note that the structures studied by Mamdouh et al. consisted of unfunctionalised nucleobase
molecules and when the role of the porphyrin core is considered it can be seen that all the planar
structures, except that which is proposed, would be prevented due to the steric effect of the large
porphyrin core. Therefore, the ATAT quartet shown in figure (5.7) is likely to be the most stable
possible arrangement for co-deposition of Zn-tetra-TP and tetra-AP.

Figure 5.7: (d) Molecular model of the Zn-tetra-TP and tetra-AP network from MM simulations.
Unit cell parameters: red al= 21.9 A; bl= 22.2 A; al= 90.9°; blue a2= 31.4 A; b2= 30.9 A; a2=
90.8°; (e) Molecular model of ATAT quartet with hydrogen bonds marked as black dashed lines. AT
pairs in the Watson-Crick hydrogen bonding configuration are marked by the green dashed ovals.
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Figure 5.8: Adenine-thymine dimers and quartets and relevant binding energies as calculated by
Besenbacher et al.[82].
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5.7 Conclusions

The self-assembly of DNA functionalised porphyrins was studied. The crystal structure of mono-
AP was found to self-associate via Hoogsteen hydrogen bonds between the adenine moiety. The
hydrogen bond lengths were analysed in this crystal structure were found to be slightly longer than
those observed in the simple adenine analogues. The hydrogen bonding interactions of thymine
and adenine functionalised porphyrins was studied by NMR dilution and titration experiments and
evidence of hydrogen bonding interactions were observed in solution. As expected, the association
constant for the complementary base pairs was considerably higher than the relevant self-association
constant. Finally, selected DNA functionalised porphyrins were studied on a HOPG surface and
the Zn-tetra-TP molecule was found to associate in the same manner as the equivalent free-base
porphyrin. The associated zinc molecule was found to result in a brighter contrast in the STM
image. Tetra-AP was also found to self-associate on the HOPG surface via three hydrogen bonds.
In the suggested model tetra-AP forms a We-We dimer between two adenine molecules on opposite
corners of the unit cell and another formed by the close packing of a second tetra-AP molecule. The
Zn-tetra-TP and tetra-AP molecules were then mixed in a 1:1 ratio on the surface and were found
to form an alternating arrangement based complementary ATAT interactions. The ATAT quartet
formed in this self-assembled structure has been shown in literature to not be the most stable ATAT
quartet but the model proposed also considers the limits of the whole structure where the DNA
bases are attached to a rigid porphyrin core.

5.8 Experimental

5.8.1 Crystallography

Single crystal X-ray diffraction experiments were performed on a Rigaku Saturn724+ diffractometer
equipped with a rotating anode using monochromated Cu-Kea radiation (A = 1.5418 A) at 120 K. The
structures were solved by direct methods using either SHELXS or SHELXT[111] and refined with
SHELXL[112] using a least squares method. OLEX2 software was used as the solution, refinement
and analysis program.[113] All hydrogen atoms were placed in geometrically calculated positions;
non-hydrogen atoms were refined with anisotropic displacement parameters.

For the structure of mono-A disordered solvent ethyl acetate could not be reasonably modelled
to give convergence and the data was processed using SQUEEZE,[152] which gave an estimate
of 177 e~ per cell. corresponding to approximately four ethyl acetate molecules per cell. These
molecules were then added to the sum formula. The tertiary butyl groups 1 (C22A-25A and C22B-
25B), 2 (C29A-31A and C29B-31B), 3 (C42A-44A and C4B2-44B), 4 (C47A-50A and C47B-50B), 5
(C61A-63A and C61B-63B), and 6 (C67A-C69A and C67B-69B) were disordered over two positions
and their respective occupancies were refined competitively. 1 converged to a ratio of 0.57:0.43, 2
converged to a ratio 0.73:0.27, 3 converged to a ratio of 0.64:0.36, 4 converged to a ratio of 0.90:0.10,
5 converged to a ratio of 0.58:0.42, and 6 converged to a ratio of 0.26:0.74. Enhanced rigid bond and
similarity restraints were applied to the thermal parameters of the disordered tertiary butyl groups.
Chemically equivalent bonds of the disordered molecules were restrained to be approximately equal
to each other. The angles between the atoms of 4 and 6 were restrained to an approximate refining
value and at convergence was 2.5.

5.8.2 STM Studies
Synthesis of Zinc-tetra(benzoyl)thymine-phenylporphyrin

Tetrabenzoylthymine-phenylporphyrin[83] (0.01 mmol, 20 mg ) was dissolved in CH5Cly/MeOH (20
ml 1:1 v:v). Zn(OAc)2(10 eq.) was added to the dark purple solution and stirred overnight at room
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temperature upon which the solvent was evaporated under vacuum. The resulting shiny purple solid
was purified by column chromatography (SiO3 CH3Cly:EtOAc 10:1) to yield the pure metallated
compound (12 mg, 80 %). *H NMR (CDClz, 400MHz): §(ppm) 8.94 (s, 8H), 8.32 (d, J=8.6 Hz,
8H), 8.12 (dd, J=8.4, 1.3 Hz, 8H), 7.82 (d, J=8.3 Hz, 8H), 7.75 (d, J=1.2 Hz, 4H), 7.72 (t, J=7.5 Hz,
4H), 7.59 (t, J=7.8 Hz, 8H), 2.19 (d, J=1.2 Hz, 12H). MS (MALDI-TOF, DCTB Matrix, positive
mode) Calc: 1588.37 Found:.1591.3

Synthesis of Zinc-tetrathymine-phenylporphyrin, Zn(tetra-TP)

Zinc-tetra(benzoyl)thymine-phenylporphyrin (12 mg) was dissolved in THF (10 ml) and NH,;OH
(2.5 ml) was added. The resulting mixture was stirred at room temperature overnight and then
the solvents were evaporated under vacuum. The residue was triturated with toluene and MeOH
before the purple solid was suspended in methanol and isolated by centrifugation (8 mg, 91 %). MS
(MALDI-TOF, DCTB Matrix, positive mode) Cale: 1172.27 Found: 1172.9. The compound was
found to be too insoluble in suitable solvents to record a 'H NMR spectrum.

STM Imaging

Zn-Tetra-TP and Tetra-AP were dissolved in a 1:9 volume ratio mixture of tetrahydrofuran (THF)
(Sigma Aldrich, anhydrous, 99.9%) and 1,2,4-trichlorobenzene (TCB) (Sigma Aldrich, anhydrous,
99.9%) producing a 3.5 x107® M solution and used as a stock solution to produce a range of
TTP/TAP mixtures with various molar ratios and overall molar concentrations. STM samples
were produced by mounting a freshly cleaved HOPG sample (Agar Scientific) in a PTFE liquid-
cell and pre-heating the substrate to 60 °C using a sample heating stage positioned beneath the
substrate. The liquid cell was then filled with 50 uL of the desired solution while the substrate was
maintained at 60 °C. After 10 minutes of heating at 60°C, the samples were allowed to cool naturally
before being loaded in to the STM for imaging. STM experiments were carried out directly at the
liquid-solid interface between the TCB/THF mixture and HOPG using a 5500 series SPM system
(Keysight Technologies) operating under ambient conditions and at room temperature. The STM
tips were mechanically cut from Pt/Ir (80:20) wire (Advent Research Materials Ltd). All images
were obtained in constant current mode and have had a flattening procedure applied to them. Drift
correction of high resolution STM images was carried out using the Scanning Probe Image Processor
(SPIP) software (Image Metrology ApS, Lyngby, Denmark). This process involved the collection of
a high resolution image of a molecular structure immediately followed by collecting an image of the
underlying HOPG lattice. The image of the HOPG lattice was collected using identical scanning
parameters apart from the tunnel current and bias voltage. By assuming that the level of drift
is constant for both images the known lattice dimensions of HOPG can be used to produce a set
of correction parameters for the HOPG image. These parameters can then be applied to the high
resolution molecular image to produce a drift corrected image. All unit cell dimensions and angles
are obtained by taking the mean of at least three measurements taken from separate drift corrected
STM images. The stated error values for these measurements are the standard deviation of the
various measurements.

5.8.3 Molecular Mechanics (MM) Studies

MM simulations of the Zn-tetra-TP, tetra-AP and Zn-tetra-TP /tetra-AP surface structures were
carried out using the HyperChem software package. A single layer of graphite was fixed in place and
used as a substrate. On top of this layer were placed the molecules representing an individual unit
cell of the different 2D structures. The starting positions for the molecules were derived using drift-
corrected STM images as a guide and maintaining a 0.35 nm vertical distance between the planar
porphyrin cores of the molecules and the underlying graphite layer. Once positioned, these structures
were geometry optimised using the MM+ force field. The optimisation process was terminated when
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a gradient < 0.01 kcal A=! mol~! was reached. All unit cell dimensions and angles are taken from
geometry optimised structures.
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