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Abstract

Abstract

“There is plenty of room at the bottom”. These were the famous words of Richard P.
Feynman in 1959 that led to the birth of nanotechnology and nanoscience. Electronic devices
based on inorganic semiconductors have been part of our daily lives for the last 60 years.
Their miniaturisation has occurred gradually over the years, however, according to Moore’s
law the contemporary microelectronic industry’s “top-down” manufacturing technique will
soon reach its limits. Therefore, the recent development and increased knowledge of organic
semiconductors has led to a tendency to explore alternative avenues with a focus on the
creation of electronic devices based on organic molecules. The invention of techniques such
STM (1981) and AFM (1986) have facilitated this research, allowing the imaging and
manipulation of surfaces and molecules at the nanometre scale (0.1-100 nm). The next step is
therefore the development of methods for the controlled fabrication of molecular assemblies
and their integration into usable macroscopic systems. In this respect, the “bottom-up”
approach offers considerable advantages over any other methodology (i.e. “top-down”) for
the construction of nanoscale functional materials and devices. This approach generally
exploits the hierarchical self-assembly of functional molecules through multiple non-covalent
interactions to prepare long range ordered and defect-free assemblies barely accessible
through conventional covalent synthesis. However, an intrinsic drawback of investigating
such systems in solution or in a crystal is that molecular components cannot be directly
addressed on a nanometric scale. As a consequence, the best engineering methodology
involves modifying the surfaces of bulk materials such as metals or semiconductors by
deposition of functional organic materials. The modified surfaces are then characterised using
scanning probe microscopies (e.g. STM, AFM). To this end, surface-confined,
supramolecularly constructed, bi-dimensional (2D) networks, featuring regular porous
domains (controllable both in shape and size) are of particular significance in this research
domain because their cavities can be used as receptors for the confinement of other remotely
controlled functional molecules (e.g. molecular switches, luminescent chromophores). Since
these complex nanostructures could ultimately find applications as optoelectronic devices,
research efforts in this domain have been gathering momentum in recent years.

In Chapter 1, the reader is introduced to the methods employed to construct porous
networks on surfaces via supramolecular interactions. The second part of the chapter deals
with recent examples of recognition, selection and immobilisation of guest molecules within
the cavities of the networks, which is followed in the third part with a discussion about

surface assemblies that display structural features or functionality in the third dimension. The

VIl
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last section of the chapter is devoted to the construction of porous networks on surfaces via
the interactions of biomimetic molecules (e.g. DNA), which leads to the objectives of the
present doctoral project.

Inspired by the self-assembly of DNA into nanoporous arrays, it was postulated that
the Watson-Crick base pairing of oligonucleotide’s nucleobases would be ideal in preparing
2D porous networks with large receptor cavities. The idea was to covalently attach
complementary single stranded oligonucleotides to rigid angular and linear unit core modules
respectively, and then allow the two units to self-assemble on surfaces. However, instead of
using DNA oligonucleotides, the use of peptide nucleic acid (PNA) oligonucleotides was
proposed since more robust architectures would be obtained due to the higher duplex stability
displayed by this class of biomimetic molecules. This doctoral dissertation describes the
synthetic steps taken towards achieving this goal.

The design of the angular and linear units bearing complementary PNA oligomers,
required for the preparation of self-assembled nanoporous arrays are shown in Figure i.
However, prior to synthesizing these complex molecules, a simpler proof of principle was
required to confirm that PNA duplexes could be formed on surfaces and also, whether the
presence of chromophoric moieties (e.g. porphyrin) appended to the PNA strands had any
effect on duplex formation and duplex stability. The molecule designed for this proof of

principle was a self-complementary PNA dodecamer bearing a porphyrin adduct (Figure ii).

Angular units:

7 N\ A\
=N  N=
AN
cir
RN
PNAK =N~ N=
\ \ 7
PNA/ PNAL
89
Linear units:

Aromatic core

PNAs- N o — | moiety = o N__PNa
B\“/ ~ TN — |e.g. benzene, — ~ N \n/ B

0 pyrene 0

90

Figure i. The design of the angular and linear units.



Abstract

Figure ii. The self-complementary PNA-porphyrin adduct designed to serve as the proof of principle.

The synthesis of the self-complementary PNA oligomer required for the preparation
of the PNA-porphyrin adduct is described in the first part of Chapter 2. The main synthetic
routes and protecting-group strategies used to prepare PNA monomers and oligomers are
described first. This is followed by a discussion of the orthogonal protecting group strategies
chosen for our project that would allow the isolation of PNA oligomers bearing protected
nucleobases following resin-cleavage. This is contrary to the general norm in existing
strategies wherein resin-cleavage and nucleobase deprotection is carried out in situ, however,
it was required in our synthetic strategy since the terminal amino group of the PNA oligomers
was required for further solution phase reactions. To this end, two protecting group strategies
were proposed, a Fmoc/Mmt and Fmoc/Cbz-protecting group strategies. The solid support
chosen for the Fmoc/Mmt strategy was Tentagel featuring a base-cleavable linker. Due to the
failure to hydrolyse the linker during the resin-cleavage step, the Fmoc/Mmt strategy was
abandoned. In the second strategy, an acid-cleavable Rink amide resin was chosen as the solid
support, therefore a Fmoc/Cbz-protecting group strategy was chosen since it would allow the
TFA-mediated cleavage of the oligomer from the resin, without the deprotection of the Cbz
groups from the nucleobases.

The preparation of the target PNA oligomer (sequence: TTAATTAATTAA) using
the Fmoc/Cbz strategy is described in the next section. First, the required monomers for the
oligomer synthesis were prepared using established procedures. Then, following reports of the
advances in microwave assisted solid phase peptide synthesis claiming improved purity of
oligomer products using short coupling times, the solid phase PNA oligomerisation was
attempted using microwave irradiation. Three attempts were performed. The first, using a
standard laboratory microwave, resulted in a complex mixture of products at the dodecamer
stage. An improvement was observed in the results using the CEM discover SPS microwave
which was specifically designed for solid phase synthesis, however, the crude dodecamer
obtained was still inseparable from the by-products. Similar results were obtained with the
CEM liberty microwave, which was an automated solid phase synthesis setup. Finally,
utilising manual solid phase synthesis, the target PNA dodecamer was obtained. The HPLC
chromatogram of crude PNA dodecamer obtained following resin cleavage displayed a single

major product, which was subsequently purified. The oligomer was then deprotected by
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treatment with TMSI, and was analysed by mass spectrometry, which confirmed that the
target dodecamer had been isolated.

Section 2.2 described our efforts to prepare PNA-chromophore adducts. Following
the isolation of the PNA dodecamer, attempts to covalently attach a porphyrin moiety to the
resin-bound oligomer via an amide linkage failed, possibly due to steric hindrance.
Subsequently, an azide linker was appended to the oligomer, and attempts to attach an
acetylene functionalised porphyrin using a Cu(I)-catalysed 1,3-dipolar cycloaddition were
performed. Unfortunately, this approach also did not yield the target adduct. These
unsuccessful results paved the way to the development of a Cu(l)-free 1,3-dipolar
cycloaddition that enabled the attachment of chromophores to the PNA oligomer.

Recently published reports of Cu(l)-free 1,3-dipolar cycloaddition reactions applied
on DNA oligomers offered inspiration towards this goal. The reported strategies involved the
generation of a nitrile oxide species, which then reacted with either an alkene or an alkyne to
form an isoxazoline or an isoxazole. Two methods of generating the nitrile oxide species were
evaluated using anthracene derivatives. The first method involved the base-mediated
dehydrochlorination of anthracene hydroximoyl chloride to yield the nitrile oxide, which then
reacted with a dipolarophile that was introduced into the reaction mixture. The second
approach to generating a nitrile oxide species involved treating an O-silylated hydroxamic
acid derivative of anthracene with trifluoromethanesulfonic anhydride in the presence of a
base (Carreira’s method). Following successful trapping of the nitrile oxides generated by
both methods using trimethylsilyl ethylene as the dipolarophile, the reactions were applied on
a resin-bound, acetylene-functionalised PNA dodecamer. Both methods yielded the target

PNA-anthracene adduct (Figure iii).
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Figure iii. Molecular structure of the PNA-anthracene adduct.

Since the nitrile oxide-acetylene 1,3-dipolar cycloaddition reaction had never been
applied on porphyrins, a method had to be developed. Attempts to prepare a hydroximoyl
chloride derivative of a porphyrin resulted in the decomposition of the macrocycle upon
treatment with chlorinating agents (NCS, fert-BuOCI, and 1-chlorobenzotriazole), therefore,
the hydroximoyl chloride method was abandoned in favour of the Carreira method. An O-
silylated hydroxamic acid derivative of porphyrin was synthesized, and upon exposure to

trifluoromethanesulfonic anhydride and Et;N, the nitrile oxide was generated and was trapped

Xl
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with a large excess (200 eq.) of trimethylsilyl ethylene yielding the target tetra-isoxazole
porphyrin (Figure iv) derivative in 62% yield, which corresponded to a yield of 89% per 1,3-
dipolar cycloaddition. Optimisation of the reaction conditions using phenyl acetylene as the

dipolarophile allowed similar yields to be obtained with only a 10 eq. excess of the acetylene.

Figure iv. Molecular structures of the tetra-isoxazole porphyrins isolated using a Cu(I)-free nitrile
oxide-acetylene 1,3-dipolar cycloaddition reaction. The nitrile oxide was generated using the Carreira
method.

Having developed a protocol that was compatible with both PNA and porphyrin, the
utility of the method to prepare a variety of PNA-chromophore adducts was tested.
Hydroxamate derivatives of pyrene, porphyrin, phenanthroline and fluorescein chromophores
were prepared. Subsequently, the corresponding nitrile oxide species were generated and were
reacted with the resin-bound, acetylene-functionalised PNA dodecamer. The PNA-pyrene
adduct was successfully isolated (Figure v), however, the other target PNA-chromophore
products were not isolated. The porphyrin nitrile oxide derivative was insoluble in the
reaction medium, thus preventing the cycloaddition reaction from proceeding. In the case of
the fluorescein hydroxamate, the presence of nucleophilic functional groups in the starting
material were probably reactive towards the trifluoromethanesulfonic anhydride reagent,
therefore it was unlikely that the nitrile oxide species was formed, and thus the cycloaddition
reaction could not proceed. Finally, the reaction with the phenanthroline derivative yielded a
new product, however mass spectrometry analysis indicated that it did not correspond the
target PNA-phenanthroline adduct. Further work is currently underway to re-evaluate these
reactions.

In parallel to the synthetic work, a preliminary study into the deposition of PNA onto

mica surfaces was investigated using AFM imaging. Deposition of drops of an aqueous
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Figure v. Molecular structure of the PNA-pyrene adduct.

solution of deprotected self-complementary PNA dodecamer onto clean mica surfaces using
spin coating resulted in aggregates of PNA on the surface (Figure vi [left]). Following
annealing of the solution, a repeated deposition of a single drop of the solution resulted in a
completely different surface assembly. The surface was saturated by what was thought to be
PNA duplexes. This was confirmed by the deposition of drop of a solution that was diluted
ten-fold which resulted in an AFM image where bright spot were intermitted by clean mica
surface (Figure vi [right]). Topographical analysis of the surface indicated that the bright
spots were an average in 1 nm in height, which closely corresponds to the expected height of

PNA duplexes, thus confirming that PNA duplexes could be deposited onto surfaces.

0.00

Figure vi. Tapping mode AFM images displaying (left) aggregates and (right) duplexes of PNA
oligomers on mica surfaces following spin coating of a drop of a pre-annealing (left) and post-
annealing (right) PNA solution. The height scales of the AFM image are 60 nm (left) and 3 nm (right).
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Résumeé

“There is plenty of room at the bottom”. Ces célébres mots, prononcés par Richard P.
Feynman en 1959, conduisirent a la naissance de la nanotechnologie et de la nanoscience. Les
appareils électroniques a base de semi-conducteurs font partie de notre quotidien depuis ces
derniéres six décennies. Leur miniaturisation a pris place graduellement au cours des années,
cependant, d’aprés la loi de Moore, la technique de production “fop-down” de 1’industrie
microélectronique contemporaine atteindra bientot ses limites. Dés lors, les développements
récents et la connaissance accrue des semi-conducteurs organiques ont mené a 1’exploration
de voies alternatives se concentrant sur la création d’appareils électroniques a base de
molécules organiques. L’invention de techniques telles que la STM (1981) et I’AFM (1986)
ont facilité cette recherche, permettant I’imagerie et la manipulation de surfaces et de
molécules a I’échelle nanométrique (0.1-100 nm). L’étape suivante est alors le développement
de méthodes permettant le contréle de la fabrication d’assemblages moléculaires et leur
intégration dans des systémes macroscopiques fonctionnels. A cet égard, 1’approche “bottom-
up” offre des avantages considérables par rapport aux autres méthodologies (i.e. “top-down ")
pour la construction a I’échelle nanométrique de matériaux et appareils fonctionnels. Cette
approche exploite généralement 1’auto-assemblage hiérarchique de molécules fonctionnelles
via de multiples interactions non-covalentes afin de préparer des assemblages ordonnés a
longue-distance et sans défauts inhérents, a peine accessibles par de la synthése covalente
conventionnelle. Cependant, investiguer de tels systémes en solution ou dans un cristal
présente un inconvénient intrinséque. En effet a I’échelle nanométrique, tous les composés
moléculaires ne peuvent étre atteints. Dés lors, la modification des surfaces de matériaux tels
que les métaux ou semi-conducteurs, par déposition de matériaux organiques fonctionnels,
semble étre la méthodologie d’ingénierie la plus prometteuse. Les surfaces modifiées sont
alors caractérisées via des microscopies a sonde locales (tel que la STM, AFM). A cette fin,
des réseaux bidimensionnels (2D) construits d’'une maniére supramoléculaire que présentant
une surface confinée et des domaines poreux réguliers (controlables a la fois en forme et en
taille) sont d’une importance particuliére dans ce domaine de recherche, étant donné que leurs
cavités peuvent étre utilisées comme récepteurs pour le confinement d’autres molécules
fonctionnelles (comme par exemple des interrupteurs moléculaires ou des chromophores
luminescents). Puisque ces nanostructures complexes pourraient ultimement trouver des
applications comme appareils optoélectroniques, des efforts de recherche dans ce domaine ont

provoqué beaucoup d’enthousiasme au cours des derniéres années.
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Dans le Chapitre 1, les méthodes employées pour construire des domaines poreux sur
surfaces via des interactions supramoléculaires sont introduites au lecteur. La deuxiéme partie
de ce chapitre traite des exemples récents de reconnaissance, sélection et immobilisation de
molécules guest dans les cavités du réseau. Celle-ci est suivie d’une troisiéme partie
présentant une discussion sur les assemblages sur surface exposant des caractéristiques
structurelles ou des fonctionnalités dans la troisiéme dimension. La derniére section de ce
chapitre est dévouée a la construction de réseaux poreux sur surfaces via les interactions de
molécules biomimétiques (tel que I’ADN), ce qui méne ainsi aux objectifs de ce présent
projet de thése.

Sur base de I’auto-assemblage de I’ADN en réseaux nanoporeux, il a été postulé que
I’appariement de Watson-Crick des nucléobases de 1’oligonucléotide serait idéal pour la
préparation de domaines 2D poreux présentant de larges cavités réceptrices. Notre idée fut
d’attacher covalement des oligonucléotides complémentaires a simples brins a des modules
rigides angulaires et linéaires, respectivement, et ainsi permettre aux deux modules de s’auto-
assembler sur surface. Cependant, nous avons proposé I utilisation d’oligonucléotides
d’acides nucléiques peptidiques (ANP) en lieu et place d’oligonucléotides d’ADN afin
d’obtenir des architectures plus robustes grace a la stabilité plus ¢élevée des duplex formés par
cette classe de molécules biomimétiques. Cette dissertation doctorale décrit les étapes
synthétiques réalisées afin d’accomplir cet objectif.

La conception des unités angulaires et linéaires portant des oligoméres d’ANP
complémentaires nécessaires a la préparation des réseaux nanoporeux auto-assemblés est
décrite a la Figure i. Toutefois, avant de synthétiser ces molécules complexes, une preuve de
principe plus simple était nécessaire pour confirmer que les duplex d’ANP pouvaient étre
formés sur surface, et également observer si la présence d’entités chromophoriques (comme la
porphyrine) attachés aux brins d’ANP avait des effets sur la formation du duplex et sa
stabilité. La molécule élaborée a cet égard fut un adduit formé par un dodécamére auto-
complémentaire d’ANP portant une porphyrine (Figure ii).

La synthése de 1’oligomére auto-complémentaire d’ ANP requis pour la préparation de
I’adduit ANP-porphyrine est décrite dans la premiére partiec du Chapitre 2. Les voies de
synthése principales et les stratégies de protection utilisées pour préparer les monomeres et
oligoméres d’ANP sont décrites en premier lieu. Ensuite, une discussion sur les stratégies de
protections orthogonales choisies pour notre projet est introduite au lecteur. Celles-ci
permettraient I’isolation d’oligoméres d’ANP portant des nucléobases protégées apres clivage
de la résine. Une telle stratégie est contraire aux normes rencontrées dans les méthodologies
existantes, dans lesquelles le clivage de la résine et la déprotection des nucléobases sont

réalisés in situ. Cela dit, procéder autrement était indispensable pour notre stratégie de
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Unités angulaires:

PNAZ

Unités linéaires:

Aromatic core

PNAs N o = | moiety = 0 N Pna
B\[( ~ N —  |e.g. benzene, | ~ g 8

0 pyrene o

90

Figure i. La conception des unités angulaires et linéaires.
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Figure ii. L’adduit ANP auto-complémentaire—porphyrine ¢laboré pour servir de preuve de principe.

synthése puisque le groupement aminé terminal des oligoméres d’ANP est nécessaire pour
des réactions ultéricures en solution. A cette fin, nous avons proposé deux stratégies de
protection, I'une impliquant des groupements protecteurs Fmoc/Mmt, et 1’autre des
groupements protecteurs Fmoc/Cbz. Le support solide choisi pour la stratégiec Fmoc/Mmt fut
le Tentagel, présentant un lien clivable dans des conditions basiques. A cause de ’hydrolyse
non concluante de ce lien pendant I’étape de clivage de la résine, nous avons abandonné la
stratégie Fmoc/Mmt. Dans la seconde stratégie, nous avons choisi comme support solide une
résine amide de Rink clivable dans des conditions acides. Dés lors nous avons choisi une
stratégie exploitant les groupements protecteurs Fmoc/Cbz puisque celle-ci permettrait le
clivage de ’oligomére de la résine par du TFA, sans déprotéger les groupements protecteurs
Cbz des nucléobases.

La préparation de 1’oligomére d’ANP cible (séquence: TTAATTAATTAA) utilisant

la stratégie Fmoc/Cbz est décrite dans la section suivante. Tout d’abord, les monomeéres
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requis pour la synthése de 1’oligomére ont été préparés a partir de procédures déja établies.
Ensuite, sur base de rapports décrivant les avancées réalisées en synthése peptidique sur phase
solide assistée par micro-onde et clamant une pureté accrue des produits d’oligomérisation,
tout en utilisant des temps de couplage courts, nous avons tenté de réaliser 1’oligomérisation
de ’ANP sur phase solide en utilisant des irradiations micro-ondes. Trois tentatives ont été
effectuées. La premicre impliquait 1’utilisation d’un micro-onde standard de laboratoire. Cet
essal a résulté en un mélange complexe de produits au niveau du dodécameére. Une
amélioration des résultats a été observée en utilisant le micro-onde CEM discover SPS, congu
spécifiquement pour la synthése sur phase solide. Cependant, le dodécamére désiré était
toujours inséparable des sous-produits. Des résultats similaires ont été observés avec le micro-
onde CEM liberty, un systéme automatisé pour la synthése sur phase solide. Finalement, en
réalisant une synthése manuelle sur phase solide, le dodécamére d’ANP cible a été obtenu. Le
chromatogramme HPLC du brut du dodécamére d’ANP obtenu aprés clivage de la résine
montre un seul produit majoritaire, qui a été purifié par la suite. L’oligomére a alors été
déprotégé par traitement avec du TMSI et a été analysé par spectrométrie de masse, qui a
confirmé que le dodécamére cible avait bien été isolé.

La section 2.2 décrit nos efforts pour préparer les adduits ANP-chromophore. Aprés
avoir isolé le dodécamére d’ANP, des tentatives pour attacher covalement via un lien amide
I’entité porphyrine a 1’oligomére 1ié a la résine ne furent guére concluantes, certainement dil a
un encombrement stérique. Subséquemment, un linker azoture a été greffé a 1’oligomeére, et
des essais pour attacher une porphyrine fonctionnalisée par un groupement acétyléne, via une
cycloaddition 1,3-dipolaire catalysée par du Cu(l) ont été réalisés. Malheureusement, cette
approche n’a pas non plus fourni I’adduit cible. Ces résultats non fructueux ont ouvert la voie
au développement d’une cycloaddition 1,3-dipolaire sans Cu(l), qui a elle permis la liaison
des chromophores aux oligoméres d’ ANP.

De récents rapports publiés sur les réactions de cycloaddition 1,3-dipolaire sans Cu(l)
appliquées sur des oligomeéres d’ADN nous ont inspiré et aidé a atteindre ce but. Les
stratégies rapportées impliquaient la génération d’un oxyde de nitrile, qui était alors mis en
réaction avec soit un alcéne ou un alcyne, pour former une isoxazoline ou un isoxazole
respectivement. Deux méthodes permettant la génération des espéces d’oxyde de nitrile ont
été évaluées en utilisant des dérivés anthracéne. La premiére méthode impliquait une
déhydrochlorination en présence d’une base, du chlorure d’hydroximoyle de 1’anthracéne,
pour fournir I’oxyde de nitrile. Celui-ci était alors mis en réaction avec un dipolarophile
introduit par la suite dans le mélange réactionnel. La seconde approche menant a la génération
de I'oxyde de nitrile impliquait le traitement d’un dérivé acide hydroxamique O-silylé

d’anthracéne avec de [’anhydride trifluorométhanesulfonique en présence d’une base
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(méthode de Carreira). Aprés piégeage concluant des oxydes de nitrile générés par chacune
des méthodes, en utilisant de 1’éthyléne triméthylsilyle comme dipolarophile, les réactions ont
été appliquées sur un dodécameére d’ANP lié a la résine et fonctionnalisé par un groupement

acétyléne. Chacune des deux méthodes a généré 1’adduit cible ANP-anthracéne (Figure iii).

Figure iii. Structure moléculaire de I’adduit ANP-anthracéne.

La réaction de cycloaddition 1,3-dipolaire entre un oxyde de nitrile et un acétyléne
n’ayant jamais été réalisée sur des porphyrines, nous avons di développer une méthode. Des
tentatives pour préparer le dérivé chlorure d’hydroximoyle de la porphyrine ont toutes résulté
en la décomposition du macrocycle dés traitement avec des agents de chlorination (NCS, tert-
BuOClI, et 1-chlorobenzotriazole). En conséquence, la méthode du chlorure d’hydroximoyle a
été abandonnée pour la méthode de Carreira. Un dérivé d’acide hydroxamique O-silylé de
porphyrine fut alors synthétisé, et lors de I’addition d’anhydride trifluorométhanesulfonique et
de Et;N, I’oxyde de nitrile fut généré et trappé avec un grand excés (200 eq.) d’éthyléne
triméthylsilyle, formant la porphyrine tetra-isoxazole désirée (Figure iv) avec un rendement
de 62 %, ce qui correspond a un rendement de 89 % par cycloaddition 1,3-dipolaire.
L’optimisation des conditions de réaction en utilisant un phénylacétyléne comme
dipolarophile a permis 1’obtention de rendements similaires avec seulement 10 eq. d’excés en

acétyléne.

Figure iv. Structures moléculaires des porphyrines tetra-isoxazole isolées en utilisant une réaction de
cycloaddition 1,3-dipolaire sans Cu(I) entre de 1’oxyde de nitrile et de 1’acétyléne. L’oxyde de nitrile a
été généré en utilisant la méthode de Carreira.
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Ayant développé un protocole compatible a la fois avec ’ANP et la porphyrine,
I’utilité de la méthode pour préparer une variété d’adduits ANP-chromophore a été testée. Des
dérivés hydroxamates de chromophores pyréne, porphyrine, phénanthroline et fluorescéine
ont été préparés. Ensuite, les espéces oxyde de nitrile correspondantes ont été générées et
mises en réactions avec le dodécamére d’ANP lié sur la résine et fonctionnalisé par un
groupement acétyléne. L’adduit ANP-pyréne a été isolé avec succes (Figure v), tandis que les
autres produits cibles ANP-chromophore n’ont pas été isolés. Le dérivé oxyde de nitrile de la
porphyrine ¢était insoluble dans le milieu réactionnel, empéchant ainsi la réaction de
cycloaddition de se réaliser. Dans le cas de I’hydroxamate de fluorescéine, les groupements
fonctionnels nucléophiles présents dans le produit de départ ont probablement réagit avec le
réactif anhydride trifluorométhanesulfonique, empéchant probablement ainsi la formation des
espéces d’oxyde de nitrile, et donc la réaction de cycloaddition d’avoir lieu. Finalement, la
réaction avec le dérivé phénanthroline a fourni un nouveau produit. Cependant les analyses de
spectrométrie de masses ont indiqué que ce dernier ne correspondait pas a 1’adduit ANP-

phénanthroline désiré. Des recherches supplémentaires sont en cours afin de réévaluer ces
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Figure v. Stucture moléculaire de 1’adduit ANP-pyréne.

Parallélement au travail synthétique, une étude préliminaire sur la déposition d’ANP
sur des surfaces de mica a été examinée en utilisant de 1’imagerie AFM. La déposition par
spin coating de gouttes d’une solution aqueuse du dodécamére auto-complémentaire d’ANP
déprotégé sur une surface de mica propre a résulté en des agrégats d’ANP sur la surface
(Figure vi [gauche]). Aprés annealing de la solution, une nouvelle déposition d’une seule
goutte de solution a résulté en un assemblage sur la surface tout a fait différent. La surface
était saturée par ce que nous croyions étre des duplex d’ANP. Ceci fut confirmé par la
déposition d’une goutte de solution diluée dix fois, qui a résulté en une image AFM ou des
spots lumineux étaient séparés les uns des autres par la surface de mica propre (Figure vi
[droite]). Une analyse topographique de la surface a indiqué que les spots lumineux avaient
une hauteur moyenne de 1 nm, ce qui correspond trés fortement a la hauteur attendue des

duplex d’ANP, confirmant ainsi que les duplex d’ANP pouvaient étre déposés sur surface.
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Figure vi. Images AFM en mode tapping montrant des agrégats (gauche) et des duplex (droite)
d’oligomeéres d’ANP sur des surfaces de mica, apres spin coating d’une goutte d’une solution d’ANP
avant annealing (gauche) et aprés annealing (droite). L’échelle de hauteur des images AFM est de 60
nm (gauche) et 3 nm (droite).
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Riassunto

“There is plenty of room at the bottom™ - C’¢ spazio in abbondanza in fondo-. Queste
le famose parole con cui Richard P. Feyman nel 1959 inaugurd i concetti di nanotecnologia e
di nanoscienza. Le apparecchiature elettroniche basate su semiconduttori inorganici sono stati
parte integrante della nostra vita quotidiana negli ultimi 60 anni. La loro miniaturizzazione ¢
avvenuta gradualmente negli anni, ma d’altra parte, secondo la legge di Moore, la tecnica di
produzione “fop-down” dell’industria microelettronica contemporanea raggiungera presto i
suoi limiti. Pertanto, il recente sviluppo e la maggiore conoscenza dei semiconduttori organici
hanno portato ad esplorare vie alternative, ponendo particolare attenzione alla creazione di
dispositivi elettronici basati su molecole organiche. L’invenzione delle tecniche
microscopiche di scansione (“scanning probe microscopies”) quali STM (1981) ¢ AFM
(1986) ha facilitato questa ricerca, permettendo sia I’acquisizione di immagini che la
manipolazione di superfici e molecole su scala nanometrica (0.1-100 nm). Il prossimo passo
riguardera percio lo sviluppo di nuovi metodi per la produzione controllata di set molecolari e
la loro implementazione in devices elettronici macroscopici. In questo senso, 1’approccio
sintetico “bottom-up” offre considerevoli vantaggi rispetto alle altre tecniche di
miniaturizzazione (per es. “top-down”) impiegate per la costruzione di materiali ¢ dispositivi
funzionalizzati su scala nanometrica. Questo approccio sfrutta generalmente il self~assembly
gerarchizzato di molecole funzionali, in grado di interagire attraverso multiple interazioni non
covalenti, formando sistemi multimolecolari ordinati su lungo raggio e privi di difetti,
difficilmente accessibili attraverso i metodi classici di sintesi covalente. Uno svantaggio
intrinseco dello studio di tali sistemi in soluzione o in cristalli & che le molecole non possono
essere direttamente assemblate su scala nanometrica. Di conseguenza, la migliore tecnica di
ingegnerizzazione consiste nella deposizione di materiali organici funzionali su superfici
metalliche e semiconduttrici. Le superfici modificate cosi ottenute, sono quindi caratterizzate
usando tecniche microscopiche di scansione (per es. STM, AFM). I reticoli supramolecolari
bidimensionali (2D) depositati su superficie, caratterizzati da domini porosi (controllabili sia
in forma che in dimensione), sono di particolare rilievo in questo ambito di ricerca, poiché le
loro cavita possono fungere da recettori per il confinamento di altre molecole funzionali
controllandole a distanza (per es. interruttori molecolari, cromofori luminescenti). Dal
momento che queste complesse nano-strutture potrebbero trovare applicazione come
dispositivi optoelettronici, gli sforzi della scienziati in questo ambito si sono notevolmente

intensificati negli ultimi anni.
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Nel Capitolo 1, il lettore viene introdotto ai diversi metodi impiegati per la
costruzione di reticoli porosi su superficie attraverso interazioni supramolecolari. La seconda
parte del capitolo riguarda esempi recenti di ricognizione, selezione e immobilizzazione di
molecole ospiti all’interno delle cavita dei reticoli, ed a seguire nella terza parte verranno
discussi assembly molecolari che mostrano caratteristiche o funzionalita strutturali anche
nella terza dimensione. Infine, I’ultima sezione del capitolo ¢ dedicata alla costruzione di
reticoli porosi su superficie, attraverso le interazioni tra molecole biomimetiche (per es.
DNA), introducendo dunque il lettore all’obbiettivo finale del presente progetto di dottorato.

Inspirati dall’auto-assemblaggio del DNA in matrici nano porose, ¢ stato postulato
che 1’accoppiamento delle nucleobasi di oligonucleotidi secondo il modello Watson-Crick
sarebbe ideale per la creazione di reticoli porosi 2D dotati di grandi cavita come recettori.
L’idea ¢ quella di funzionalizzare covalentemente singoli filamenti di oligonucleotidi
complementari con unita rigide angolari e lineari, ¢ lasciare che le due unita si auto-
assemblino sulla superficie. Invece di usare oligonucleotidi di DNA, ¢ stato proposto 1’uso di
oligonucleotidi di acidi peptidonucleici (PNA), dal momento che si possono ottenere strutture
piu robuste, grazie alla maggiore stabilita mostrata da questa classe di molecole
biomimetiche. Questa dissertazione dottorale descrive i1 passaggi sintetici adottati per
raggiungere questo obbiettivo.

Le strutture delle unita angolari e lineari funzionalizzate con oligomeri di PNA
complementari, necessarie per la preparazione di matrici nanoporose auto-assemblanti, sono

mostrate in Figura i. Tuttavia, prima di sintetizzare queste molecole complesse, ¢ stato
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Figura i. Struttura della unita angolari e lineari
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necessario dimostrare la validita del principio con un sistema piu semplice, per confermare
che la doppia elica di PNA potesse formarsi su superfici e verificare se la presenza di
cromofori (per es. porfirine), legate alle catene di PNA, avesse qualche effetto sulla
formazione della doppia elica e la stabilita della stessa.

La molecola progettata per questo test di prova ¢ stata il dodecamero di PNA auto-

complementare funzionalizzato con un addotto porfirinico (Figura ii).
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Figure ii. Addotto PNA-porfirina auto-complementare progettato per il test di prova

La sintesi dell’oligomero di PNA auto-complementare richiesta per la preparazione
dell’addotto PNA-porfirina ¢ descritta nella prima parte del Capitolo 2. Inizialmente sono
illustrate le principali vie sintetiche ¢ le strategie dei gruppi protettori usate per la
preparazione di monomeri ¢ oligomeri di PNA. A questa parte segue una discussione sulle
strategie di gruppi protettori ortogonali scelti per il nostro progetto, che permettono
I’isolamento degli oligomeri di PNA con le nucleobasi protette in seguito al lavaggio della
resina. Cio ¢ contrario alle strategie comunemente utilizzate dove il lavaggio della resina ¢ la
deprotezione delle nucleobasi avviene in situ, tuttavia questo approccio ¢ necessario nella
nostra via sintetica, dal momento che il gruppo amminico terminale degli oligomeri di PNA
servira per ulteriori reazioni in soluzione. A questo fine, sono state proposte due diverse
strategie di gruppi protettori, una strategia con Fmoc/Mmt ¢ una con Fmoc/Cbz. Per la
strategia Fmoc/Mmt ¢ stato scelto il supporto solido Tentagel, caratterizzato da un linker
rimovibile tramite lavaggio basico. A causa del fallimento dell’idrolisi del linker durante lo
step di lavaggio della resina, la strategia Fmoc/Mmt & stata abbandonata. Nella seconda
strategia ¢ stata scelta una resina ammidica Rink a lavaggio acido come supporto solido,
quindi una strategia con gruppi protettivi Fmoc/Cbz ¢ stata adottata, in modo da permettere un
lavaggio dell’oligomero dalla resina mediato da TFA, senza la deprotezione dei gruppi Cbz
sulle nucleobasi.

La preparazione dell’oligomero target di PNA (sequenza: TTAATTAATTAA)
usando la strategia Fmoc/Cbz ¢ descritta nella sezione successiva. In primo luogo sono stati
preparati i monomeri richiesti per la sintesi degli oligomeri, usando le procedure note in
letteratura. In seguito, seguendo i dati recenti riguardanti la sintesi peptidica su fase solida

mediata da microonde, ove si dichiara di ottenere una maggiore purezza degli oligomeri
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prodotti in brevi tempi di reazione, ¢ stata tentata 1’oligomerizzazione di PNA su fase solida
sfruttando le radiazioni del microonde. Sono stati fatti tre tentativi. Il primo, usando un
normale microonde da laboratorio, ha portato a una complessa miscela di prodotti allo stadio
di formazione del dodecamero. Un miglioramento ¢ stato osservato usando il microonde
“CEM discover SPS” che ¢ stato specificamente progettato per la sintesi in fase solida,
tuttavia, il grezzo del dodecamero ottenuto era ancora inseparabile dai sottoprodotti. Risultati
simili si sono ottenuti con il microonde “CEM liberty”, programmato per la sintesi
automatizzata su fase solida. Infine, utilizzando la sintesi su fase solida manuale, si € ottenuto
il dodecamero di PNA desiderato. Il cromatogramma registrato con analisi HPLC del grezzo
del dodecamero di PNA, ottenuto in seguito al lavaggio dalla resina, ha mostrato un singolo
picco maggioritario, che ¢ stato successivamente purificato. L’oligomero ¢ stato quindi
deprotetto mediante trattamento con TMSI, ed ¢ stato analizzato attraverso la spettroscopia di
massa, che ha confermato I’effettivo isolamento del dodecamero desiderato.

Nella sessione 2.2 vengono descritti i nostri tentativi di sintesi degli addotti PNA-
cromoforo. Dopo aver isolato il dodecamero di PNA, i tentativi di funzionalizzare
covalentemente 1’oligomero legato alla resina con un porfirina attraverso un legame
ammidico non hanno avuto successo, probabilmente a causa dell’ingombro sterico. Di
conseguenza un linker azidico ¢ stato attaccato all’oligomero, e sono stati fatti diversi
tentativi per legare la porfirina funzionalizzata con un acetilene attraverso la cicloaddizione
1,3-dipolare catalizzata da Cu(I). Anche questo approccio purtroppo non ha condotto al
prodotto desiderato. Questi risultati negativi hanno spianato la strada allo sviluppo della
cicloaddizione 1,3-dipolare in assenza di Cu(l) che dovrebbe permettere la formazione del
legame tra i cromofori e I’oligomero di PNA.

Recenti pubblicazioni, che riportano 1’applicazione di reazioni di cicloaddizione 1,3-
dipolare in assenza di Cu(l) a oligomeri di DNA, hanno inspirato la scelta di questo obiettivo.
Le strategie descritte implicavano la formazione di un ossido di nitrile che reagiva in seguito
con un alchene o un alchino per generare un isossazolina o un isossazolo. Sono stati presi in
considerazione due metodi per generare 1’ossido di nitrile utilizzando derivati dell’antracene.
Il primo metodo riguarda la deidroclorurazione base-catalizzata dell’idrossimoil cloruro
dell’antracene per formare 1’ossido di nitrile corrispondente, il quale reagisce con un
dipolarofilo, precedentemente introdotto nella miscela di reazione. Il secondo approccio per
generare un ossido di nitrile implica il trattamento di un acido idrossamico o-sililato derivato
dell’antracene con anidride trifluorometansolfonica in presenza di una base (metodo di
Carreira). In seguito all’isolamento dell’ossido di nitrile, prodotto con entrambi i metodi

utilizzando il trimetilsilil etilene come dipolarofilo, le reazioni sono state applicate su un
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dodecamero di PNA legato alla resina e funzionalizzato con un acetilene. Con entrambi i

metodi ¢ stato ottenuto 1’addotto desiderato PNA-antracene (Figura iii).
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Figura iii. Struttura molecolare dell’addotto PN A-antracene.

Dal momento che non esistono esempi di reazione di ciclo addizione 1,3-dipolare tra
ossido di nitrile e acetilene applicata alle porfirine, € stato necessario sviluppare un nuovo
metodo di sintesi. I tentativi di sintetizzare un idrossimoil cloruro derivato della porfirina
hanno portato alla decomposizione del macrociclo, a seguito di trattamento con agenti
cloruranti (NCS, tert-BuOCI e 1-clorobenzotriazolo), per cui il metodo che prevede la
formazione dell’intermedio idrossimoil cloruro € stato abbandonato, in favore del metodo di
Carreira. L’acido idrossamico o-sililato derivato della porfirina ¢ stato quindi sintetizzato e, in
seguito al trattamento con anidride trifluorometansolfonica e trietilammina, ¢ stato generato
I’0ossido di nitrile corrispondente. La conversione di quest’ultimo nel derivato porfirinico
tetra-isossazolico (Figura iv) € stata ottenuto, impiegando un largo eccesso (200 equivalenti)
di trimetilsilil etilene, con una resa del 62%, che corrisponde ad una resa dell’82% per ciclo
addizione 1,3-dipolare. L’ottimizzazione delle condizioni di reazione, utilizzando il
fenilacetilene come dipolarofilo, ha fornito risultati analoghi, lavorando con solo 10

equivalenti di acetilene in eccesso.

Figura iv. Strutture molecolari dei derivati tetra-isossazolici delle porfirine sintetizzati mediante
reazione di cicloaddizione 1,3-dipolare, in assenza di Cu(]), tra ossido di nitrile e acetilene. L’ossido di
nitrile ¢ stato prodotto con il metodo di Carreira.
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La procedura sviluppata, compatibile sia con il PNA che con le porfirine, & stata
testata per verificarne ’applicabilita nella sintesi di una serie di addotti PNA-cromoforo. I
corrispondenti derivati nitrilossidi dei cromofori sono stati sintetizzati e fatti reagire con il
derivato acetilenico del dodecamero di PNA ancorato alla resina. Unicamente il complesso
PNA-pirene ¢ stato isolato (Figura v), al contrario degli altri target PNA-cromoforo. Il
nitrilossido derivato della porfirina non era solubile nelle condizioni di reazione impiegate,
impedendo la formazione dei prodotti di cicloaddizione. Nel caso del derivato fluoresceina
idrossamato, la presenza del gruppo funzionale nucleofilo puo aver dato luogo a una reazione
collaterale con I’anidride trifluorometansolfonica, impedendo la formazione dell’ ossido di
nitrile corrispondente e, di conseguenza, impedendo la reazione di cicloaddizione. Infine,
dalla reazione con il derivato della fenantrolina, ¢ stato isolato un nuovo prodotto, che pero
non corrisponde all’addotto desiderato PNA-fenantrolina, come indicato dall’analisi di

spettroscopia di massa. Sono in corso ulteriori studi per ottimizzare queste reazioni.
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Figura v. Struttura molecolare del complesso PNA-pirene.

In parallelo alla sintesi dei composti suddetti, sono stati fatti studi sulla deposizione di
PNA su superfici di mica, usando la tecnica di analisi AFM. Depositando la soluzione
acquosa del dodecamero di PNA deprotetto e auto-complementare, con la tecnica spin-
coating, si & osservata la formazione di aggregati di PNA sulla superficie (Figura vi
[sinistra]). Dopo annealing della soluzione, ripetute deposizioni di singole gocce hanno
permesso di ottenere una diversa funzionalizzazione della superficie. La mica risulta essere
ricoperta da doppie eliche di PNA. Questo risultato ¢ stato confermato depositando una
goccia di soluzione di PNA diluita di dieci volte, le immagini AFM mostrano la presenza di
punti luminosi alternati a tratti puliti di superficie (Figura vi [destra]). L’analisi topografica
della superficie indica che i punti luminosi si trovano in media ad 1 nm di altezza, che
corrisponde all’altezza attesa della doppia elica di PNA, confermando quindi che doppie

eliche di PNA possono essere depositate sulla superficie.
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Figura vi. Immagini tapping mode AFM mostrano (a sinistra) aggregati ¢ (a destra) doppie eliche di
oligomeri di PNA su superfici di mica ottenute via spin coating di una goccia di soluzione di PNA pre-
annealing (a sinistra) e post-annealing (a destra). L’altezza della scala delle immagini AFM ¢ 60 nm (a
sinistra) ¢ 3 nm (a destra).
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Chapter 1

Introduction

The central challenge in the construction of molecular based devices is the necessity
to develop methods for the controlled fabrication of well-defined organic systems, which
meet the structural requirements for their nanotechnological applications. In this regard, the
“bottom-up” approach based on non-covalent interactions offers considerable advantages over
any other methodologies for the construction of ordered structures with nanometre precision
over an extended large scale. The equilibrium between the constituents and the final product,
along with the reversibility of the systems towards multistable nanostructured materials,
contribute to the self-rearrangement of the components within the assembled structure and
thus to the formation of long-range ordered and defect-free systems barely accessible through
conventional covalent synthesis.!"® However, an intrinsic drawback of investigating such
systems in solution or in a crystal is that molecular components cannot be directly addressed
on a nanometric scale. As a consequence, the best engineering methodology involves
modifying the surfaces of bulk materials such as metals or semiconductors by deposition of
functional organic materials. In this regard, Scanning Probe Microscopies (SPM) and in
particular Scanning Tunneling Microscopy techniques (STM)!" ® enable the nanoscale
characterisation of these 2D molecule-based architectures in direct space. Although extensive
work has been published on the study of the organisation of molecules on metallic surfaces,””
1 strong hope is now put on the development of hybrid functional devices in which surfaces

[12, 24-26

are modified with single molecules or molecular assemblies. ! The latter are believed to

hold great promise to bring ultimate solutions in many applications ranging from

L [3%. 391 Bi-dimensional (2D) networks, featuring regular porous

electronics,”’>" to medicine.
domains (controllable both in shape and size) are of particular significance because their
cavities can be used as receptors for the confinement of other remotely controlled functional
molecules. For example the surface-confinement of luminescent chromophores could enhance
their emissive properties in electroluminescent devices as a severe limitation with organic and
metal-complexes luminophores is their susceptibility to the structural organization at the
molecular level (e.g., their tendency to aggregate in solution) which induces
multichromophoric interactions and dramatically alters the colour quality and the intensity of
the emission signal. Moreover, porous networks may, not only serve as templates for the
precise localisation of species through chemical interactions, but also, if properly equipped, as

nanoreactors for the chemical transformation of encapsulated molecular reagents exploiting

the spatial confinement as a strategy to achieve control over the chemical reactivity, stabilise
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reactive species by isolating guests from the bulk environment or catalyse reactions
effectively due to guest discrimination."*”!

Through the illustration of key examples that have recently appeared in the literature,
the intention of this chapter is to provide a perspective of the current advances on molecular
recognition at surfaces. In the first section (1.1) of the chapter, the main strategies that can be
utilised to create extended 2D nano-porous patterned surfaces are illustrated. In the second
section (1.2), the confinement of functional molecules within the cavities is discussed,
emphasising on the selectivity and dynamicity of key supramolecular systems towards the
hosting of molecular guests, with a particular focus on the biomolecular recognition and post-
assembly covalent functionalisation. The third section (1.3), demonstrates that the third
dimension can also be exploited. Surface confined molecules displaying structural features
perpendicular to the surface will be described, as well as molecules displaying functionality in
the third dimension. Moving from small molecules to oligomers, section 1.4 discusses the
biomimetic approach i.e. examples where the porous networks are formed using DNA. This
section leads on to the final section (1.5) in which, the objectives of the work described in this

doctoral dissertation are presented.

1.1 POROUS NETWORKS

This section deals with the main strategies for the preparation of well-defined self-
assembled architectures featuring pores on surfaces, which are directed by supramolecular
interactions which join the molecular components via: i) H-bonding interactions (section
1.1.1.1), ii) dipole-dipole interactions and van der Waals contacts (section 1.1.1.2) and iii)
metal-ligand coordination (section 1.1.1.3). Some examples that clearly illustrate the
formation of mono- and bi-component networks on surfaces will be described. Thereafter,
recent advances in the construction of porous networks on surface using surface-confined
covalent reactions will be described (section 1.1.2), as well as the formation of porous
networks using preformed covalent macrocycles (section 1.1.3). A sub-section (1.1.4) will
also describe single pore assemblies, which demonstrate an enhanced level of control in the

self-assembly process.

1.1.1 NON-COVALENT INTERACTIONS

1.1.1.1 Hydrogen Bonding

]

A substantial number of systems describing the formation monocomponent™*' " and

47-50

bicomponent*>" 2D porous networks in which the components are held together by H-

bonding interactions have been published in the last decade. One of the first examples of



Chapter 1 — Introduction

bicomponent networks featuring empty hexagonal domains able host molecular guests, such
as fullerenes, was reported in 2003 by the groups of Befon, Champness and co-workers.[*!
They described the formation of hexagonal arrays by the co-deposition of 3,4,9,10-
perylenetetracarboxylic diimide (PTCDI) 1 and 2,4,6-triamino-1,3,5-triazine (melamine) 2 on
a Ag-terminated silicon surface under Ultra-High Vacuum (UHV) conditions. As shown by
detailed STM images, the two molecular modules organise in such way that hexagonal
domains are formed. The melamine and PTCDI modules constitute the vertices and the
straight edges of the hexagonal domains, respectively (Figure 1). The self-assembly is driven

by intermolecular triple hydrogen-bonding interactions that are established between the

complementary units of the molecular components.

Figure 1. Self-assembly of a PTCDI-melamine supramolecular network; a) chemical structure of

PTCDI 1 and melamine 2; b) STM image of a PTCDI-melamine network. Inset, high-resolution view

of the Ag/Si(111)-V3xV3R30° substrate surface; ¢) inverted contrast image of the network. Scale bar, 3
[48]

nm.

Usually, the molecules involved in the formation of the bi-dimensional arrays have
defined recognition sites and their deposition on the surfaces leads to molecular confinement
and auto-organisation. Yet in some cases, the molecular recognition sites can be activated in
situ in order to enable hydrogen-bonding interactions, which lead to the formation of highly
stable molecular networks under UHV conditions as reported by Stohr and co-workers.”! In
this work, the authors report the generation of a supramolecular network by the thermal
dehydrogenation of 4,9-diaminoperylene-quinone-3,10-diimine (DPDI) 3 on a Cu(111)
surface (Figure 2). By thermal-induced activation, the molecular modules form porous
networks via self-assembled H-bond donors/acceptors. The periodic honeycomb structure is
commensurate with the Cu substrate and is thermally very stable (up to > 300 °C) as a
consequence of an irreversible chemical transformation and the combination of
intramolecular H-bonds and strong m-bonding between the organic molecules and the surface
metal atoms. Due to its structural regularity and stability, the hexagonal cavities in the

network hold great potential for the local deposition and fixation of guest molecules. This has
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recently been shown through the molecule-by-molecule deposition of optically active,

[52]

weakly-bonded, supramolecular ZnOEP-C¢, complexes.

! $§
Figure 2. a) Schematic representation of the hexagonal assembly of DPDI 3; b) STM image of the self-

assembled architecture formed by perylene-derivative 3 after thermal activation on a Cu(111) surface
under UHV conditions.”"!

In a recent collaborative project involving our own laboratory, the controlled
formation of a bicomponent porous network at the solid-liquid interface utilising H-bonding

was demonstrated.”™

The porous network was formed using melamine (2) and bis-uracyl (4)
modules in a 1,2,4-trichlorobenzene (TCB) solution on highly oriented pyrolitic graphite
(HOPG) surfaces (Figure 3a). Melamine, with its ability to form nine H-bonds in total, directs
the self-assembly to form a hexagonal porous network in two-dimensions (Figure 3b). Each
melamine molecule interacts with three bis-uracyl units by forming triple H-bonds with each
one, thus giving an angle of 120 + 12° at the apex between two bis-uracyl units. The porous
network only forms with low concentration solutions (~2 uM) since at higher concentrations
(~20 uM) only tightly packed monolayers of melamine (2) are formed. Under this conditions

(i.e., low concentration regime) no competitive physisorption between 2 and 4 at the HOPG-

TCB interface is found and sub-monolayer coverage is achieved.

Figure 3. a) The molecular structures of melamine (2) and bis-uracyl (4) modules and the formation of
the hybrid assembly via H-bonding; b) STM images of the bicomponent self-assembly showing the
hexagonal porous network formed; ¢) proposed assembly model is shown superimposed over the close
up of a single hexagonal pore.*)
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As an extension of the previous work, a comparative study of four linear linkers
interacting with melamine 2 via triple H-bonds was carried out.”* This study offered new
insight into the design and versatility of pre-programmable bi-component supramolecular 2D
networks at the solid-liquid interface. The ditopic imidic linkers included two molecules
bearing diuracil groups in the o and ® positions, 4 and 5 respectively, naphthalene
tetracarboxylic diimide 6 and pyromellitic diimide 7 (Figure 4a). The self-assembly of each
linker with melamine was carried out by dissolving them in a solvent mixture of TCB/DMSO
and subsequently depositing them on HOPG. By controlling the concentration and
stoichiometry of the systems precisely, the formation of the desired bicomponent self-
assembly could be favoured. The STM imaging experiments revealed that two-dimensional
porous architectures could be formed by three, out of the four linkers, when they were co-
deposited onto the HOPG surface in the presence of 2. With two of the linkers, molecules 4
and 6, highly ordered hexagonal structures were obtained (Figures 4b,d). The self-assembly
between molecular modules 2 and 5 resulted in a distribution of various polygonal structures
from pentagons to nonagons (Figure 4c¢). The deposition of 7 with 2 resulted in tightly packed
one-dimensional supramolecular arrays (Figure 4e). When the stoichiometric ratio of 2
relative to 6, was altered by lowering the concentration of 2, it was observed that the
hexagonal porous networks coexisted with one-dimensional supramolecular linear assemblies
(Figure 4f,g), thus demonstrating the importance of controlling the concentrations and
stoichiometries of the molecular systems. In fact, the occurrence of multiple phases was
observed for all the bicomponent systems with concentrations below 100 puM. This
comparative study confirmed that concentration-dependent polymorphism and phase
segregation are hallmarks of porous self-assembled structures prepared via H-bonding
interactions at solid-liquid interfaces."™ Furthermore, the study also revealed several crucial
points that have to be considered at the molecular level when designing a pre-programmed
porous network. The rigidity of the linkers is very important. In the case of module 5 for
example, the diethynyl moiety introduces a fair amount of conformational flexibility allowing
the formation of polymorphic and glassy phases and thus is not an optimal choice when
looking for a fully rigid molecular module. Peripheral functionalization of the linkers would
prevent strong side-to-side interactions that lead to tightly packed bicomponent assemblies
rather than porous networks and would also hinder strong adsorption in the cavities of the
porous networks. Also, by designing the molecular modules in a multi-component system
with complementary recognition sites, phase segregation and self-recognition can be avoided.
Furthermore, another manner of avoiding such polymorphism and phase segregation at solid-
liquid interfaces is to introduce a guest at the cavities of a self-assembled porous network

56-59

formed by H-bonding interactions as was shown by various groups.”®>"! Thus, it was shown
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that by careful investigation of the energetic contributions in crystallization, polymorphism,
and phase segregation, a dramatic improvement in chemical design, and thus in the molecular

engineering, can be achieved.

Figure 4. a) Chemical structures of the linear linkers used in the study; b) STM image of the self-
assembly formed by 4 and 2. A molecular model of the hexagonal structure formed is superimposed.
The red bar corresponds to 3.2 nm; ¢) STM image of the self-assembly formed by 5 and 2 showing that
various polygons were formed; d) STM image of the long range highly ordered hexagonal pattern
formed by 6 and 2; e,f) STM image and molecular model of the tightly packed one-dimensional
supramolecular arrays formed by 7 and 2; g,h) STM image and molecular model of the hexagonal
porous networks coexisting with a one-dimensional supramolecular linear assembly formed at a
lowered ratio of 2:6 compared to Figure 45d. The linear chain polymorph is indicated by the grey
arrow, whereas the hexagonal motif is indicated by the black arrow.""

Following the same strategy, i.e., working at sub-monolayer coverages, it has also
been possible to investigate the formation of discrete assemblies featuring polygonal porous
domains at the solid-liquid interface (solvent: DMSO-TCB, surface: HOPG, r.t.).1” In order
to engineer these assemblies, two types of molecular modules (1,3,6,8-tetrakis[(1-hexylurac-

6-ylethynyl]pyrene 8 and 4,4'-[(phen-1,4-diyl)diethynyl]bis(2,6-diacetylaminopyridine) 9,

6
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Figure 5a) bearing complementary H-bonding sites (uracil and 2,6-di(acetylamino)pyridine,
respectively) positioned at different orientations relative to each other (60° and 120° in the
case of tetratopic module 8, and 180° in the case of ditopic module 6 were deposited on
HOPG. The discrete H-bonded assemblies were nucleated in solution and studied at very low-
concentrated solutions (< 10 uM) (Figure 5). Given the difference in adsorption energies of
the components and the tendency to minimise the occupied area, it is usually very difficult to
direct the deposition of two different molecules on a surface. This approach allowed the
prevention of competitive adsorption. In this manner they have shown that the arrangement of
the assemblies was solely dictated by the information embedded within the molecular

modules.

Figure 5. a) Chemical structure of molecules 8 and 9; b) submolecularly resolved supramolecular
aggregates featuring discrete oligomeric species [(8),,°(9),] prepared from diluted equimolar solutions.
Each yellow circle identifies a single molecule of 8; ¢) model assembly of a hexameric hybrid complex
[(8),:(9)s] showing the distance values as estimated by MM?2-based computational geometry
optimization; d, e) heterogeneous 8-9 phase images highlighting the presence of rhomboidal and
rectangular nanopolygons, respectively, formed as a consequence of complementary H-bonding motifs.
Each yellow circle identifies a single molecule of 8 and each red rectangle a single molecule of 9.["
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The efforts to prepare nanostructured architectures on surfaces were not limited to the
liquid-solid interface. Interesting results have also been obtained using related molecular
modules under UHV conditions on metal surfaces. In a recent collaborative study using 4,4'-
[(phen-1,4-diyl)diethynyl]bis(2,6-diacetylaminopyridine) (9, Figure 5a), it was demonstrated
that a porous network could be formed upon deposition of the molecular module on a
Ag(111) surface.’® Deposition of 9 at submonolayer coverages onto the Ag(111) surface at
room temperature resulted in the self-organisation into a porous hexagonal network (Figure
6a). In Figure 6b, it can be seen that each 2,6-diacetylaminopyridine moiety interacts via two
H-bonds with equivalent neighbouring residues, consequently resulting in a chiral hexameric
units. Each cavity was surrounded by three molecules of 9 arranged at an angle of 60° with
respect to each other. This gave rise to a rhombic unit cell (shown in Figure 6b) with
dimensions of 30.4 x 30.4 A” and an angle of 60°. Astonishingly, annealing the sample to 420
K caused a phase transition transforming the hexagonal porous network into a close-packed
2D rhombic arrangement (unit cell: 20.2 x 10.0 A* with an angle of 68.2°, Figure 6¢.d).

The first clue to the cause of this dramatic change was provided by the fact that the
intensity of the two acetyl units of terminal 2,6-diacetylaminopyridine moieties differed, with
one of the residues appearing brighter than the other. This clearly indicated that there was a
conformational difference between the two acetyl groups. An explanation for this
phenomenon is that in principle the amidic functional groups can exist in both the cis and
trans conformations, with the trans being preferred, as was the case in the hexagonal porous
network. However, theoretical calculations (Figure 6e¢) showed that the conformations could
be switched if sufficient energy was provided. It was therefore postulated that following the
annealing, one of the two acetyl units of the terminal 2,6-diacetylaminopyridine moieties was
in the cis-conformation, with the other remaining in the trans-conformation, enabling the
formation of four H-bonds (see Figure 6¢) between neighbouring molecules in a head-to-head
fashion. This H-bonding was designated as (DADA), (where D refers to a H-bonding donor
moiety and A refers to a H-bonding acceptor moiety) according to the scheme in Figure 46e.
These results showed that the hexagonal porous network was kinetically controlled, whereas
the rhombic assembly was the thermodynamically stable phase.

In another set of experiments, a three-component assembly was prepared under UHV

o, . 22
conditions.!

I The three molecular modules used are shown in Figure 7a. Two of the modules,
4 and 9, have been used in experiments described above, and a new module, an anthracene
bearing a uracilic H-bonding moiety 10, was introduced to act as a molecular stopper. Before
attempting the three-component assembly, several assemblies were investigated for
comparison purposes. First, 4 was deposited on Ag(111) and was investigated under UHV

conditions at 77 K. At submonolayer coverages, two types of close-packed arrays were
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Figure 6. a,b) STM image (7 x 7 nm?) and proposed model of the hexagonal porous network of 6 on
Ag(111) at room temperature under UHV conditions; c,d) STM image and proposed model of the
close-packed rhombic pattern (10 x 10 nm?) formed upon annealing at 420 K on Ag(111); ¢) scheme
showing the influence of the cis and trans conformers and calculated AH® for conformational changes
and dimerisation in the vacuum using MP2/6-311G** level of approximation on B3LYP/6-31 1G** 101

observed (Figure 7b-d). It has to be noted that depending on the relative spatial disposition,
the hexyl chains on the uracilic moities could display two configurations, cis-4 or trans-4,
where the alkyl chains lie on the same or opposite sides of the molecular backbone,
respectively. In the first packing motif, two adjacent rows of cis-4 interact via double head-to-
head H-bonds using the uracil moities and also via Van der Waals interactions between the
alkyl chains to form molecular wires with double rows (Figure 7c). In the second motif, two
lateral rows of cis-4 molecules are linked through trans-4 molecules. The intermolecular
interaction between the trans-4 molecules with the cis-4 molecules occurs via the interaction

of the NH group of the trans-4 molecules with the free carbonyl on the the cis-4 molecules
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(Figure 7d). As expected, an attempt to assemble 4 and 10 resulted in disordered phases due
to the lack of complementary H-bonding sites. On the other hand, sequential deposition of 4
and 6 resulted in the formation of very regular extended linear bimolecular wires, which were
only disrupted at the terraces of the silver substrate (Figure 7e-g). The two modules alternate
to form the wires, with each molecule able to form two sets of triple H-bonds to interact with
two neighbours using the pre-programmed complementary recognition groups DAD and
ADA available on the 2,6-diacetylaminopyridine and uracilic residues on 9 and 4,
respectively. In this assembly, generally molecule 4 was found in the cis-4 conformation in
order to minimize the free surface energy by forming the most densely packed arrangement
possible. Indeed in this array, the frans-4 conformation was very rarely observed. Next, the
three-component assembly was attempted by sequential sublimation of the three modules onto
the Ag(111) surface. In this case, the extended wires observed between 4 and 9 were not
observed. As predicted, the monouracil conjugate 10, acted as a molecular stopper exposing
the anthracyl moiety as the end point of the assembly preventing the molecular wires from
reaching the terraces of the silver substrate as occurred in the absence of 10 (Figure 7h-j).
This was therefore the first example of a tricomponent miniature assembly. A mixture of short
linear trimeric structures, [10-9-10] (Figure 7j), pentameric structures, [10-9-4-9-10]

(Figure 7i) and long oligomers, [10- 9 (4-9), - 10] (Figure 7h) were observed by STM. Since

4 and 10 bear the same H-bonding motifs, they were expected to compete equally for
interactions with 9, however, clearly this was not the case since long oligomers predominated
the assembly system. The reason for this is that the filling of empty space on the surface
reduces the free surface energy which is the general tendency for any system on a surface.'®”!
Molecular stopper 10 does not allow such minimization in the occupied area per assembly as
effectively as molecule 4. This is because it only bears one H-bonding moiety that is able to
make energetically favoured H-bonds compared to the two possessed by 4. The anthracyl
moiety can only interact via van der Waals interactions, however assemblies formed by these
interactions are energetically less favoured compared to H-bonding. The existence of voids
within the intermixed regions (Figure 7h, left dotted rectangle) and the formation of
aggregates of 10 as small disordered islands (Figure 7h, right dotted rectangle) support this
hypothesis. Although precise control of the length of the molecular wires was not achieved in

this study, it is postulated that by controlling the ratio of the molecular modules it could result

in regular monodisperse self-assembling architectures on surfaces.
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Figure 7. a) Chemical structures of the molecular modules used in the study; b) STM image of the self-
assembly of 4 on Ag(111) under UHV conditions (16 x 16 nm?) and c¢,d) the proposed models for the
two types of packings; e,f) STM images of the self-organised molecular wires formed by molecules 4
and 9 on Ag(111) under UHV conditions following annealing at 383 K. (41.5 x 41.5 nm” and 12 x 12
nm? respectively) and g) the proposed model for the linear molecular wire assembly; h) STM image of
the tricomponent submonolayer architecture formed upon sequential sublimation of 4, 9 and 10 onto
Ag(111) under UHV conditions (50 x 40 nm?). The lower right inset shows an aggregate of 10 (7.7 x
7.7 nm®); i, j) proposed models and zoom in STM image of trimeric and pentameric assemblies,
respectively.!*?!

1.1.1.2 Dipole-Dipole interactions and Van der Waals contacts
One of the first examples of a 2D porous network, prepared using self-assembled
porphyrin derivatives on a metal surface, was constructed by taking advantage of dipole-

" This supramolecular assembly, described by

dipole intermolecular interactions./*
Spillmann et al., was formed using 11 a zinc-porphyrin bearing two 3,5-di(fert-butyl) phenyl
groups and two 3-cyanophenyl substituents (Figure 8a). Precedently, Yokoyama and co-
workers described the formation of trimeric, tetrameric and linear polymeric arrays

combining different porphyrins bearing cyano substituents.”
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Under UHV conditions, porphyrin 11 self-organised upon vapour deposition onto a
Ag(111) surface (Figure 8b). The primary driving force for the formation of this porous
network was the dipole-dipole and van der Waals interactions mainly contributed by the 3-
cyanophenyl moieties. As shown in Figure 8, trimeric units with a central cavity with a
diameter of about 1.2 nm were formed. Furthermore, the Ag (111) substrate is thought to
direct the formation of the hexagonal pores as the cyano functional groups can act as donating
ligands, which are well-known to strongly bind to silver ions. The cavities in this self-

assembly were subsequently exploited to host Cgy guests.

d)
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Figure 8. a) Chemical structure of the porphyrin derivative 11 studied; b) STM image of the porous
network formed by the self-assembly of 11 on Ag(111) surface; ¢) zoom-in of the STM image
indicating where the profile scan for Figure 8c was performed; d) proposed model of the self-
assembled porous network. The small circles indicate where the pores are formed i.e., in the centre of
the trimeric units formed by the cyano moieties; e) the cross-section profile of a single pore scanned
from A to B in Figure 8c.*”!

As an extension of the precedent work, Diederich, Jung and co-workers recently
reported a systematic study on the influence of different alkoxyphenyl substituents on the
porosity of porphyrin-based assemblies on Cu(111) at the solid-vacuum interface.” The self-
organisation of three different porphyrin derivatives (12, 13 and 14) shown in Figure 9 was
analysed. All derivatives present two 4-cyanophenyl substituents in diagonally opposed meso-
positions of the porphyrin core, but differ in the nature of the other two meso-alkoxyphenyl
substituents. Such dissimilar functionalisation controls the dimensionality of the resulting
structure and alters the pore-to-pore distance (3.09 + 0.2 nm, 3.35 + 0.12 nm and 4.89 + 0.14
nm for assemblies 12, 13 and 14 respectively) in the observed networks without significantly

affecting the pore size. Specifically, at coverages below 0.8 monolayer, porphyrin 12 self-
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assembles into a nanoporous hexagonal network (Figure 9a), while molecules 13 and 14 form
one-dimensional wires. At higher coverages (> 0.8 monolayer), the latter porphyrin
assemblies evolve into two-dimensional porous assemblies (Figure 9b and 9c, respectively).
Besides the known dimeric and trimeric supramolecular modules involving the dipolar
interactions between two or three cyanophenyl groups (assemblies a and b in Figure 9), a new
trimeric asymmetric non-covalent motif was observed in the network shown in Figure 9¢ with
the isopentyloxy substituents. One of two cyanophenyl groups of neighbouring porphyrins
forms a C—N--*H—C H-bond with the ortho polarised C-H residue to the electron-withdrawing
alkoxy groups of a third neighbour. The different assemblies have been discussed in terms of
the compensation of entropic losses, due to the increased restriction in the flexibility of the

alkoxy chains as the length increases (from an isobutyloxy to isopentyloxy chain).

Figure 9. a-c) STM images (all 15x15 nm?) of the nanoporous networks formed on Cu(111) by the
porphyrins 12-14 sketched below the respective images. The coverages are close to one monolayer in
each case.[*

In quite a few cases, van der Waals interactions between long alkoxy chains have
been exploited for the construction of surface-supported porous networks.”®””"! It has been
demonstrated that it is possible to tune the pore size by changing the length of the alkyl
chains. However, the formation of supramolecular networks with giant pores is
thermodynamically unfavoured because of the low surface coverage of the molecular

networks. As a method to overcome this obstacle, Tahara et al. demonstrated that it is
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possible to obtain 2D networks featuring giant pores at the solid-liquid interface (up to 7 nm)

(721 Substituted dehydrobenzo[12]annulene

by high dilution of the adsorbate concentration.
(DBA) 15 (Figure 10a) dissolved 1,2,4-trichlorobenzene at very low concentrations (5.0x10°°
mol L") was deposited on a HOPG surface resulting in porous honeycomb networks (Figure
10b). The hexagonal voids were formed by the interdigitation of the alkyl chains (Figure 10c).
Exclusively 2D porous networks were not obtained in their experiments due to the formation
of regions where molecule 15 was densely packed (dark stripes in Figure 10b), demonstrating
that a 7 nm pore size (edge-to-edge distance, Figure 10d) is near to the upper limit for the
formation of porous networks using Van der Waals interactions between long alkyl chains. In
further experiments, the authors were able to employ the giant pores to host ‘molecular spoke
wheels’ as guests. In the section on cavity-confined host—guest recognition (Section 1.2.1),

more examples of supramolecular networks held together by Van der Waals interactions and

their versatility and dynamicity towards guest recognition will be discussed.

Figure 10. a) Chemical structure of dehydrobenzo[12]annulene 15 studied; b, ¢c) STM images of the
self-assembly of 15 at the TCB-graphite interface; d) schematic representation of the assembly
displaying the interdigitation of the alkyl groups. The red arrow indicates the corner-to-corner distance
(7.5 nm) and the blue arrow shows the edge-to-edge distance (7.0 nm).!"

1.1.1.3 Metal-ligand Coordination
The coordination of organic molecules by transition metals has also been used for the
fabrication of surface supported metal-organic coordination networks (MOCNs) as widely
reported by Barth, Kern and co-workers."”>”"! In the most recent example, they reported the
formation of honeycomb nanomeshes with very regular size and shape over large areas (of the
order of pm?, Figure 11a), in which pore dimensions could be varied by changing the ditopic
organic linkers.” The molecular linkers used were oligophenyldicarbonitrile molecules

consisting of three, four or five phenyl rings (i.e., molecules 16, 17 and 18, respectively,
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Figure 11). Co (III), with its ability to coordinate three nitrile groups at 120° with respect to
each other, was the transition metal of choice to template the formation of the porous
networks. The STM experiments were performed at ~10 K under UHV conditions on
Ag(111) surfaces. The molecular linkers deposited onto the surface at submonolayer
quantities were exposed to a beam of Co atoms, which allowed the nanomesh formation once
a balanced stoichiometry of the constituents was achieved. Both depositions were carried out
at 300 K, after which the surface was cooled to 10 K in order to capture the STM images.
Extended, highly regular, hexagonal arrays were obtained, and depending on the choice of the
organic linker, they were able to tailor the size of the pores to 10, 15 and 20 nm? (Figure 11b,
¢ and d respectively) with the latter having a pore diameter of 5.7 nm. In subsequent
experiments, the authors were able to demonstrate that guest molecules could also be spatially
confined within the nanocavities. The lateral movement of the guests from one cavity to the
next was restricted even upon STM-induced excitation by increasing the tunnelling current.
Very few examples of 2D porous networks formed by metal-ligand coordination at the
solid-liquid interface exists,”” including those formed by the deposition of preorganised
metallocyclic cavities (see Section 1.1.3). So far, metalloorganic 2D arrays have mainly been
formed at the solid-liquid interfaces by the deposition of laterally-packed metal-ligand
coordination chains.*® However, it has to be noted that in all these cases, no porous networks
were formed as a direct result of the metal-mediated coordinative interactions, and only tight-

packed structures have been observed to date.

1.66 nm

Figure 11. a) UHV STM image of the extended nanomesh formed using linker 16 and Co atoms on a
Ag(111) surface; b)-d) arrays formed with increasing the length of the oligophenylene organic linkers.
Chemical structures of molecules 16, 17 and 18.81
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1.1.2 POROUS NETWORKS FORMED BY SURFACE-CONFINED COVALENT
REACTIONS
All the networks described in the previous section were assembled taking advantage
of intermolecular weak interactions, which may lack stability for nanotechnological
applications.™ Consequently, a lot of effort has been focused on the engineering of
covalently bonded networks on surfaces (i.e., surface covalent organic frameworks, SCOFs)
displaying higher stability.

The first work describing covalently bonded 2D porous networks on surfaces was
published by Grill et al™' Porphyrin building blocks bearing 4-substituted bromophenyl
moieties were used to form arrays on Au(111) surfaces under UHV conditions. The covalent
bonds at predetermined points were formed by thermal dissociation (> 590 K). Such
dissociation performed by either heating the porphyrin modules on the surface after
sublimation, or by heating them in the evaporator prior to sublimation lead to intermolecular
coupling between the monomeric species (Figure 12). Prior to the thermal dissociation, a
control experiment at lower temperature (sublimation at 550 K) was done. Intact tetra(4-
bromophenyl)porphyrin 21 units formed highly ordered islands (up to 100 nm in diameter)
with a close-packed structure (Figure 12a). Various nano-architectures could be formed in a
controlled manner by thermally activating the Br functions of mono-, di-, and tetra-bromo-
substituted tetra(phenyl)porphyrins (TPPs) 19, 20 and 21, respectively (Figure 12b-d). As
expected, porphyrin 19, bearing only one Br atom, formed dimers upon activation of the
reactive sites (Figure 12b). Dibromophenyl porphyrin 20 lead to the formation of long, linear

chains, whereas tetrabromophenyl porphyrin 21 formed 2D networks.

Figure 12. a) STM image (20x20 nm?) of islands formed by unactivated 21 molecules on Au(111)
after sublimation at 550 K; b)-d) results obtained after the activation of bromophenyl porphyrins 19, 20

and 21, respectively. Image size b) 5x5 nm?, ¢) 10x10 nm?, d) 8.5x8.5 nm?."**!
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In another example, SCOFs formed under UHV conditions on Ag(111) surfaces were
reported by Zwaneveld et al,® exploiting condensation reactions between boronic acid
derivatives. Condensation reactions involving 1,4-benzenediboronic acid 22 led to six-
membered B;O; rings (Figure 13a) arranged into ordered porous hexagonal arrays with
cavities diameters of 1.5 £ 0.1 nm (sublimation of 22 at 300-500 K, surface coverages ranging
from <1% to near-complete monolayer). The stability of the assembly was tested by thermal
annealing at 750 K. No degradation was observed after 5 min, however, following prolonged
periods (12 h) significant degradation occurred and only small islands of the intact assembly
were observed. Hexagonal networks with larger pore sizes (2.9 nm) were also obtained upon
co-deposition of 22 and 2,3,6,7,10,11-hexahydroxytripenylene 23, and once again, annealing
at 750 K did not degrade the network, thus confirming the covalent nature of the assembly
(Figure 13b).

o o

-

Figure 13. a) STM image of a covalent network formed upon deposition of 22 on Ag(111) at near-
complete monolayer coverage; b) STM image of the SCOF formed upon co-deposition of 22 and 23 on
Ag(111). The insets in both images show the theoretical pore diameter obtained by density functional
theory (DFT) calculations.™®¥

Using a different approach, Linderoth and coworkers™! combined the use of surface-
confined covalent reactions to form 2D porous networks between Van der Waals pre-
organised precursor modules (25). In particular, three separate experiments, each resulting in
a different surface assembly, were performed by condensation of trialdehyde 24 with
octylamine (Figure 14) under UHV coniditions. The control experiment involved performing
the reaction shown in Figure 14 in solution, and then sublimation of triimine 25 directly onto

the Au(111) surface under UHV conditions. The close-packed self-assembly obtained
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consisted of rows of bright protrusions separated by a lamellar arrangement (Figure 14b).
This corresponds to the molecule having two ‘spokes’ adsorbed on the surface, with the third
one protruding upright, i.e., perpendicular to the surface. The assemblies obtained when the
reaction was performed in-situ, i.e. on the surface, were entirely different (Figure 14c-d). Two
different reaction conditions, leading to different assemblies, were investigated. In the first
experiment, octylamine molecules were dosed with a high flux at low temperature onto a
substrate pre-covered with molecule 24. In this case, a densely-packed structure with
complete conformational order was obtained (Figure 14c). In the second experiment, when
octylamine was sublimed onto the pre-covered substrate at room temperature with a lower
flux, a less ordered porous network was observed (Figure 14d). In the first case, it is
suggested that the low temperature did not allow the disruption of the underlying trialdehyde
assembly, and thus the reaction product inherited the organisational information of the
underlying layer resulting in the close-packed assembly. In the second experiment, the
thermal energy was sufficient to render the trialdehyde layer unstable. Therefore, following
the completion of the reaction between the freely diffusing reactants on the Au surface, a 2D

porous network was formed. The same condensation reaction was also used to construct other

[86, 87]

surface-confined assemblies.

Figure 14. a) Formation of triimine 25 between condensation of trialdehyde 24 and octylamine; b)
STM image (12x12 nm?) of the rectangular structure formed on Au(111) under UHV conditions by the
deposition of 25 prepared previously in solution; c-d) STM images (85x85 nm?® and 40x40 nm?,
respectively) of the different organisation patterns formed by the triimine 24 prepared in-situ on the
surface by a condensation reaction following c) deposition of octylamine at low temperature and high
flux on preassembled islands of trialdehyde 24 or d) deposition of octylamine at r.t. and low flux on
preassembled islands of 24.5%
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1.1.3 PREORGANISED CAVITIES: THE MACROCYCLE APPROACH

One of the first examples of deposition of macrocyclic cavities on surfaces for the
accommodation of guest molecules was reported by Wan, Bai and co-workers.*™® They
demonstrated that calix[8]erene macrocycles can form well-organised arrays on Au(111)
surfaces and that their cavities can accommodate guest molecules such as [Cgo].

In a more recent example Freyland, Hoger and co-workers™” reported the formation
of 2D supramolecular assemblies using the macrocyclic structure 26 bearing long alkyl chains
(Figure 15a) under ambient conditions at the liquid-HOPG interface (solvent: TCB).
Macrocycle 26 organised into rows held together by interdigitation of the alkyl chains
forming two types of cavities, A (blue octagon, ~1.4 nm) and B (red octagon, ~2.5x1.8 nm?)
(Figure 15b). The m-conjugated structure, and the extraannular phenyl moieties (circled in
green) are clearly visible in the STM image. Surprisingly, when combined with Cg, the
carbon cages nested atop of the macrocyclic structures rather than in the cavities, probably

due to donor-acceptor interactions.
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Figure 15. a) Chemical structure of macrocycle 26; b) proposed structural model of the assembly
showing the two types of cavities, A and B (blue and red octagons respectively); ¢) STM image of the
array formed by macrocycle 26 at the HOPG surface under ambient conditions. The four extraannular
phenyl moieties are highlighted with circles.™®

Similar extended macrocyles were also deposited onto HOPG under ambient
conditions (Figure 16a) by Miillen and co-workers who were able to observe the organisation
of 27 at the air-surface interface (spin-coating of a THF solution on HOPG).”” The STM
images (Figure 16b) revealed hexagonal packed, highly organised monolayers of the ring-
shaped carbazole macrocycle 27 spanning over several hundred nm” Due to the externally
appended alkyl chains, each macrocycle is spaced from its neighbour by ~ 0.4 nm in each
direction, thus preventing any close packing. Notably, all macrocycles are slightly distorted
(with an elliptical shape) towards different directions. This was attributed to slight distortion
of the linear geometry of the ethynyl linkers bridging the rigid conjugated carbazole-based

trimers. Upon the introduction hexa-peri-hexabenzocoronene (HBC) by pulsed laser
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deposition under UHV, the HBC molecules could be finally inserted into the pre-organised

cavities.

Figure 16. a) Chemical structure of conjugated carbazole macrocycle 27; b) STM image of the self-
assembly of 27 following spin coating at the air-HOPG interface. The direction of the elliptical
distortion of the neighbouring macrocycles is shown by the yellow arrows.””

In the same context, Bduerle and Osteritz described the organisation of macrocyclic o-
conjugated oligothiophenes.” °*! Such structures combine the typical electron-donating
properties of conjugated thiophenyl oligomers with the availability of hollow sites capable of

accommodating guest molecules such as Cg.””

Such cyclic molecules (Figure 17)
spontaneously organised at the 1,2,4-trichlorobenzene-HOPG interface in large hexagonal
patterned porous domains (up to 1x1 pum?) featuring diameters of ~0.91 nm and ~1 nm for
macrocycles 28 and 29, respectively. Each second thiophenyl module constituting the
macrocyle is decorated with two butyl appends at the B-positions. Due to the presence of the
alkyl chains, the cyclic structures were not lying flat on the surface, but rather they showed a

“spider-like” conformation, with the butyl substituents bent downwards with respect to the

conjugated ring.

Figure 17. a) STM image of the long-range ordering of macrocycle 28 at the TCB-HOPG interface
(60x60 nm?). The inset (bottom left) shows the underlying graphite. The second inset (top right) shows
the STM image of an individual macrocycle; b) long-range ordering of 29 adsorbed on HOPG with a
zoomed (inset) region.[93 J
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Metallo-macrocyclic assemblies are appealing materials for their versatile electronic,
magnetic, optical, and catalytic applications as their properties can be tailored by the

94, 95

coordinated metal.! ! The assembly of such compounds on solid supports represents

therefore an important step toward their exploitation in devices. Lehn and coworkers,”**"!
first reported on the study of 4,6-bis(2’,2”’-bipyridyl-6-yl)pyrimidine derivatives in
combination with either Fe(Il), Co(Il) or Zn(II) to form [2x2]-square-like complexes, which
were then deposited onto HOPG surfaces at the solid-liquid interface. The assembled
complexes on the surface revealed to regularly pack as grid-like monolayers. In 2004
Safarowsky et al. reported on the organisation of a self-assembled metallo-supramolecular

B through a reinforcing layer of chloride anions, that

square complexes on a Cu(100) surface
was able to enhance their interaction with the substrate. It was observed that the complexes
assembled in a flat orientation exposing their open cavities toward the solution phase, and
thus potentially able to accommodate guest molecules.

In parallel Stang, Wan and co-workers reported the self-organisation of
supramolecular rectangles, square and three-dimensional cages at the HClO4-Au(111)

1% The STM images of both supramolecular rectangle 30 and square 31 (Figure 18a

interface.!
and 18b, respectively) revealed that the coordination complexes form well-ordered 2D
networks with each single molecule lying flat on the surface, with its molecular plane parallel
to the surface, and an empty cavity in the center of each structure. Specifically, the

dimensions of the metallamacrocycles were consistent with those measured by X-ray

Figure 18. a) High-resolution STM image of [1,8-bis(¢rans-Pt(Et;),)anthracene)(4,4’-byp)].(PFs)s 30
rectangular adlayer and showing the underlying Au(111)-(1x1) lattice in the upper right corner; b)
high-resolution STM image of [Pt(dppp)(4,4’-byp)]s(CF3SOs)s 31 adlayer. In the upper right corner the
underlying Au(111)-(1x1) lattice is shown.!'"
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diffraction, 2.0x1.2 nm” and 2.1x2.1 nm” for 30 and 31, respectively, showing that the cages

do not suffer structural changes upon deposition on Au(111) surfaces.

1.1.4 SINGLE PORE ASSEMBLIES: AN ENHANCED LEVEL OF CONTROL IN
SURFACE SELF-ASSEMBLY
In order to move towards a higher level of control and predictability of

. . . 101
supramolecular self-assemblies on surfaces, two recent publications!®!

investigated the
formation of single pore assemblies using porphyrin scaffolds to increase the understanding
of the molecule-molecule and molecule-substrate interactions on surfaces. The first of the

101

reports was published by Diederich, Stohr and Jung and co-workers,!""! which expanded on

the work of Yokoyama et al'®

reporting the self-assembling of two bis-cyanobiphenyl
porphyrin derivatives (bearing two 4’-cyanobiphenyl and two 3,5-di(tert-butyl)phenyl
subtiutents in cis-like 32 and trans-like 33 orientations, respectively (Figure 19a), on a
Cu(111) surface under UHV conditions. Surprisingly, in the case of the cis-like isomer,
various discrete supramolecularly-assembled macrocyclic oligomers were observed, ranging
from dimers to hexamers (Figure 19c¢-h). This large variety in the observed assemblies was
attributed to two facts: a) the presence of other contributions than dipolar bonding interactions
which direct the formation of other favourable geometries and b) Cu(111) surfaces has a
stronger interaction with large aromatic systems in comparison to Au(111), thus the
porphyrins adsorbed on the surface tended to align to principle directions of the substrate,
altering the balance in strength between the adsorbate-adsorbate and adsorbate-substrate
interactions. Despite the large variety of the observed architectures, the most common
assemblies were trimers and tetramers. In the trimeric species (Figure 19d), each of the three
porphyrins had its central axis rotated of 120° with respect to the next, and thus each one was
favourably aligned to the principle directions of the Cu(111) surface. As no bending of the
cyanobiphenyl moieties was apparent in the STM images and the structural alignment
between neighbouring cyano groups was estimated at an angle of 150°, the interaction was
postulated to be a hybrid between antiparallel dipolar and hydrogen-bonding interactions.
Two types of tetramers were observed (Figures 19¢,f) due to the fact that porphyrins can form
conformational enantiomers upon deposition on surfaces. The meso-phenyl substituents were
rotated away from their preferred perpendicular orientation relative to the porphyrin core,
causing a saddle shape to form in the porphyrin core with two opposing pyrrole rings pointing
upwards, and the other two pointing downwards. This can occur in two axes (Figure 19b),
leading to type A and type B. One of the tetramers was formed by two type A and two type B
porphyrins (Figure 19¢). The interactions of the CN groups in this case were at 180°, the

optimal angle for antiparallel dipolar interactions, and furthermore, all the porphyrins are
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Figure 19. a) Molecular structures of porphyrins 32 and 33. b) Conformational isomers, type A and B
of 28. c-h) High resolution STM images with the corresponding molecular models of the various self-
assembled macrocyclic oligomers: ¢) dimer (5.0 x 5.0 nm); d) all type A trimer (6.3 x 6.3 nm); ¢)
mixed type tetramer (6.4 x 6.4 nm); f) all type B tetramer (6.2 x 6.2 nm); g) pentamer (7.6 x 7.6 nm);
h) hexamer (8.2 x 8.2 nm). i) STM image (50 x 26 nm) for submonolayer coverage of 32 on Cu(111)
annealed at 150°C. The dimer marked by a square is enlarged in Figure j. j) High resolution STM
image (5.5 x 2.5 nm) of a dimer. k) The proposed model for the dimer showing that the 4’-
cyanobiphenyl groups bend together by ~15° to enable coordination with Cu atoms. Ar = 3,5-di(tert-
butyl)phe[{})}ll]l. 1) STM image showing the branched linear chains formed at low coverages by 33 on
Cu(111).
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aligned with the Cu(111) surface axes. In the second type of tetramer (Figure 19f), the
porphyrins were all of the B type, and in order to maintain their alignment on the Cu
substrate’s axes, the 4’-cyanobiphenyl substituents bent (inwards in two of the porphyrins and
outwards in the other two) to be able to interact intermolecularly. Pentamers were also
observed (Figure 19g), but very rarely because the formation does not correctly fit the
Cu(111) lattice nor the 90° angle of the cyano groups of the porphyrins. Hexameric structures
conform to the Cu(111) lattice, however due to the large cavities, they are generally less
favoured and very infrequently observed (Figure 19h). The most interesting result obtained
with porphyrin 32 was related to the dimer formation. The bonding interaction for the dimer
was expected to be similar to that of the trimeric arrangement, where the CN group of one
porphyrin would interact with the phenyl hydrogens of the neighbouring porphyrin
macrocycle as this arrangement would conform to the geometry of molecule 32 (Figure 19¢).
However, another dimeric system was observed when the assembly was annealed above
150°C, causing a distortion of the 4’ cyanobiphenyl substituents, closing to approximately
60°. This extreme distortion was thought to be caused, firstly, by the aforementioned Cu-
substrate-induced saddle shape of the tetrapyrrolic core permitting the meso-substiutents to
move laterally, an effect that was even more pronounced at elevated temperatures; and
secondly, and more significantly, the elevated temperatures allowed for the mobilisation of
Cu adatoms from the Cu step edges making them available for the coordination of two cyano
groups, and hence the formation of dimers as it is shown in Figure 19i-k. The number of such
dimers increased further upon heating to 200 °C. In the case of frans-enantiomer, 33,
deposition on the Cu(111) surface at low coverages led to linear chains formed by the
antiparallel dipolar interactions of the cyanophenyl moieties (Figure 191).

Analogous discrete multi-porphyrin assemblies as those in the above example were
obtained in parallel in a work involving our own laboratory. Heim et al.'** investigated the
assemblies of three porphyrins bearing pyridyl substituents on a Cu(111) surface under UHV
conditions. As shown in Figure 20a, one porphyrin bears a single phenyl-acetylene-pyridyl
substituent and three 3,5-di(tert-butyl)phenyl substituents in the meso-positions (34). The
other two porphyrins are difunctionalised with respect to both types of substituents, bearing
the pyridyl moieties in a cis-like (35) and in a trans-like orientation (36). Deposition of
porphyrin 34 at submonolayer coverage resulted mainly in dimer formation (Figure 20b,c),
with few scattered individual porphyrins present. The dimers are coupled in an antiparallel
head-on configuration, in which the pyridyl moieties are facing each other. Instead,
performing the same deposition on Ag(111), it did not result in dimerisation, but in densely
packed islands where the pyridyl groups avoided each other, thus inferring that the Cu(111)

substrate plays a role in the dimer formation. Through careful analysis of theoretically
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calculated distances compared with the distances obtained experimentally by STM, it was
suggested that the most plausible mechanism of dimer formation is the coordination of the
pyridyl groups with Cu adatoms originating from the substrate resulting in a pyridyl-Cu-
pyridyl motif. This Cu-pyridyl coordination interaction was reported in detail by Barth and

') The coordination brings

coworkers using a tetrapyridyl-porphyrin on a Cu(111) substrate.!
the hydrogen atoms of neighbouring pyridyl groups in close proximity causing steric
repulsions, consequently preventing a trimeric coordination from forming as in the case of the
cyanophenyl-bearing porphyrin. Furthermore, this repulsion prevents the strong deviations
from the optimal 180° angle of the head-on configuration. Although the 180° angle is
required for interaction, the phenyl-acetylene-pyridyl functions display some conformational
flexibility allowing for some lateral bending. This accounts for the fact that the axis
connecting the two porphyrins in the dimeric species does not always follow the direction of
atomic lattice of the underlying Cu(111) substrate, but it can vary with an angle of up to £15°
from it. Deposition of cis-dipyridyl porphyrin 35, on the Cu(111) surface resulted in various
discrete supramolecular assemblies (Figure 20d). Triangular and rhombic shaped assemblies
were mainly observed. The trimeric assembly (Figure 20e) dominated at low coverage,
whereas, the tetrameric species at higher coverages (Figure 20f), with the pentameric (Figure
20g) and hexameric assemblies (Figure 20h) also appearing at the increased coverages. This
tendency demonstrates that the spontaneous self-assembly and the structural properties of the
architectures depends on a combination of the pyridyl-pyridyl interactions, the conformational
flexibility of the molecular modules and also the influence of the Cu substrate (as also shown
by Fendt et al.'®"). Surprisingly, it has been observed that perpendicular angles between the
substituents were very rarely observed on the surface, as the 3,5-di(tert-butyl)phenyl
substiutents were generally found to have angles of 60° (type A porphyrin) or 120° (type B
porphyrin) with respect to each other, and the pyridyl substituents were at opening angles of
80 £ 5° (type A) or 100 £ 5° (type B). In the triangular assembly all the porphyrin units were
of type A and due to the substrate atomic lattice, the triangles could only be found in two
orientations on the surface, which followed the Cu orientations (indicated by arrows in Figure
20d), and were at 180° with respect to each other. The tetrameric macrocycles involved two
A-type and two B-type porphyrins resulting in rhombic shapes, and could be found in the
three orientations on the surface respecting the Cu atomic lattice directions. The pentameric
and hexameric assemblies were made up of B-type porphyrins only. In the case of frans-
substituted porphyrin 36, deposition resulted in extended chains (Figure 20i) as expected.
Further investigations involving the deposition of a bicomponent mixture of porphyrins 35
and 36 (in 3.6:1 ratio), led to the formation of various large unprecedented cyclic structures

incorporating both porphyrins (Figures 20k-1). Further to these results, the work also
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demonstrated that the assemblies could be singularly manipulated using the STM tip (Figures

20m-p), displaying unprecedented flexibility and robustness.

Figure 20. a) Molecular structures of pyridyl-substituted porphyrins 34-36. b) STM image of the self-
assembled dimers formed by porphyrin 34 on a Cu(111) surface. c¢) Detailed view of a single dimer.
Each of the bright double lobes (circles) represents a -Bu,Ph group. The head-on aligned pyridyl-
substituents can also be seen in grey. d) STM image of the triangular and rhombic supramolecules
formed by porphyrin 35. The lines and arrows mark the azimuthal orientations of the assemblies. e-h)
Detailed STM images of the supramolecular cycles (35), (e, n =3; f,n =4; g, n=15; h, n =6). The
opening angles of the ~-Bu,Ph groups are indicated. i) STM image of the 1D molecular wires formed
upon deposition of 36 on Cu(l11). j) STM image showing the coexistance of homomolecular
assemblies and bicomponent rhombic and triangular architectures formed following a mixed deposition
of 35 and 36. k, 1) Detailed view of the bicomponent cyclic assemblies. m-p) Molecular manipulation
experiment where the STM tip using low tunnelling resistance was used to distort a tetramer of 35
without break the intermolecular bonds (m to n) and also to extract one molecule converting a tetramer
into a trimer (o to p).['""™

1.2 EXPLOITING THE CAVITIES OF POROUS NETWORKS
As anticipated in the previous Section (1.1), the voids of 2D porous networks can act
as selective hosting sites for the preferential accommodation of guest molecules. An
increasing number of studies are currently focusing on the specificity and guest selectivity of
templated networks. Such specific recognition is essential for the immobilisation and study of

functional molecules at the single molecule level of precision. This section, focuses on recent
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advances in the preparation of 2D porous networks that can be regarded as molecular sieves,
since they are able to selectively accommodate guest species in their cavities depending not
only on their size and shape but also, in some cases, on their electronic properties. Section
1.2.1 will discuss host-guest recognition in the cavities. This will be followed by a discussion
of flexibility and guest-induced structural transformation shown by some non-porous and
porous hosting networks (Section 1.2.2). A sub-section is also devoted to biomolecular
hosting (Section 1.2.3), and the final section discusses covalent surface functionalisation

using the porous network as a template (Section 1.2.4).

1.2.1 CAVITY-CONFINED HOST-GUEST RECOGNITION
During the last years, several porous networks formed by various components of
different nature, and stabilised by means of various interactions, have proved to be excellent
hosts for C¢, molecules. In a recent work, Wee, Chen and co-workers presented a strategy to
fabricate regular porous nanoarrays from pentacene under UHV on Ag (111), which were
used to selectively accommodate guest Cgo molecules.'® As shown in Figure 2la after
deposition of 0.7 ML pentacene 37 on Ag(111) and annealing to 380 K (1 ML corresponds to
a close-packed molecular layer) a loosely brick-wall-like structure was obtained (inter-row
distance: 1.03 nm). The arrangement of this structure was significantly modified by the
deposition of 0.7 ML of C¢, which after annealing at 360 K gave rise to the formation of an
extended 2D network with well-ordered cavities. The Cgy adsorption induced structural
rearrangement of the pentacene array into pentacene pairs surrounded by Cg molecules
(Figure 21b). The new array was constituted by a regular arrangement of C4p molecular chains
(interchain distance: 1.82 nm) with an intermolecular distance between the nearest hosted
neighbouring Cey molecules of 1.05 nm. The skeleton of the Cgp nanomesh was stabilised by
the strong molecule-metal interfacial interactions [Cgo-Ag(111) and pentacene-Ag(111)] and
the pentacene-Cqy donor-acceptor coupling. Figure 21c-d clearly reveals that the Cg
molecules exclusively adsorb in the nanocavities of the nanomesh template, and upon
increasing the coverage from 0.05 ML (Figure 21c) to 0.2 ML (Figure 21d) a full occupation
was achieved.
Structural modification of a Zn-porphyrin macrocycle through the introduction of 4-
cyanophenyl moieties at the 1,10-positions (38), led to the formation of regular homochiral

1951 As shown in Figure 22 each pore

nanoporous domains on Cu(111) surfaces under UHV..!
appears as a chiral windmill-shaped structure consisting of six wings, each associated with the
two tert-butyl residues of the 3,5-di(fert-butyl)phenyl substituents. These networks further
displayed self-hosting properties towards unbounded single porphyrin guests, which nested

atop of each windmill-like cavity (Figure 22¢,d). From various STM sequences at different
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Figure 21. a) STM image of long-range ordered pentacene superstructures on Ag(111); b) detailed
image of the Cg nanomesh together with its proposed model superimposed on the image; c-d) STM
images of the coverage dependent evolution of Cgy assembled within the nanomesh: ¢) 0.05 ML, d) 0.2
ML [104]

temperatures it has been observed that the porphyrin guests can thermally switch from one
stable position to another. The horizontal line in Figure 22c,d indicates that the nested
molecule switched into a new position. The thermally induced rotation of the guest molecules
revealed to be faster than the time-resolution of the STM, and thus the shown images are a
superposition of all possible arrangements that can be taken on a single pore. As the guest
molecule is embedded onto a nanoporous network, each device could also be selectively
addressed and switched upon applying a local voltage by placing the tip above the porphyrin
guest under scanning conditions. By applying short pulses (~1 second), a single switching
event could be triggered. Although this method revealed to be successful in inducing a
switching event, a preferential direction of rotation (i.e., clockwise or counterclockwise) has

not been achieved so far.

Figure 22. a) Structure of the 4-cyanophenyl substituted porphyrin 33; b) STM image (50x50 nm?) of
the self-assembled network of 38 on Cu(111). The insets (9.1x9.1 nm?) show that two homochiral
domains were observed; b,c) STM images (6.5%6.5 nm?) showing the controlled rotation of the nested
guest molecules induced by the STM tip.1%!
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In a recent work from the groups of Attias, Charra and co-workers it has been shown
that deposition, at the phenyloctane-HOPG interface, of star-shaped tris-phenylene ethynylene
derivative 39, leads to honeycomb structures generating empty cavities (diameter ~ 1.3 nm)
suitable for hosting guest molecules (Figure 23a).l'% With the aim to test the guest
selectivity, the authors studied the confinement of several polycyclic aromatic hydrocarbons
(PAHs) within the porous network. After deposition of coronene 40, benzo[rst]pentaphene 41
and hexabenzocoronene 42 into the hosting network, the appearance of a circular bright spot
at the center of each pore, confirmed the trapping of the guest molecules (Figure 23b-d). In
contrast, when pentacene or other stilbenoid derivatives were added, they were never found to
adsorb inside the cavities due to their larger size in comparison with that of the pore, thus

demonstrating the size and shape selectivity of the hosting arrays.
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Figure 23. STM images on HOPG of a) self-assembled monolayer of the matrix formed trough self-
assembly of (1,3,5-tris[(F)-2-(3,5-didecyloxyphenyl)-ethenyl]benzene 39; the host matrix after addition
of b) 40; ¢) 41; d) 42.1'°

Another example of selective assembly has been obtained with bis(3,5-
diacidic)diazobenzene 43, which formed 2D porous networks at the liquid—solid interface
(solvent: heptanoic acid, surface: HOPG, r.t.), with two types of cavities (A and B) of
different sizes (pore diameters: 1.2 and 0.86 nm, respectively) and symmetries through double
intermolecular H-bonds between frontal carboxyl groups.”™ This open Kagomé array offering
two different types of binding sites can serve as a two-dimensional molecular template to
accommodate functional molecules with site selectivity. Whereas the experimental results
indicate that Cgp molecules have been hosted in both sites displaying no selectivity (Figure
24a-d), larger fullerenes, such as Cgy and ScsN@Cgy were exclusively accommodated in the
larger cavities (i.e., those with 1.2 nm of diameter) as shown in Figures 24e-f. In addition, as
the caged metal atoms increase the electronegativity, endohedral fullerenes such as Sc;N@Cs,

showed enhanced binding to the 43—graphite network compared to pristine Cq.
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Figure 24. High-resolution STM view showing the detailed Cg—43 host—guest structure with Cgo
trapped within a) the A-type network, ¢) the B-type network; b), d) suggested molecular models of the
assembly structures for a) and c¢), respectively; ¢) STM image (68x68 nm?) of the ScsN@Cs, trapped
within the A-type of the diazobenzene 43 network on HOPG surface; f) proposed structural model; g)
chemical structure of diazobenzene 43.1°")

As described in Section 1.1.3, another approach towards the formation of regular
hosting networks is the use of preformed molecular cavities. By means of this method, Tobe,
De Feyter and co-workers obtained regular porous networks from the deposition of
butadiyne-bridged planar macrocycles (pore diameter ~1 nm) at the TCB/graphite interface
(Figure 25).1%" Three different macrocycles were studied: pyridinophane 44 bearing four
peripheral octyl esters, and cyclophanes 45 and 46 bearing four octyl ester and four
(octyloxy)methyl substituents, respectively. Although the aromatic units on the macrocycles
did not show any difference in the organisation, cyclophane 46 forms a more densely packed
linear pattern than macrocycles 44 and 45 probably due to the absence of H-bonding
interactions between the adsorbed macrocyles. Site-selective guest inclusion was tested with
tropylium (Tr) cation 47, which is known to have high binding affinity to pyridine via ion-
dipole interactions.!"®™ As expected, in-situ and ex-situ complexation experiments on the
molecular host network 44 with guest 47 (1:13 molar ratio, in TCB/CH;CN/CHCIl; 10/9/1)
showed accommodation of 47 inside the macrocycle cavities, while similar experiments on
networks 40 and 41 did not reveal any complexation. Upon mixture of two similar macrocyles
(44 and 45) with guest 47 (1:1:13 molar ratio, in TCB/CH;CN/CHCI; 20/9/1) only some
macrocycles showed bright spots inside the cavities suggesting that the remaining empty
pores where those from cyclophane 45 (Figure 25a). On the other hand, mixture of 44, 46 and
47 (1:1:13 molar ratio, in TCB/CH;CN/CHCI; 20/9/1) showed, in addition to pure domains of
the complex (Linear A, Figure 25b), a new molecular network (Linear C) formed by
alternated macrocycles exhibiting bright (44 + 47 complex) and dark cores (guest free 46)
(Figure 25b-d). The driving force for this preferred alternation and alignment on the surface
has been attributed to attractive dipolar interactions between adjacent ester and ether groups

along the macrocycle rows.
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45 R =COOCzH,;

44 R=COOCgH,;
46 R =CHyOCgH,;

Figure 25. a) STM image of the monolayer formed by a mixture of 45 and 44 + 47 complex; b) STM
image of monolayer formed by a mixture of 46 and 44 + 47 complex; c) high resolution image of the
linear C structure; d) tentative model of the ideal alternating linear C structure consisting of 44 (blue),
46 (turquoise), and Tr cation (orange) 47.177]

1.2.2 GUEST-CONTROLLED NON-COVALENT CONFINEMENT

Given that all the networks described so far constructed via supramolecular
interactions are not covalently bound to the surface, a certain degree of dynamicity during the
recognition process is expected. In this section, the flexibility and the guest-induced structural
transformation shown by some non-porous and porous hosting networks will be discussed.

One of the first examples of structural transformation, from a linear nonporous
structure into a honeycomb porous network, as a response to the addition of guest molecules
was described by De Feyter, Tobe and co-workers (Figure 26).'%' Recently, they have
studied a series of dehydrobenzo[12]annulene (DBA) derivatives which by interdigitation of
the alkyl chains generate well-ordered arrays on HOPG surfaces under ambient conditions.
Remarkably, it has been observed that upon increasing the length of the alkyl chains present
in the DBA cores, a transition from honeycomb networks to linear networks occured./®® Some

[70] In

of these systems have additionally shown concentration-dependent polymorphism.
particular, at low concentrations 2D porous honeycomb networks are formed, while at high
concentrations, the same systems organise in dense-packed linear patterns. In spite of this, in
both cases, the dense-packed linear patterns can be transformed into porous networks by

addition of a proper guest molecule (Figure 26).%
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Figure 26. a) Tentative reorganisation model of 48 from a linear DBA network into a honeycomb
network after addition of coronene 40; b) STM images on HOPG of a linear network 48 without
coronene and c¢) honeycomb structure after the addition of 40. Image size (96x96 nm?).!'%)

Interestingly, they also studied the encapsulation of several guest molecules of
different symmetry, size and planarity (Figure 27). It was observed that only the planar guest
molecules  presenting large  m-conjugated cores such as  coronene  (40),
hexakis(phenylethynyl)benzene (49) and phthalocyanine (50) induced a network transition
from a linear structure to a hexagonal closed structure of the array. This could be attributed to
the adsorption energies, which are larger than the adsorption energies of the other nonplanar
or small 7-conjugated molecules hexaiodobenzene (51), chrysene (52), 9,10-

diphenylanthracene (53) and Cg (54).

HONEYCOMB STRUCTURE

LINEAR STRUCTURE

Figure 27. Guest molecules tested in order to induce structural changes on the flexible network.!?”!

In a very recent work, the same authors reported a hierarchical self-assembly of three-
component 2D crystalline lattices at the liquid-solid interface (solvent: 1-octanoic acid,
surface: HOPG, room temperature) following a host-guest strategy, which involved specific
recognition and selection processes.””) As it can be observed in Figure 28, coronene (40)
acted as a molecular template directing the assembly of six molecules of isophthalic acid (55)
into a 2D H-bonded supramolecular network (Figure 28a,c). If no coronene was present, the

cyclic hexamer organisation of isophthalic acid molecules would not be possible due to the
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higher adsorption energy per unit area that the porous arrangement represents (Figure 28b).
Using this heteromolecular cluster as a template, the assembly of an alkoxylated
dehydrobenzo[12]annulene derivative 56 into a honeycomb network stabilised by van der
Waals interactions was achieved (Figure 28a,d). Most notably, the network formed by 56 can
be regarded as a molecular sieve. In fact, in the presence of competing guests such as trimesic
acid, which is known to form well-defined bimolecular assemblies with coronene (identical to
those in Figure 28c), arrays of molecule 56 exclusively hosts hetermolecular complexes

composed by 40-55 in the ratio 1:6.

CygMz0,  OC My
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Figure 28. a) Molecular mechanics (MM)-optimised structures of (left) the “zigzag” pattern of 55 and
(right) the coronene-templated assembly of 55 and model of the three-component hierarchical
assembly; b,c) STM images recorded at 1-octanoic acid/graphite interface of self-assembled patterns of
55 b) in the absence of coronene and c) in the presence of coronene; d) the high-resolution image of the
tricomponent architecture shows submolecular detail of the 40-55 (1:6) cluster.””

In parallel, another example of dynamic molecular assemblies was described in a

systematic study performed by Charra, Attias and co-workers.!''"!

Exploiting the
interdigitation tendency of aliphatic chains, they synthesised several molecular modules based
on a 2,4,6-tristyrylpyridine central core. In particular, they showed the formation of
supramolecular dimers (Figure 29a), polymers (Figure 29b), and 2D networks (Figure 29¢) by
absorption of mono- (57), di- (58), and trifunctional (59) derivatives, respectively, at
phenyloctane-HOPG interfaces. The degree of functionalisation, and therefore, the number of
alkylic chains (clipping functionalities) present in the central core steers the organisation of
the molecules. Modules 58 and 59 have the same disposition of the alkyl chains and therefore
the same organisation pattern (cyclic hexamers) was expected. However, as a result of the

tendency to minimise the free surface energy, the more compact linear polymer conformation

shown in Figure 29b was preferred. Still, thanks to the flexibility of the system it was possible
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to induce a reorganisation of such linear polymer-like topology into cyclic hexameric blocks
by addition of a hexabenzocoronene derivative (42) (Figure 29d). As expected, the structure
of the resulting hierarchical organisation resulted to be the same as the honeycomb network

using the trifunctional molecular module 59 (Figure 29c¢).

O0CqgH21
58 OCygH2y 59  OCyoH2

Figure 29. a-c) STM images corresponding to the monofunctional 57, bifunctional 58 and trifunctional
59 molecules all based on the 2,4,6-tristyrylpyridine core. d) STM image after rearrangement of
network b induced by addition of hexabenzocoronene (42). The scanned areas were a) 7.8x7.3 nm?, b)
8.1x7.5 nm?, ¢) 8.9x8.3 nm?, d) 25.7x18.7 nm*.["'"

In a study examining the inclusion of metallophthalocyanines (MPc) in the porous
network formed by self-assembled 1,3,5-tris(10-carboxydecyloxy)benzene (60) on at the
solid-liquid interface on HOPG under ambient conditions (solvent: toluene), it was found that
the network could adapt its shape to host either one or two MPc molecules per pore.”®
Molecule 60 self-assembled into homogenous networks with almost tetragonal cavities at the
toluene-HOPG interface (Figure 30a). Following this, the inclusion of different molar ratios
of phthalocyanine 50 was investigated. While at a molar ratio of 60-50 greater than 2:1,
unfilled networks were mainly observed (Figure 30a), at a molar ratio lower than 1:1, dimer-
entrapped networks were formed (Figure 30c). The optimal ratio for obtaining both dimer-
and monomer-entrapped network domains was 2:1. The inclusion of a single phthalocyanine
in each cavity caused the bending of the flexible aliphatic moieties of 60, and therefore a
distortion of the shape of the flexible network (Figure 30b). In the domains in which dimers
were entrapped, an altogether different distortion of the network was observed (Figure 30c¢).
In this case, two MPc molecules were hosted almost side by side in a single cavity that was
formed by four 60 molecules (compared to two 60 molecules in the control and the monomer-
entrapped architecture). Due to the new conformation, the average number of H-bonds per
unit mesh is one, compared to two in the monomer-entrapped conformation (compare the

black ellipses drawn in Figure 30b and 30c). This results in weaker interactions (9.6 kcal mol™
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") and thus a larger cavity was able to form. This establishes that the porous network formed
by molecule 60 depends on H-bonding interactions for its stability and at the same time the
H-bonds endow the system with a certain degree of flexibility. Once again, van der Waals

interactions are thought to be the main contributor for the host-guest inclusion.
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Figure 30. a) STM image of the self-assembly of 60 on a HOPG surface; STM images of the self-

assembled 55 molecules hosting b) a single 50 molecule per cavity c) a dimer of 50 molecules in each

cavity. The white shapes in b) and c) indicate the location of 50 as squares and the phenyl groups of 60

as circles; e-f) each STM image is accompanied by the proposed molecular model with identified H-
bonding locations.”®!

Along this section the dynamicity that some systems show under solid-liquid
conditions has been thoroughly demonstrated, however there are very few reports showing
flexible networks studied under UHV conditions. In 2007 Yokoyama and co-workers reported
the formation of a flexible network formed by the self-assembly of a porphyrin derivative on
a Au(111) surface, which after the adsorption of Cg leads to the formation of a nanoporous

"'n a similar way, Calmettes and

structure that is able to accommodate the guest molecules.!
co-workers reported the formation of metastable open 2D hosting networks of
2,3,9,10,16,17,23,24-octachlorozinc phthalocyanine (61) on Ag(111) under UHV conditions
(Figure 31). The latter network could be used as flexible templates for the controlled insertion

"2 The presence

of guest molecules, in particular 1,3,5,7,9-penta-tert-butyl-corannulene (62)..
of eight chlorine atoms in 61, which are able to establish relatively weak H-bonding and van
der Waals interactions, leads to the kinetic control of the self-assembly process on the
substrate. In particular, three different networks were obtained depending on the packing
density (0.33 mol nm~?, 0.38 mol nm™, 0.44 mol nm~, respectively) tailored by time and
thermal annealing. The low packing density and the flexibility of the weak intermolecular

interactions of networks N1 and N2 (Figure 31a,b), allowed the accommodation of 62 due to

an aperture within the initial organisation. In the case of N1, the self-assembly of molecules
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results into a chessboard-like structure (Figure 31c) and in the case of N2, both components
align in separate parallel lines (Figure 31d). Remarkably, it has been shown that it was
possible to modify the aforementioned arrays by removing individual 62 molecules by using

the STM tip, leaving the new phthalocyanine-templated pattern almost undamaged.

00008000000
00000000000

Figure 31. STM images (55 nm?) at the liquid-helium temperature (T = 4.6 K) of two 2D packings of
61 on Ag(111): a) network 1 (N1), observed immediately after molecule evaporation; b) network 2
(N2), after annealing at 230 K; ¢) STM image a 61-N1 network observed at T = 77 K after evaporation
of 57; d) bicomponent network obtained from the evaporation of 62 onto a 61-N2 lattice.!''"!

1.2.3 TOWARDS BIOMOLECULAR HOSTING
The organisation and immobilisation of biomolecular systems on surfaces is a
requirement toward the fabrication of bionanodevices.”® In this section, some examples of
molecular confinement of aminoacids and peptides at porous hosting surfaces will be
illustrated.
In this context, Stepanow et al. reported the first example of surface supported
metallosupramolecular receptors to bind biomolecules (cystine (64) and diphenylalanine (65))

5] The receptor nanocavities (1 nm opening) were

through non-covalent interactions.
prepared on Cu(100) substrate in UHV, by hierarchical self-assembly of Fe atoms and
trimesic acid (63) (Figure 32a).! Addition of cystine to the nanocavities resulted in the
appearance of two protrusions, each of them associated to a single cystine anchored to the Cu
substrate in an upright position, inside the cavities (Figure 32b). The binding of cystine
molecules was observed to be reversible, since after thermal annealing a progressive removal
of the trapped molecules occurred (at 430 K one cystine was removed and at 490 K the
remaining molecule was released), and the empty cavities presented their original structure.

The trapping of diphenylalanine (65) was also observed (Figure 32c¢). In contrast to cystine,

only one Phe-Phe molecule per cavity was found to adsorb, and because of the bulky phenyl
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rings at both terminals and the length (1.3 nm), the complete inclusion of the molecule within
the cavity was excluded. The Phe-Phe guests were also reversibly released at 450 K. Once
more, the nanocavities remained unchanged after complete desorption of the guest molecules,

indicating the reversibility of the host-guest binding.

Figure 32. a) 2D metallosupramolecular nanoarrays of trimesic acid (63) and Fe atoms on a Cu(100)

substrate; b) binding of cystine (64) in the receptors after deposition at 300 K. Image size 10x9 nm?; ¢)

binding of Phe-Phe (65) inside the cavities. Image size 25x22 nm?*.[!

Under ambient conditions, Wan and co-workers also reported the controlled adsorption

"4 By adsorbing an oligo-(phenylene-ethynylene)

of peptides within an oligomeric template.!
OPE (66) bearing an end-carboxyl functional group on a HOPG surface (under ambient air
conditions) a regular template was formed (Figure 33). The molecules interact with each other
via H-bonds through the carboxyl groups and via interdigitation of the alkyl chains. It was
observed that after the inclusion of coronene (40) on the OPE templated array, the guest
molecules were trapped within the free spaces available among the alkyl chains. In a similar
way, tripeptide Tyr-Gly-Gly (67) was uniformly distributed at the vacancies of the OPE
template. In Figure 33b an arrow indicates the positioning of two peptide molecules between

the neighbouring conjugated backbones. A careful observation reveals that molecules 67

appear at every other row and are interdigitated into the OPE template.
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Figure 33. a) High-resolution STM image of a 40/66 (1:1) mixture; b) high-resolution STM image of
peptide 67 dispersed within OPE template; ¢) chemical structure of the molecules that compose the
network: OPE 66, and of the guests: coronene 40 and tripeptide 67.1''*!

1.2.4 PORE-TEMPLATED SURFACE FUNCTIONALISATION

As thoroughly discussed in this introduction, in order to obtain useful platforms for
biotechnological or electrooptical applications, the periodic organisation of functional
molecules on templated surfaces is necessary. However, it is not always possible to direct the
adsorption of guest molecules inside the assembled pores. In this section it will be illustrated
how the use of covalently modified 2D networks could guide the encapsulation of the targeted
guests within the hosting pores.

Recently, Beton, Champness and co-workers have shown that the bi-molecular
hosting network depicted in Figure 1 could also be formed if molecule 1 was replaced by
perylene-derived molecules (R,-PTCDI) bearing lateral groups.!""™ In particular, they have
described the self-assembly and hosting properties of Br-bearing 68 (Br,-PTCDI) and
propylthio 69 (di(propylthio)-PTCDI) functionalised perylene derivatives with melamine 2
(Figure 34b) under UHV conditions (surface: Au (111)/mica). While for unfunctionalised
PTCDI, it was not possible to observe complete coverage of bimolecular hexagonal arrays
when combined with melamine, for Br,-PTCDI 68 the existence of only homogeneous
bimolecular hexagonal networks was found (Figure 37a). The Cg-entrapment properties of
the new 68-2 network resulted to be the same as the one observed for the 1-2 system, namely
the formation of Cg heptamers within the pores, indicating the relatively short steric
hindrance of the Br atoms (Figure 34c). Similarly to 68, di(propylthio)-PTCDI 69 was
completely converted into a bimolecular hexagonal array when combined with melamine.
However, the deposition of Cg onto the hexagonal network did not result in the heptameric
clusters within the pores as before, but rather fullerene guests were adsorbed in an irregular
fashion (Figure 34d). Such observation was attributed to the presence of the propylthio chains

in the cavities, which restrained the entrapment of C¢, within the pores.
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Figure 34. a) UHV STM image showing hexagonal supramolecular structures formed with Br,-PTCDI
and melamine on a Ag-Si(111)V3xV3R30° surface. The protrusion from each Br, is apparent; b)
chemical structure of the molecules used for the network formation; ¢) image showing three captured
Cgo heptamers within the cavities of 68-2 network; d) STM image after deposition of Cg, onto the
bimolecular honeycomb network formed after sublimation of melamine onto adsorbed 69-2.!'")

In a very recent work, it has been shown that the same PTCDI-melamine
supramolecular honeycomb network as that described by Beton and co-workers'™! in Figure 1
can also be formed at the liquid-solid interface under ambient conditions. It also demonstrates
sufficient robustness to act as a template to precisely guide the self-assembly of thiol-based
monolayers.!""! Buck and co-workers have shown that different self-assembled monolayers
(SAMs) consisting of adamantine 70, dodecane 71 and w-(4’-methylbiphenyl-4-yl)propane 72
thiols could be selectively confined inside the hexagonally patterned cavities (Figure 35).
Such SAMs revealed to be so robust in the liquid environment that they could even be
processed further, as it was demonstrated through electrochemical deposition experiments of
Cu. Specifically, they have shown that a monolayer of Cu can be grown between the Au
substrate and the thiol-derived molecules without disrupting the hybrid structure. To date, this
is the first example in which a non-covalent network has been used to template the patterning
of SAMs at the molecular level, providing an exact definition of structures in the substrate
plane. The combination of the 2D network with the SAMs offers considerable design

flexibility, with the network and the SAM each permitting separate surface modifications.
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7 72

Figure 35. a—c) STM images of the hybrid structures on Au(111)/mica: network filled with 70 a), 71 b)
and 72 c). The insets at the lower left and upper right corners of the STM images show high- resolution
images and Fourier transforms, respectively. Scale bars, 20 nm (large-scale images) and 5 nm (insets);
d) structures of the studied thiols.!"'®)

1.3 TOWARDS THE THIRD DIMENSION: FROM STRUCTURES TO
FUNCTIONALITY

Extension of supramolecular assemblies on surfaces into the third dimension has also

been explored in recent years. This section describes recent works that demonstrate that the

third dimension can be used to introduce structural features, and also that it can be exploited
to prepare functional molecular devices.

Porphyrins are commonly used in these experiments due to: (i) their ability to form

stacks via m-i interactions e.g. Friedlein et al. were able to achieve films with a thickness of

several nanometres by the self-assembly of porphyrins into vertical columnar stacks that were

"7 and also, (ii) because introducing the

perpendicular to the basal plane of the substrate;!
appropriate metal in the porphyrin core allows for axial coordination, perpendicular to the
planar macrocycle of the porphyrin, thus extending the supramolecular assemblies on surfaces
into the third dimension. The latter approach is more commonly used.

8] gynthesised three

Using the axial coordination approach, Otsuki and co-workers
double-decker complexes of cerium(IV) with porphyrin or phthalocyanine ligands (73-75,
Figure 36a), and subsequently investigated their self-assembly at the 1-phenyloctane/HOPG
interface by STM. All three complexes shared a common porphyrin, 5,10,15,20-tetrakis(4-
docosyloxyphenyl)porphyrin (C,,OPP), bearing long alkoxy chains to ensure the adsorption

on HOPG of both heteroleptic complexes (73 and 75) and to ensure the formation of robust
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Ce(BPEPP)(C220PP)
75

Figure 36. a) Molecular structures of the investigated double-decker porphyrins 73, 74 and 75. b)
STM images (100 x 100 nm?) of 73, ¢) (50 x 50 nm2) of 74, d) (50 x 50 nm®) of 75, ¢) STM image (50
x 50 nm?) of 75 mixed with two eq. of Hy(C,,OPP) at the 1-phenyloctane-HOPG interface.''™

assemblies through close-packed arrays on HOPG. The other macrocycle in complex 73 was
phthalocyanine (Pc), in 74 it was Cx»pOPP, whereas in 75, it was 5,15-bis-[4-
(phenylethynyl)phenyl|porphyrin (BPEPP). Ordered monolayers of each of the three
complexes were observed upon deposition of their solutions onto HOPG. Complex 73 formed
rows of bright circular spots corresponding to the Pc moieties, separated by dark rows
corresponding to the interdigitated aliphatic chains adsorbed to the surface (Figure 36b).
Homoleptic complex 74 formed a similar stripped self-assembly with the bright protrusions
having a square shape with the corners likely to correspond to the phenylene groups (Figure
36¢). Complex 75 also assembled in rows with the bright protrusions having an elliptical
shape representing the BPEPP moiety (Figure 36d). In a final experiment, a mixed solution of
75 and free-base porphyrin H,(C,,OPP) was deposited on the HOPG surface, showing the
presence of the double-decker complexes among the free-base porphyrins as bright
protrusions (Figure 36¢). The height profile of the STM image indicated that the average
height of the H,(C,,OPP) molecules was ~0.2 nm, whereas that of molecule 70 was 0.7-0.8

nm. Additionally, it was observed that when complex 70 was flanked by free-base porphyrins,
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the shape was no longer elliptical, but isotropic, probably indicating a rotation of the upper
macrocycle.

Shimizu and co-workers!''”) also investigated the assembly of 3D coordinated porphyrins
on HOPG surfaces. Four related porphyrins, bearing long alkoxy chains, were investigated
(Figure 37a). Two free-base porphyrins were synthesised, 5,10,15,20-tetrakis(4-
octadecyloxyphenyl)porphyrin (H,(C3OPP), 76) and tetrakis(4-
triacontyloxyphenyl)porphyrin (H,(C5,0PP), 77), as well as their counterparts possessing a
rhodium chloride metal centre coordinating a pyridine molecule, abbreviated as
[Rh(CsOPP)(CI)(Py)] (78) and [Rh(C3;0OPP)(CI)(Py)] (79). Depositions of 76 and 77 onto
HOPG (Figures 37b, c¢) resulted in the highly ordered self-assembled rows of porphyrin cores
(bright) separated by interdigitated alkoxy chains (dark). Only noisy STM images were
obtained for the deposition of 78, although glimpses of the self-assembled structure were
observed (Figure 37d). Deposition of 79 did not present such problems, presumably since the
presence of longer alkyl chains results in a higher adsorption energy (Figure 37e). A
comparison of the average height profiles of the bright protrusions in the assemblies of
porphyrins 77 (0.20 + 0.03 nm) and 79 (0.43 £ 0.04 nm) confirmed that the pyridine molecule
was indeed coordinated to the porphyrin central core in the assembly of 74. Two mixed
deposition experiments of 76 with 78, and 77 with 79 resulted in the assemblies shown in
Figures 37f and 37g, displaying a nice contrast of dark spots and bright spots in both cases.
Height profile examination confirmed that the dark spots corresponded to the free-base
porphyrins in both cases, and the bright spots represented the pyridine coordinated

porphyrins, further confirming the successful formation of a three-dimensional assembly.

a)

Hon1ChO 78 and 79

Figure 37. a) Molecular structures of the investigated porphyrins, 76 (n = 18), 77 (n = 30), 78 (n = 18)
and 79 (n = 30). b-g) STM images (35 x 35 nm?) of the monolayers at the liquid-HOPG interface of:
b) 76; c) 77; d) 78; e) 79; f) 1:9 mixture of 76/78; g) 1:9 mixture of 77/79. Solvents: 1-phenyloctane
for 76 and 78, and 1,2-dichlorobenzene for 77 and 79 1111
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Similar experiments involving the construction of 3D systems under UHV conditions
have also been performed. Lambert and co-workers, in 2004, reported that zinc tetra-(3,5-di-
tert-butylphenyl)porphyrin (80) deposited onto Ag(100) could be reversibly capped by 1,4-
diazabicylco[2.2.2]octane (DABCO, 81) coordinating to 80 via one of the nitrogen atoms.!"*"
In subsequent work, the same group have reported the construction of chemically switchable
molecular pinwheel using the same porphyrin with 4-methoxypyridine (82) as ligand.!"*"
Upon sublimation of pyridine ligand 82 onto a submonolayer coverage of 80 (at 123K), the
four-lobed porphyrin structures became ‘doughnut’-shaped (height = 4 A, diameter = 25 A,
Figure 38b). Heating the assembly to 298K, the system returned to the original state,
indicating the selective desorption of ligand 82. The interesting feature of this assembly is that
even though the apparent height of the assembly increased as expected, the height profile bore
the same characteristic shape as a bare porphyrin molecule. Figure 38c shows a comparison of
the height profiles of bare 80, 80 with DABCO coordinated and with 4-methoxypyridine.
There is a clear difference between the profiles of the two coordinated porphyrins.
Tetrapyrrolic module 80 in the presence of DABCO appeared as a circular bright protrusion

(Figure 38c¢) indicating that the DABCO coordinated to the upper face of 80. In contrast,

molecule 80 in the presence of 82 displayed a distinct central depression (Figure
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Figure 38. a, b) STM images (20 x 20 nm”) showing a submonolayer coverage of 80 adsorbed on
Ag(100): a) before and b) after the addition of 4-methoxypyridine on 82. c¢) Height profiles and
structural scheme for: (left) bare 80 on Ag(100); (middle) the effect of capping 80 with DABCO, 81;

(right) the effect of inserting the 4-methoxypyridine “axle”.['*"
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38c¢), therefore it is unlikely that the pyridyl ligand is coordinated to the upper face of the
porphyrin macrocycle. Consequently, the authors concluded that ligand 82 is located beneath
the porphyrin macrocycle acting as a tether, coordinating to the Ag surface with the oxygen
atom, and to the Zn-porphyrin with the aromatic nitrogen atom. This would enable the lifting
of the porphyrin by ~1 A, weakening its interaction with the surface, consequently allowing
the macrocycle to rotate, resulting in the time-averaged ‘doughnut’-shaped protrusion
observed in the STM image, resembling a molecular pinwheel device with ligand 82 acting as
a pivotal axis (bottom right of Figure 38c¢).

Further works utilise coordinative interactions to metalloporphyrins in the third
dimension to introduce other types of functionality such as catalysis. An example of such

work was reported by Ifaya and coworkers,!'*”!

where highly organised adlayers of Co(Il)
tetra-meso-phenylporphyrin (83) were prepared on Au(111) electrode surfaces. In a study of
the electrocatalytic activity for O, reduction to H,O,, it was found that Au electrodes with
adsorbed monolayers of porphyrin 83 were able to enhance the reduction process in
comparison to bare Au electrodes. Cyclic voltammograms (CVs) for the reduction process
using both types of electrodes were obtained in 0.1 M HCIO, solution saturated with O,. Bare
Au(111) electrode (top, Figure 39) showed that the O,-centered cathodic current started at

approximately 0.55 V and gradually increased until -0.1 V. In contrast, the CV of the
electrode bearing the monolayer of 83 (bottom, Figure 39) showed that the O,-centered
cathodic current started at around 0.55 V during the scan and gave a clear electrocatalytic
reduction peak for O, at 0.32 V, which after 0.3 V remained quite constant as the process was
limited by the gas diffusion. The enhancement of current intensity at 0.32 V demonstrated
that the self-assembled metalloporphyrin-based monolayer was catalysing the reduction of O,

to HQOQ.

j/ mA cm—2
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Figure 39. Cyclic voltammograms for the O, reduction at the bare Au(111) electrode (top) and the
electrode with 78 adsorbed (bottom). The CVs were performed in 0.1 M HCIO, saturated with O, with

potential scan rate of 50 mV s™.['*
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In a more recent work published by Itaya and co-workers,"* adlayers of Co(II)
5,10,15,20-tetrakis(a,a,0,0-2-pivalamidophenyl)porphyrin (84, Figure 40a) were prepared on
Au electrodes. This porphyrin, nicknamed as ‘picket-fence’ porphyrin, is particularly
interesting as its O, binding affinity is higher than that of native myoglobin.!"** '**! Adlayers
of 84 were prepared on both Au(111) and Au(100)-(hex) surfaces. Nanobelt arrays were
formed in both cases (an example is shown in Figure 40b). However, when the deposition of
02-adducted 84 molecules was attempted, nanobelt arrays were only formed on the Au(100)-
(hex) surface. No ordered arrays were observed on Au(111), thus signifying that the adlayer
formation is dependant on the crystallographic orientation of Au. It is suggested that
underlying Au atoms can act as axial ligands assisting the formation of O,-adducted 84
molecules. Nonetheless, on both surfaces, a mixture of bright and dark spots corresponding to
porphyrin macrocycles was observed in the STM images (an example is shown in Figure
40c). The bright spots are attributed to the O,-adducted 84 molecules. Time-dependent STM
images showed that the coordinated oxygen molecules were highly mobile, having the ability
to move from one ‘picket-fence’ to another. Further investigation of the system showed that
potential manipulations enabled the electrocatalytic reduction of the oxygen molecules in the

cavities of 84 molecules. Moreover, small stepwise negative shifts in the potential (0.80 V,
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Figure 40. a) Structure of ‘picket-fence’ porphyrin 84. STM images of the nanobelt arrays formed b)
(40 x 40 nm?) by 84 on Au(111), ¢) (125 x 125 nm?) by 84 on Au(100)-(hex) at 0.8 V vs RHE in 0.1M
HCIO,, after immersion in an O, saturated solution. The bright spots indicate porphyrins with axially
complexed O, molecules. d-f) Potential dependent STM images (60 x 60 nm?) of the array shown in c)
at d) 0.78 V; e) 0.73 V and f) 0.68 V vs RHE in 0.1M HCIO,4, showing a gradual reduction in
coordinated O, molecules.[*!
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0.78 V, 0.73 V and 0.68 V, Figures 40d-f) led to the gradual reduction in coordinated oxygen
molecules in the nanobelt array assembled on Au(100)-(hex), until at 0.65 V no more bright
spots were observed in the STM images, thus indicating that all the O, had been released into
solution. This final experiment indicates that the described system could function as a
nanoscale oxygen storage device.

Oxidative catalytic activities have also been achieved using the axial coordination

capacity of metalloporphyrins adsorbed as monolayers on surfaces. Hulsken et al.l'*

were
able to monitor the oxidation process of stilbene molecules in real time using STM at the
liquid-solid interface. A Mn(III)-porphyrin was used in this study (85, Figure 41a) as these
metalloporphyrins are known to catalyse the oxidation of alkenes to epoxides."*”! Self-
assembly of 85 was initially investigated at the n-tetradecane/Au(111) interface under an Ar
atmosphere. A regular patterned monolayer resulted, in which the porphyrin units adsorb
face-on to the surface (Figure 41b). The introduction of O, into the system led to the
appearance of brighter spots, mainly in pairs, which corresponded to O;-coordinated
porphyrin 85 (Figure 43c). This pairing is explicable as follows: O,-Mn binding requires the
metal’s reduction, which in this case is thought to involve the Au substrate that coordinates to
85 axially allowing a chlorine radical to dissociate, reducing Mn(III) to Mn(II). Molecular O,
then binds and reacts with the Mn(II) causing homolytic dissociation of O, to form two mono-
oxygen-coordinated species, one of which coordinates to the closest adjacent 85 molecule.
This results in a pair of reactive Mn(IV)=0O species which can subsequently act as
heterogeneous catalysts for the epoxidation reaction. The cycle is summarized in Figure 43d.
The epoxidation reaction using cis-stilbene was followed in real time and space by STM.
Starting from a monolayer prepared under Ar, the number of oxidised 85 molecules in a fixed
area of the surface were counted. O, molecules were then introduced to the system, causing
an increase in the number of oxidised 85 molecules. Next, cis-stilbene was introduced,
causing a significant drop in the number of oxidised 85 molecules. Gas chromatography
analysis of the solution in the STM liquid-cell confirmed the presence of both cis-stilbene
oxide and trans-stilbene oxide signifying that the surface catalytic device was functional. The
monolayer was monitored for several days during which the number of oxidised 85 molecules
remained constant following the reaction, demonstrating that the surface-bound catalysts were

stable and also possess the potential for long-lasting activity.
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Figure 41. a) Molecular structure of porphyrin 85, M = MnCl. b) STM image of a monolayer of 85
self-assembled at an interface of Au(111) and an argon-saturated n-tetradecane liquid phase. ¢) STM
image of a monolayer of 85 self-assembled 4h after the introduction of O,. The overall population of
bright spots corresponding to 85 with complexed O, is approximately 8%. d) Proposed catalytic cycle
of the epoxidation reaction.!'*

1.4 THE BIOMIMETIC APPROACH
The formation of porous networks on surfaces can also be achieved using a
biomimetic approach. Biomolecules such as DNA can be exploited in material science due to
their selective recognition ability. Section 1.4.1. discusses the self-assembly of DNA
oligomers on surfaces in 2D and also 3D assemblies. Section 1.4.2. introduces Peptide
Nucleic Acids (PNAs) and discusses the work that has been done using these DNA mimics on

surfaces.
1.4.1 DNA

Another approach to the formation of porous networks on surfaces is to use a

biomimetic strategy.'* ' In this case, biomimetic oligomers are exploited for their
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recognition properties to prepare supramolecular architectures. The use of DNA for the self-
assembly of 2D crystals on surfaces stems from the seminal work of Winfree and
coworkers.!"*"” They recognised that the specificity of the H-bonding interactions of DNA’s

[131]

Watson-Crick complementary base pairs would be suitable for the construction of

11291 was born. In

nanostructures via self-assembly, hence ‘Structural DNA Nanotechnology
their work, striped lattices were produced on mica surfaces and were imaged by atomic force
microscopy (AFM). In order to construct the lattices, either two or four individual DNA units
(‘tiles’) bearing sticky ends were used in the self-assembly. The tiles were composed of either
three or four strands of DNA, each one carefully sequenced in order to form the desired ‘tile’
upon self-assembly in solution. Furthermore, the DNA sequences allowed for the protrusion
of short single-stranded DNA strands from the °‘tile’, thus providing the so-called
complementary ‘sticky ends’, required for the self-assembly of the ‘tiles’ on the mica surface
to form the nanoscale lattices. During the years following their work, the field of structural
DNA nanotechnology grew, and by developing their ideas, more complex nanostructures

129]

were constructed,"'*” and also the level of control which could be achieved was clearly

[132] The developments also led

demonstrated by Rothemund in his article about DNA origami.
to formation of 2D porous networks, and, below, several recent examples are reported.

Liu et al. have described finite-size DNA arrays wherein the boundaries, and as a
consequence the size of the array, can be defined and controlled."** They constructed two
types of networks using two different DNA ‘tiles’ bearing different symmetries, C, and C,.
Since both assemblies are similarly constructed, only the former will be discussed here. A
5x5 tile array was constructed using a total 25 DNA tiles bearing C, symmetry (Figure 42).

Only 13 unique tiles were required to form the assembly since several tiles could be used in

multiple positions in the array. Each tile was 16.9x14.2 nm” and consisted of 8 DNA helices

900 x 900 nm

180 x 180 nm

Figure 42. a) The 8-helix tile showing the crossover points; b) the array design utilising 13 unique tiles
(each bearing different sticky ends) to form the 5x5 array in a predictable and controllable manner; c¢,d)
AFM images of the 25 tile array.['*
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joined together in a plane with two crossovers to connect to the adjacent helices (Figure 42a).
The same core strand sequences were used in all the 13 unique tiles; the only differences in
the tiles were the sequences of the sticky ends emerging from the helical axis of the tiles.
These were required for the specific inter-tile H-bonding interactions i.e., they acted as the
pre-programmed instructions required for the self-assembly of the finite array. The arrays
were constructed in a stepwise manner. The individual tiles were formed by cooling a
stoichiometric mixture of the component DNA strands from 90 °C to 40 °C. The 13 tiles were
then mixed in the correct proportions at 40 °C and, upon cooling the solution to 10 °C, the
arrays were formed. A sample of the solution was deposited onto a mica surface and was
imaged by Atomic Force Microscopy (AFM) (Figure 42¢, 42d). The total size of the array
was 110x110 nm®.

Park et al™"

compared two methods to construct finite-size DNA arrays: MD
(minimal depth) — a one step assembly method, similar to the one used by Liu et al., that
required that every tile was unique and MSS (minimal sequence set) — a stepwise hierarchical
assembly technique which required less unique tiles. The cross-shaped tiles were identical in
sequence at the core of the tile, but differed in the sequences of the five base pairs that formed

the sticky ends. The individual tiles were formed by mixing the appropriate DNA strands,
annealing to 95 °C and cooling slowly to 20 °C. The DNA nanoarrays were then formed by
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Figure 43. a) Schematic drawings of the cross tiles with DNA strand names marked (arm, shell, and
loop). b) MD strategy. A converging-stream diagram of the two-step assembly that starts with 16 tubes
with one tile each (i), which goes directly to one tube of 16 tiles (ii), resulting in the sixteen tile array.
c) MSS strategy. A converging-stream diagram of the four-step assembly process starting with eight
tubes of two tiles each (i) and concluding with one tube containing all 16 tiles (iv). d) AFM image (100
x 100 nm) showing a zoom in of a complete 4 x 4 tile DNA nanoarray. e,f) AFM images (300 x 300
nm and 200 x 200 nm respectively) showing the contrast of the results obtained via the MD strategy
and the MSS strategy. The MD strategy produced higher yields of the properly assembled target
structures and fewer partially assembled “waste” products.!**!
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mixing the tiles in the appropriate manner depending on the MD and MSS strategies,
annealing to 43 °C (to break the hydrogen bonding of the sticky ends only), and cooling to 20
°C. The MD strategy involved mixing the contents of 16 tubes with one tile each (Figure 43b,
i) in one step resulting in one tube containing all 16 tiles (Figure 43b, ii). The MSS strategy
began with eight test tubes containing two complementary tiles each (Figure 43c, i), then it
proceeded to four tubes of four tiles (Figure 43c, ii), two tubes of eight tiles (Figure 43c, iii),
and finally one tube containing all 16 tiles (Figure 43c, iv). The DNA nanoarrays were then
investigated by AFM imaging in both cases. The images obtained revealed that both strategies
produced the target assembly, however, the MD strategy produced higher yields of the
properly assembled target structures and fewer partially assembled “waste” products (Figures
43e,1).

In contrast to the above examples, Mao and co-workers have used DNA to construct
non-finite 2D porous networks that can form extended arrays with domains as large as 1mm

" The individual units used to form the networks resembled a three-point star and

in length.!
were made up of seven DNA single strands (Figure 44a). At the apices of the three-point star,
palindromic sequences were used as the sticky ends. This was done to ensure that the H-
bonding interactions between the units in all directions would have equal strengths. The DNA
strands were mixed in the appropriate proportions in a tris-acetic-EDTA-Mg*" buffer and
were cooled stepwise from 90 °C to 4 °C. Following the deposition of the buffer solution onto
a mica surface, it was observed by AFM investigation that extended, highly ordered,

hexagonal 2D crystalline arrays had resulted (Figure 44b, 44c). The diameter of the pores

observed was 0£29.9 £ 0.1 nm.
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Figure 44. a) The three point star motif made up of seven DNA single strands; b) Model of the 2D
array formed by the assembly of the individual tiles; c,d) AFM images of the self-assembly showing
the hexagonal porous network on a mica surface.!'*

As an extension of the previous work, Mao and co-workers*® developed a strategy
for in situ DNA self-assembly on solid surfaces using the same three point star motif (Figure
44a). Since DNA assemblies are delicate and fragile, they tend to deform or break into small
pieces due to the shear forces that occur during the transfer from the solution to the surface,

therefore, it was desirable to directly perform DNA self-assembly on the solid surfaces. The
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strategy involved the assembly of the individual tiles by cooling the single stranded DNA
strands from 95 to 60 °C in solution and then assembling the tiles into the 2D array directly
on the mica surfaces by incubating at 50 °C for 16 h (Figure 45a). The critical temperatures in
this two step assembly process were 60 °C and 50 °C. Cooling to 60 °C in solution was
important because it was low enough to allow the formation of the individual tiles but it was
too high to prevent further assembling into the large 2D arrays. At 50 °C, it was observed that
no appreciable inter-tile 2D arrays formed in solution, however, on the solid mica surface, the
surface stabilization of DNA tiles resulted in nuclei that initiated further DNA tile assemble
on surface. Consequently, large 2D arrays formed, covering the entire surface (Figure 45b)

resulting in a similar assembly as shown in Figures 44c and 44d.

\ 95°C —p 60°C A 50 °C )

in solution on solid surface

Figure 45. a) Schematic representation of the assembly of the 2D array in two steps. First the
individual tiles are formed in bulk solution from 95 to 60 °C, and then the large 2D crystals are
assembled on solid surfaces. The 3-point-star tile contains seven DNA strands: a long DNA strand (L),
three identical medium length strands (M), and three identical short peripheral strands (S). b) AFM
images of the self-assembly of DNA showing the porous network on a mica surface.!'*"

Similar to the results obtained by Mao and coworkers in the above examples, non-

finite porous networks on surfaces have also been observed by varying the DNA tile to a 4-

[137 138

point star,!*” 5-point star'"** and 6-point star."**) Extending the work from these 1-tile non-

1491 in which two

finite porous networks is the recent report from Seeman and coworkers
double-layer DNA-origami tiles with two orthogonal domains underwent self-assembly into
well-ordered two-dimensional DNA arrays (up to 10 um in diameter). In this work, two
complementary tiles were prepared, with each one consisting of two helix axes that
propagated in two independent directions perpendicular to each other (Figure 46a). The
dimensions of each tile was approximately 100 x 100 nm® (Figure 46b). The key feature of
this system was that there were two domains to each tile, one in a plane above the other.
Bringing the two tiles together, the two layers of each tile have opposite orientations relative
to the tile plane, thus each tile interacts with the adjacent one oriented at 90° with respect to

each other so that the top layer of one tile was bonded to the bottom layer of the next. The

resultant alternating self-assembly has the appearance of a braided pattern (Figure 46¢,d). The
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annealing temperature required for the formation of the desired self-assembly was 53 °C.
Lower temperatures resulted in aggregates of the tiles and higher temperatures damaged the

tiles preventing the self-assembly from forming.

Figure 46. a) Schematic structure of the tiles (A and B), showing their two-fold axes, with the purple
rectangular domain lies above the green rectangular domain in both tiles. Apart from the sticky ends,
both tiles are identical. When the tiles are brought together, the self-assembly results in the woven
pattern shown on the right. b) AFM image of an individual tile. c,d) AFM images of the self-assembled
porous network formed by the two tiles on a mica surface upon annealing at 53 °C.!"*"!

Moving away from the crossover junctions used in the above examples, Hamada and
Murata™" demonstrated that the assembly of a variety of structures on surfaces (1D ladders,
2D porous networks and polar coordinated wheels) was possible using single-duplex-based T-
shaped junction tiles. This was the first report to introduce T-junctions (Figure 47a) into the
field of DNA nanotechnology. Unlike the more commonly used crossover junction, the T-
junction is right-angled providing the possibility of preparing a larger variety of DNA
nanostructures. Also, it a more rigid junction, therefore the resultant assemblies have lattices
with higher stabilities. Furthermore, the individual tiles can be of a smaller size, therefore, the
resultant assemblies can have a higher resolution i.e. smaller unit cells and thus greater
nanoscopic detail. Figures 47b-e show two types of 2D self-assembled DNA arrays that were
observed upon the mica-assisted self-assembly of two types of tiles with T-junctions.

Supramolecular self-assemblies on surfaces using DNA are not limited to two-

dimensional networks only. Recent work has shown that features in the third dimension can
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be introduced into the two-dimensional arrays, and also that three-dimensional DNA
nanoarchitectures can be deposited onto surfaces. These works demonstrate the versatility and
complexity of the biomimetic strategy. Selected examples of these works are described

below.

Interconnection
—

=2nm

Trunk
—
N —

N —

Branch

Figure 47. a) Helical and schematic representations of the single-duplex-based T-shaped junction. b)
Schematic representation of the T-shaped junction tile used to form the 2D brick-wall lattice and the
model of the self-assembled structure following annealing and cooling. ¢) Schematic representation of
the T-shaped junction tile used to form the 2D windmill lattice and the model of the self-assembled
structure following annealing and cooling. d,e) AFM images (scale bar = 100 nm) of the self-
assembled structure on mica surfaces.'*"!

Self-assembled 2D DNA lattices have recently been used to organise gold

nanoparticles into periodic patterns. Kiehl and co-workers!*”!

organised 6 nm gold
nanoparticles functionalised with multiple T;s sequences into periodic striped patterns by in
situ hybridization to a preassembled DNA Ilattice on a surface. Extending this work, Yan and

143

co-workers!'*! used a DNA nanogrid to organise gold nanoparticles into a periodic square-

like configuration. First, two complementary cross-shaped DNA tiles (A and B) were
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assembled in solution. The A tile was modified to include a hybridization site, i.e. an Ajs
sequence protruding perpendicular to the tile surface. The two tiles were then allowed to self-
assemble into a nanogrid in solution that was subsequently deposited onto a mica surface.
Gold nanoparticles functionalised with T;s sequences were then added to the surface resulting
in their binding to the hybridization sites on the DNA nanogrids. Figure 48 summarizes this
process, and also shows the AFM images of the nanogrid without and with the hybridized
gold nanoparticles. The distance between neighbouring gold nanoparticles was found to be 38

+ 1 nm as expected.
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Figure 48. a) The two cross-shaped tiles used for the self-assembly, A (left) and B (right). Tile A bears
an A s hybridization sequence shown in red protruding perpendicular to the plane of the tile. b) The 2D
DNA nanogrid showing the positions of the hybridization strands (red) pointing out of the plane. c)
Assembly of the gold nanoparticles functionalised with T,5 sequences (black) on the DNA grids at the
hybridization sites. d) AFM image showing the 2D DNA nanogrid formed following the self-assembly

of the two tiles. €) AFM image showing the gold nanoparticles periodically assembled on the DNA

grid '

Moving to the construction of three-dimensional architectures, the same research
group were able to assemble 3D DNA tubules through the effect imposed by the integration
of gold nanoparticles.'"**! Four double-crossover tiles (Figure 49a) were used in the study,
with the first tile modified in its central strand to include a thiol group, which was used to

covalently attach a gold nanoparticle. The self-assembly of the tiles resulted in a 2D array
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with the gold nanoparticles adjacent to each other resulting in parallel rows of nanoparticles
with a periodicity of ~64 nm (Figure 49b). The strong electrostatic and steric repulsion due to
the close proximity of the nanoparticles in the 2D array resulted in the curvature of the array
to avoid direct contact between the particles. The curling of the array resulted in tubules in
which the nanoparticles were organised as stacked rings, single spirals, double spirals or
nested spirals (Figures 49¢,d) depending on how the edge tiles associated with corresponding
edge tiles at the opposite side of the array (Figures 49c,d). A stacked ring structure resulted
when the array curled into a tube without any offset. When the corresponding edge tiles that
associate were offset at neighbouring lines, tubes displaying a spiral of nanoparticles resulted.
A single spiral was the outcome of an offset of one line, a double spiral resulted with an offset
of two lines and nested spirals were created when the offset was greater than three lines. All
varieties of tubules were observed, however the stacked rings and single spirals were the most
common. Furthermore, depending on the size of gold nanoparticles attached to the DNA

array, the type of tubules formed could be controlled.
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Figure 49. a) The design of the double-crossover tile system. The position of the gold nanoparticle on
top of the first tile is shown. b) The 2D array formed upon self-assembly of the four tiles is shown. The
parallel rows of gold nanoparticles are clearly displayed. c) The four possible ways for the
corresponding edge tiles on opposite sides of the 2D array to associate and lead to the formation of
tubes displaying patterns of gold nanoparticles in stacked rings or spirals. d) TEM image of all four
types of tubules.!"*"]
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Another type of 3D architecture is the metal-DNA cage reported by Yang et al.'*!

The preparation of the cages was a stepwise process (Figure 50). First six DNA strands
incorporating two bis-2,9-diphenyl-1,10-phenanthroline (dpp) ligands were synthesized. Next,
two triangular faces (T1 and T2) were prepared using three of the DNA strands in each
triangle. This brought the dpp ligands in close proximity for metal coordination. The two
triangular faces were then brought together into a DNA prismatic cage (TP-S) by
hybridization with three linking DNA strands. The area of the linking strands that remained
single-stranded were hydridized again with complementary strands to rigidify the DNA
triangular prism (TP). The coordination of various metals in the TP cage was explored, and it
was found that it was an excellent coordination environment for Cu’, Ag’, Zn*", Co**, Cd*,
Au”" and Eu®’, which were all incorporated stoichiometrically. The metallation was found to
stabilise the TP cages towards chemical and thermal denaturation. Although not reported, the
authors conclude that the cages could be used to host guests and that the presence of the
transition metals in close proximity to the guests could be exploited for redox, photoactivity,

magnetic and catalytic properties.

DNA strands TlorT2
with dpp ligands

{ =dpp

Figure 50. Schematic representation of the stepwise construction of the three-dimensional DNA prism
TP and the subsequent site-specific metallation.!'*”)
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Demonstrating an even higher level of complexity and control than the above
examples, Andersen et al. reported the self-assembly of a nanoscale DNA box with a

controllable lid.["*®

! The construction of the DNA box was done using a single-stranded DNA
genome of the M13 bacteriophage, which was folded to form six interconnected DNA
origami sheets. Subsequently, the cuboid was obtained upon the introduction of staple strands
that bridged the edges of the box. AFM images (Figures 51b-d) show the interconnected DNA
sheets, the closed box and the open box respectively. The open box was obtained by omitting
the staple strands of three edges. Next, the authors investigated the opening of the lid of the
DNA box in solution. They incorporated two fluorescent dyes in close proximity on the box

(Figure 51e), which displayed efficient fluorescence resonance energy transfer (FRET) in the

closed state (~0.22). Moreover, the lid was functionalized with two lock-key systems,
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Figure 51. a) The circular, single-stranded DNA genome of the M13 bacteriophage with regions used
to fold the six DNA sheets shown as coloured arrows. b,c) Molecular models of the six DNA sheets in
the flat and cubic structures, respectively. d-f) AFM images displaying the six DNA sheets folded to
form (d) the flat structure, (e) the closed box and (f) the box with the open lid. g) Schematic
representation of the controlled opening of the box lid. The fluorescent dyes are represented by the
green and red stars. Loss of emission of the dye is represented by a circle. The lock-key systems are
denoted by the blue and orange lines. Upon adding the keys (shown in violet and red), duplex
displacement occurs allowing the box to open. h) Ensemble FRET measurements of the closed box
before (black curve) and 35 min after (red curve) the addition of the keys.!"**!
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which consisted of DNA duplexes holding the lid closed. The two DNA duplexes bore sticky
ends to provide a ‘toehold’ for hydridization with external ‘key’ oligonucleotides. Upon
addition of the appropriate ‘key’ oligonucleotides, they hydrogen bonded to the ‘toehold’ to
form a duplex with on of the strands of the ‘lock’, consequently denaturing the original ‘lock’
duplex and resulting in the opening of the lid. The opening was monitored by the reduction of
the FRET efficiency due to the increased distance between the two dyes. The FRET
efficiency decreased by 90% to ~0.02. A kinetic study of the opening process showed that the
FRET signal decreased biexponentially, with an initial fast decay time of 40 seconds upon

key addition.

1.4.2 PEPTIDE NucLEic AcIDS (PNAsS)
PNA was first described by Nielsen et al. in 1991.M*7 It is a DNA analogue in which
the phosphate backbone is replaced by N-(2-aminoethyl)glycine units. The structure of PNA

in comparison to that of DNA is shown in Figure 52. The properties of this recently

discovered class of molecules are quite remarkable. As reported by Hyrup and Nielsen,!"**!

PNA has several advantages over DNA: (i) PNA oligomers can be synthesized using
established techniques from peptide chemistry i.e. solid phase peptide synthesis; (if) organic
moieties can be covalently attached to the C-terminal carboxylic acid group or the N-terminal
amino group of the oligomer; (ii/) PNA is achiral, so all enantiomeric purity problems are
avoided; (iv) the PNA peptidic backbone is neutral compared to DNA’s negatively charged
sugar-phosphate backbone, therefore, no electrostatic repulsion exists when PNA hybridizes
with another PNA or DNA oligomer; and (v) due to the lack of electrostatic repulsion, PNA-
PNA duplexes have a higher thermal stability relative to DNA-PNA and DNA-DNA duplexes
e.g. PNA decamers containing all four nucleobases form duplexes with very high thermal
stability: PNA-PNA T, = 67 °C; PNA-DNA T, = 51 °C; DNA-DNA T, = 33.5°C for

identical decamer sequences.!*”! Furthermore, PNAs have a high biostability, since they are

[150

not degraded by nucleases nor proteases,!™" and also are chemically resistant to strong acids

[151

and weak bases.!"""! These properties make them an appealing candidate for a number of

applications, including material science.

[148, 151, 152]

PNA has mainly been used for biological applications such as diagnostics,

biotechnology and pharmaceuticals. PNA oligomers have been exploited as bio-drugs to

[153-155 [153,

inhibit translation (antisense agents), I'transcription and replication (antigene agents),

156] ]

and ribonucleoprotein interactions (inhibitors of enzymes such as telomerase).'””"'>
Although the results with PNA in cell-free systems were encouraging, their poor cellular

160

uptake is the main obstacle for their effective therapeutic use.l'® PNA is also used as a

molecular probe for diagnostics and detection!'®'"'7* because of the high sensitivity of PNA to
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o3}
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Figure 52. A comparison of the structures of DNA and PNA. ‘B’ represents the nucleobases (adenine,
thymine, cytosine and guanine).

a single mismatch, the high duplex stability, and also the ability to cause strand invasions in
double-stranded DNA. Thus, using PNA vis-a-vis DNA as a molecular probe gives more
specific, more sensitive, and more accurate results for the detection of target sequences.

Further in vitro applications of PNA oligomers includes their use as molecular tools in PCR

173-178] 179-182

clamping,' modulation of enzymatic cleavages,! I'and sequence-specific purification

(1831861 for use in molecular biology and functional genomics.

of nucleic acids

Apart from the biological applications, PNA has also been introduced very recently
into the field of supramolecular chemistry."®”! Janssen et al. utilised a single-stranded
oligothymine PNA decamer to template the assembly of an oligo-(p-phenylenevinylene)
diaminotriazine derivatives in solution. Nanostructure helices were obtained in which the size
was controlled by the PNA template. AFM analysis of the structures drop-casted onto an
HOPG surface confirmed uniform small particles with a height of 3-4 nm were obtained.

To date, no reports of 2D self-organised nanoporous architectures on surfaces
utilising PNA-mediated interactions have been published. However, self-assembled

monolayers (SAMs) of PNA have been prepared by covalent attachment of modified PNA

oligomers to various surfaces (e.g. gold, pyrite, glass) with the intention of preparing

[ 194]

microarray biosensors."** """ In the most recent example, Calabretta et al."®* reported the
patterning of PNA on glass surfaces using reactive microcontact printing. Glass surfaces were
modified with aldehyde functional groups, and the PNA oligomers were functionalised with
an amino group attached via a short aminoethyl ethoxy linker. To pattern the surfaces, a
freshly oxidized polydimethylsiloxane (PDMS) stamp was ‘inked’ with a 20 uM solution of
PNA in acetonitrile for 5 minutes, it was dried with nitrogen and then was brought into
contact with the aldehyde modified glass surface for 15 minutes. This allowed the amino
groups to react with the aldehyde functional groups forming an imine linkage between the
PNA and the glass substrate. The imine bonds were then reduced to the corresponding amines
with NaBH,. This process is summarized in Figure 53a. Fluoresence microscopy of a glass

surface printed with a fluorescein-bearing PNA oligomer confirmed the micropattern of
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covalently-bound PNA on the glass surface (Figure 53b). The patterned surfaces were then
hydribized with complementary and single-base mismatched dye-labeled DNA oligomers to
test their ability to recognize complementary DNA sequences. It was shown that both
sequences hybridized successfully to the PNA, however, the mismatched sequence’s
PNA/DNA duplex displayed a lower melting temperature (~5 °C less) compared to the fully
complementary sequence, therefore, confirming that the microarray biosensor could be used

to selectively detect sequence mismatches and point mutations in DNA.

PNA PNA
a) PNAINKED N il
PDMS STAMP . Q 3
H
1 W e
3 NaBH
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Figure 53. a) Schematic representation of the patterning of amino-capped PNA ligomers onto
aldehyde-functionalized glass slides via reactive contact printing. b) Fluorescence microscope image
(scale bar: 200 pum) of a glass surface following microcontact printing with fluorescein-labelled
PNA."%Y

1.5 PROJECT OBJECTIVES

1.5.1 PRAIRIES OBJECTIVES

The project described in this thesis formed part of a collaborative EU Marie Curie
research training network named Supramolecular Hierarchical Self-Assembly of Organic
Molecules onto Surfaces towards Bottom-Up Nanodevices: A Host-Driven Action (acronym:
PRAIRIES). The aim of the PRAIRIES research network was to gain a basic understanding
and develop protocols for the controlled fabrication of organic nanopatterned surface
networks featuring hosting properties, ultimately targeting the construction of superior
organic materials for nanotechnological devices. This was achieved by gaining full control
over the physico-chemical properties of the complex architectures constructed from a
diversity of different functional molecules. In this manner, synthetic materials with
controlled nanoscopic properties, which would be switchable in response to a specific
external stimulus, would be implemented within the architectures (Figure 54).

Specifically, the PRAIRIES project required the synthesis of new types of organic
materials, that would take advantage of the supramolecular approach to engineer, in a
controllable fashion, extended two-dimensional organic networks on solid substrates featuring
receptor sites (controllable both in shape and size) able to host functional organic molecules.

The intention was to explore the self-assembly on surfaces of a large variety of programmed
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rigid molecular modules (e.g., porphyrins, benzenes, and phenanthrenes) bearing

unidirectional connectors (e.g., phenyl-acetylene linkers), alternatively functionalized with
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Figure 54. A schematic representation of the objectives of PRAIRIES.

multiple hydrogen-bonding donor and acceptor sites. The interaction of the modules would
then result in the formation of supramolecular networks featuring periodic receptor sites.
Particular attention was given (i) to the design of the molecular modules so that the suitable
geometrical requirements were achieved to form two-dimensional self-assembled networks
showing recognition sites of defined size (~1-10 nm) and geometry (e.g. hexagonal, square);
(ii) to the fundamental understanding of the interaction between both the network molecules
and the hosted substrates; and (iii) to the exploitation of the hosting properties and thus the
potential applications.

Prior to the host-guest interaction studies of the networks and their receptor cavities,
the initial focus of our research group was placed on the synthesis of the organic modules and
the construction the self-assembled networks on surfaces. The focus was to synthesize two
classes of molecules: (i) angular units (represented in red in Figure 54), which control the
geometry of the arrays and (ii) rigid linear units (represented in yellow in Figure 54), which
link the angular units together. To this end, several investigations have already been published
and were described in Section 1.1.1.1 (Figures 3-7).

Our idea in this project, and thus the focus of this doctoral dissertation was to prepare
bi-dimensional networks on surfaces featuring larger pores. Inspired by the self-assembly of
DNA into nanoporous arrays on surfaces presented in Section 1.4.1, it was postulated that the
Watson-Crick base pairing of oligonucleotide’s nucleobases would be ideal in preparing

porous networks with large receptor cavities. The idea was to covalently attach
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complementary single stranded oligonucleotides to rigid angular and linear unit core modules
respectively, and then perform the two units’ self-assembly on surfaces. Instead of using
DNA oligonucleotides, it was postulated that the use of peptide nucleic acid (PNA)
oligonucleotides would result in more robust architectures due to the aforementioned

advantageous properties of this class of biomimetic molecules (described in Section 1.4.2).

1.5.2 DESIGN OF THE ANGULAR AND LINEAR UNITS

The necessary angular and linear units had to be designed bearing in mind that the
key feature was to use the units to build rigid and stable nanoscale supramolecular assemblies
on surfaces by utilising hydrogen bonding interactions to directionally link the building
blocks together. Therefore, both the angular and linear units needed to consist of rigid organic
modules in the core of the unit, which possessed the capacity to bear the required number of
covalently-bonded, single-stranded PNA oligomers. Additionally, the link between the two
units, i.e., the PNA duplex formed via the H-bonding interactions of the two complementary
single strands would have to have the highest thermal stability possible to ensure that the
resultant supramolecular structure was rigid and stable. Finally, the duplex would have to be
approximately one helical turn in length to maintain the optimal geometry of the
supramolecular array on the surface. The number of base pairs required for a full helical turn

of a duplex is 10.5 base pairs for DNA, (in solution),"*” 13 base pairs for DNA-PNA (in

196] 197]

solution)'"™ and 18 base pairs for PNA, (crystalline).!

Since the H-bonding recognition of PNA was the main feature in the construction of
the desired supramolecular, the choice of the sequences of the complementary oligomers was
fundamental. Sen and Nielsen"”™ investigated the stability of various PNA,, DNA-PNA and
DNA, decamer duplexes. Their results showed that the most stable duplex was a PNA,
decamer, which had a melting temperature of 73.4 °C. The same sequence was chosen for this
project due to its high thermal stability. Although the decamer sequence chosen for the project
did not satisfy the full helical turn of the PNA duplex, it was decided that initially the angular
and linear units would be prepared using the decamer sequences to prove that the self-
assembly concept functions. Upon obtaining this proof, larger porous networks could be
prepared later using 18mer PNA sequences. Figure 55 shows the angular and linear unit
designs diagrammatically, indicating the chosen base sequences for the PNA oligomers for
the two complementary sequences, PNA and PNAg. It must be noted that for simplicity, only
one PNA oligomer is shown on the angular unit. The dashed lines represent further Spacer-
PNA, moieties. Figure 56 diagrammatically shows how the linear unit forms two duplexes
with two angular units to form the supramolecular assembly. This assembly would extend in

two dimensions since each angular unit core would bear several Spacer-PNA, moieties. The
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geometry and the shape of the receptor cavities of the resultant supramolecular porous
network would depend on the type of angular unit core. Specific molecular details of the

angular and linear units are shown below in Section 1.5.3.

Angular unit Linear unit
Letters representing nucleobases Letters representing nucleobases

I uAr:}?Léloarre Spacer Molecule CTGCTTCACT NH, HoN GACGAAGTGA SpacerMolecule/AG(TGAAGCAGNHz

PNA, - backbone PNAg - backbone

Figure 55. Diagram showing the angular and linear unit designs. The sequences of the complementary
PNA oligomers (PNA, and PNAg) are shown. Only one PNA oligomer is shown on the angular unit
for simplicity. The dashed lines represent further Spacer-PNA, moieties.

HoN Spacer Molecule H
GACGAAGTGA AGTGAAGCAG

Spacer Molecule CTGCTTCACT NH, Hzlr\,TCACTTCGTC Spacer Molecule C;?zgg -

Figure 56. Diagram showing how the linear units’ PNAg oligomers recognise their complementary
sequence, PNA,, on two angular units to form two PNA duplexes. One linear unit links two angular
units. Only one linkage is shown for simplicity, however, the assembly extends in two dimensions
along the dashed lines in the same manner.

Angular
unit core

1.5.3 TARGET SUPRAMOLECULAR ASSEMBLIES

The intention of the project was to prepare several types of self-assembled porous
networks, each one, with a differently shaped receptor cavity (Figure 57). Figure 57a would
be constructed using a 1,3,5-trisubstituted benzene as the angular unit core and would result
in a honeycomb structure made up of hexagonal cavities. The angle of the substituents on the
angular unit core bearing the PNA oligomers is 120° with respect to each other. Figure 57b
shows the supramolecular array that would result if a 5,10,15,20-tetrasubstituted porphyrin
would be used as the angular unit core. A grid-like structure made up of square-shaped pores
would result. The angle of the substituents on the angular unit core would be 90° with respect
to each other. The third target assembly (Figure 57¢), would utilise a 1,3,6,8-tetrasubstituted
pyrene as the angular unit core to construct a rhombus-grid structure. The substituents on the
angular unit core would be either 60° and 120° with respect to each other. A similar rhombus-
grid could also be constructed using a 5,6,5’,6’-tetrasubstitued [bis-1,10-phenanthroline-

Cu(I)] complex as the angular unit (Figure 57d).
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Y =1,3,5-trisubstituted benzene angular unit
—'— = 5,10,15,20-tetrasubstituted porphyrin angular unit

I = 1,3,6,8-tetrasubstituted pyrene angular unit

=5,6,5',6"-tetrasubstituted [bis-1,10-phenanthroline-Cu(l)]
angular unit

§ = PNA duplex formed with PNA, from the angular
unit and PNAg from the linear unit.

N = Linear unit spacer molecule.

Figure 57. Diagram showing the various target self-assembled networks that can be formed by varying
the angular unit core molecules. a) Hexagonal network envisaged to form when the angular unit core is
a 1,3,5-trisubstituted benzene; b) Grid-shaped network envisaged to form when the angular unit core is
a 5,10,15,20-tetrasubstituted porphyrin; ¢) Rhombic-shaped network envisaged to form when the
angular unit core is a 1,3,6,8-tetrasubstituted pyrene; Rhombic-shaped network envisaged to form when
the angular unit core is a 5,6,5°,6’-tetrasubstitued [bis-1,10-phenanthroline-Cu(I)] complex.

The molecular designs of the angular and linear units are shown in Figures 58 and 59
respectively. The angular units (Figure 58), as already mentioned, would consist of a 1,3,5-
trisubstituted benzene, a 5,10,15,20-tetrasubstituted porphyrin, a 1,3,6,8-tetrasubstituted
pyrene or a 5,6,5,6’-tetrasubstitued [bis-1,10-phenanthroline-Cu(I)] complex. The
substituents of these core modules would be PNA oligomers in each case. The linear unit
(Figure 59) would consist of an aromatic core unit bearing two acetylene-phenyl-alkoxyamino

units. The amino groups would serve as the attachment point for the PNAg oligomers.
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Prior to synthesizing and assembling the complex molecular targets described above,

a similar, yet simpler system was designed to be able to prove the concept that the bi-

dimensional arrays could be formed on surfaces via PNA duplex formation. The decision was

to omit the linear unit initially and simply use angular units functionalized with self-

complementary PNA oligomers. The PNA sequence that was selected was the following

dodecamer: TTAATTAATTAA.

The following symbols:

A

represent:

PNAL

7\ N\
N =
o
/ N\

N “N=
\ N\ /

Figure 58. The molecular structures of the angular units including a 1,3,5-trisubstituted benzene (86), a
5,10,15,20-tetrasubstituted porphyrin (87), a 1,3,6,8-tetrasubstituted pyrene (88) and a a 5,6,5°,6’-
tetrasubstitued [bis-1,10-phenanthroline-Cu(I)] complex where the substituent group is a PNA,

oligomer.

The following symbol:

represents:

H
PNAg N\/\/OO%
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O

Aromatic core
moiety
e.g. benzene,
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H
— i >— (@) N PNAg
~ N \n/

(e}

920

Figure 59. The structure of the linear unit. The core of the unit is an aromatic moiety (e.g. benzene,
pyrene). The substituents are acetylene-phenyl-alkoxyamino unit, which would serve as the attachment

points for the PNAg oligomers.
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Results and Discussion

Our interest in this project was to synthesise molecular scaffolds, based on rigid
chromophores bearing complementary PNA oligomers, which by means of hydrogen bonding
interactions could self-assemble and generate 2D porous nano-architectures on surfaces. The
design of the angular and linear units bearing complementary PNA oligomers, required for
this purpose are shown in Section 1.5.2 and 1.5.3. However, prior to synthesizing these
molecules, a proof of principle was required to confirm that the PNA duplexes could be
formed on surfaces and in the presence of chromophoric moieties (e.g. porphyrin, pyrene).
The design of this proof of principle would take advantage of a self-complementary PNA
dodecamer as the hydrogen-bonding recognition unit. This chapter describes the synthetic
steps taken towards the preparation of the PNA oligomer and thereafter, our efforts to prepare
PNA-chromophore adducts. This chapter is divided into four sections.

Section 2.1 describes the synthesis of the target self-complementary PNA oligomer
(sequence: TTAATTAATTAA). This includes a description of the retrosynthesis and existing
solid phase synthesis strategies to prepare PNA oligomers; a discussion of the orthogonal
protecting group strategy required in this project; the synthesis of the monomers and finally
the synthesis of the target oligomer.

Section 2.2 deals with our efforts to prepare PNA-chromophore adducts. Attempts to
covalently attach a porphyrin moiety to the resin-bound oligomer via an amide linkage failed,
possibly due to steric hindrance. Subsequently, a copper-catalysed 1,3-dipolar cycloaddition
was attempted, but also this approach did not yield the target adduct. These unsuccessful
results paved the way to the development of a copper-free 1,3-dipolar cycloaddition that
enabled the attachment of chromophores to the PNA oligomer.

Section 2.3 discusses the results obtained in a preliminary study into the deposition of

PNA onto mica surfaces and their subsequent imaging by AFM.
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2.1 PNA SYNTHESIS

The correct assembly of the angular and linear units designed for this project depends
on PNA as the functional supramolecular recognition system. For this reason, PNA was the
central focus of this project at the initial stages. The successful synthesis of PNA oligomers
was crucial to the success of the project.

An important consideration that must be accounted for when synthesizing PNA is the
protecting group orthogonality. Whilst many protecting group strategies had been

reported,*® 1]

when this project was started in 2006, all the reported strategies involved the
deprotection of the nucleobase protecting groups during the resin cleavage step (Section
2.1.1). This was undesirable in this project since the oligomers had to be used in further
reactions following the cleavage step, therefore a strategy had to be developed in which the
nucleobase protecting groups were maintained following the resin cleavage.

After designing the protecting group strategy (Section 2.1.2), the required monomers
were prepared (Section 2.1.3) and then several methods of PNA oligomer synthesis were
evaluated (Section 2.1.4). Reports of rapid and successful solid phase peptide synthesis in the

9] several methods of PNA oligomerisation using various microwave methods

microwave,
were attempted, however all the methods resulted in complex mixtures from which the target
product couldn’t be isolated (Section 2.1.4.2). Reverting to manual solid phase synthesis, the
desired PNA oligomer was isolated in its protected form (Section 2.1.4.3).

After obtaining the protected PNA dodecamer, several methods to deprotect the
nucleobase protecting groups in solution were evaluated (Section 2.1.4.4). After several trials,

a successful and reproducible method was developed, thus yielding the desired deprotected

PNA dodecamer.

2.1.1 INTRODUCTION TO PNA SYNTHESIS STRATEGIES

In order to successfully synthesize the desired PNA oligomer, a review of the existing
methods to prepare the monomer and oligomer was required.

The core of the monomeric unit is an N-(2-aminoethyl)glycine (AEG) moiety
protected at the terminal amino group. Three main retrosynthetic routes (A-C) have been
described for this unit (Figure 60). Route A involves an S\2 reaction between a mono-
protected ethylenediamine species and an a-halogenated acetic acid or its esters (route A),
which is one of the most convenient and inexpensive methods.*****! Route B and C both

2042931 1y route B the reaction is performed between

involve a reductive amination reaction.!
the mono-protected ethylenediamine and a glyoxalic ester. In route C, protected glycinal and
glycine synthons are used. The completion of the PNA monomers is then performed by

coupling a (protected) nucleobase modified with a carboxymethyl moiety with the secondary
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amine of the AEG unit. This is normally done using peptide coupling reagents (e.g. N,N'-
dicyclohexylcarbodiimide [DCC]). Due to this coupling reaction, the carboxylic group of the
AEG is normally protected as an ester. The protected monomer is then selectively deprotected
at the carboxyl group to produce the monomer required for oligomerisation. The choice of the
protecting groups on the amino group and on the nucleobases depends on the strategy used for

oligomer synthesis.

Base

(0]
(0]
K’& A F,G'*N/\/NH2 + XJJ\O,R

OH H
Base
o) (0]

+
H B 0
(0]
bG NJJ\ pr— PG“N/\/N\)kO’R _ F,G"N/\/NH2 + OQJ\O’R
\N/\/ OH H H
H

\
PG = Boc, Fmoc, Mmt PG‘NMO *H

R = H, Me, Et, tBu, Bz, All H

0
N AR

Figure 60. Retrosynthesis of the PNA monomer showing routes A-C to obtain the N-(2-
aminoethyl)glycine unit.

The carboxymethyl nucleobases required for coupling to the AEG unit are shown in

B Carboxymethylthymine is synthesized by alkylation of N' of thymine with

Figure 61.!
bromoacetic acid and is generally used in its non-protected form. The carboxymethyl adenine
and cytosine derivatives are generally prepared in two steps by protecting the exocyclic amino
group first, followed by alkylation with bromoacetic acid derivatives. Guanine is the most
difficult base to work with due to its lack of solubility. Generally the synthesis utilizes 2-
amino-6-chloropurine as the starting material, where alkylation at the N’ position is

performed first with a bromoacetic ester. This is followed by protection of the exocyclic

amino group and in situ saponification and hydrolysis to give the desired guanine derivative.

o] HnR HNR o]
NH N N SN N NH
| ﬁ ¢ f <7
N’go NAO N N/) N N/*NH
o) o T o/ o) T R
OH OH OH OH
T c A G

R = Cbz, Mmt, Bhoc, Acyl

Figure 61. Nucleobase derivatives used for PNA synthesis. Thymine, cytosine, adenine and guanine
derivatives are shown from left to right.

PNA monomers feature a protected N-terminus and a free carboxylic group, thus in

this respect, they are comparable to the amino acids used to prepare peptides, therefore, PNA
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oligomerisation can be performed with the same synthetic procedures commonly used for
peptides i.e. solid phase synthesis. A general scheme for the synthesis of PNA oligomers on

" n the first step, a monomer is loaded onto the

solid phase resins is shown in Figure 62.]
free amino groups of the resin. Subsequently, the elongation takes place by repeated cycles of
deprotecting the N-terminus of the anchored monomer and coupling of the following N-
protected monomer to the deprotected N-terminus. The coupling reactions are carried out with
coupling reagents such as HBTU, which are expected to give yields above 99%. As
mentioned above, the exocyclic amino groups present on cytosine, adenine and guanine are
protected to prevent interference with the oligomerisation synthesis. At the desired length of
oligomer, the final cleavage can be carried out to release the oligomer from the resin yielding
the crude product.

The most common strategies used in PNA synthesis involve the N-terminal Boc!'*"

151, 206-209 [203, 210-214]

I'and the Fmoc protecting groups. The Boc strategy was applied first to the
synthesis of PNA.M"" 2% Homothymine sequences were synthesized first and later, the
strategy was optimized for mixed sequences.”®’ The solid phase resin chosen in these cases
was a methylbenzhydryl amine (MBHA) derivatised polystyrene (PS) resin to which the first
PNA monomer is linked by an amide bond. The amino groups on the nucleobases were
protected with benzyloxycarbonyl derivatives (Cbz), therefore, this protecting group
combination is referred to as the Boc/Cbz strategy. The Boc group was deprotected with
trifluoroacetic acid (TFA) during the oligomer elongation, whereas, the final cleavage of PNA
from the resin, with simultaneous deprotection of the exocyclic amino groups of the
nucleobases, was carried out using HF or with a mixture of trifluoroacetic and
trifluoromethanesulphonic acids (TFA/TFMSA). Such drastic cleavage conditions limited the
range of PNA oligomers synthesized according to the Boc protocol.

A search for milder conditions led to the development of the Fmoc strategy of PNA
synthesis. The N-terminal Fmoc protecting group is cleaved under mild basic conditions using
piperidine. This makes the Fmoc strategy compatible with a wider variety of resin linkers
(e.g. Rink amide, chlorotrityl groups) which can be cleaved under less acidic conditions (e.g.
TFA). In the first paper reporting the use of a Fmoc strategy,”””! Cbz groups were used to
protect the nucleobases, so HF was still used to carry out the final cleavage and nucleobase

200 introduced  the

deprotection. However, later on Uhlmann and co-workers!
monomethoxytrityl (Mmt) protecting group, which is easily deprotected during the final TFA
cleavage. Similar to the Fmoc/Mmt strategy is the Fmoc/Bhoc strategy since it also allows the
final cleavage and deprotection to be carried out in situ under acidic conditions.”"*! A strategy
including acyl protecting groups (e.g. acetyl, isobutyryl, anisoyl, benzoyl, tert-butylbenzoyl)

for nucleobases has also been described.*!"
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. = Resin ‘Base
Kfo
Base = Nucleobase (thymine, adenine, j\/
HO

cytosine or guanine) N\/\N'PG
H
n = Number of monomer units in
oligomer (0, 1, 2, etc.) .\NHz First monomer loading
PG = N-terminal protecting group
(Boc, Fmoc, Mmt)
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.\N N\/\N PG
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Figure 62. General scheme for the synthesis of PNA oligomers on solid-phase resins.

In addition to the Boc and Fmoc protection, another widely used N-terminal
protecting group is Mmt.”*” ?"2'1 The Mmt group is acid-labile, but is cleaved in much
milder conditions compared to the Boc group. Treatment with 3% trichloroacetic acid is

t.2% In the Mmt strategy, the exocyclic amino groups of the nucleobases are usually

sufficien
protected with acyl groups.

Besides these three ‘classic’ strategies, which were introduced in the early years of
PNA synthesis (1991-1999), several other strategies have been developed recently using a
range of protecting groups. In 1999, a thiol-labile dithiasuccinate (Dts) group developed by
Barany and coworkers was used in conjunction with the Cbz protecting group on the

[218

nucleobases to prepare PNA oligomers.”'® Further alternative protecting groups for the

terminal nitrogen atom were introduced from 2001-2005. These included the Dmt,?""! N, 122"

Alloc,”" Dde* and Nvoc**! protecting groups.
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An interesting method introduced in 2007 by Lee et al.** utilised cyclic monomers
bearing a Bts/Cbz protecting group combination. The benzothiazole-2-sulfonyl (Bts) group
was particularly interesting because it played a dual role in the PNA synthesis in that it served
as a protecting group for the N-terminus, and also, as an activating group for the coupling
reactions. This meant that no coupling agent was required during coupling steps,
consequently, the excess monomers could be recovered following the reactions. The Bts
group is deprotected using 4-methoxybenzenethiol.

The most recent developments in protecting group strategies for PNA synthesis were
published by Winssinger and coworkers in 2008.%**) In this work entitled ‘Expanding the
scope and orthogonality of PNA synthesis’, several new protecting group strategies were
introduced. Six types of protecting groups were evaluated for the terminal nitrogen atom:
Alloc, Teoc, 4-N5Cbz, Fmoc, 4-OTBSCbz and Azoc, in combination with five types of
protecting groups on the nucleobases: Cl-Bhoc, F-Bhoc, Teoc, 4-OMeCbz and Boc. One
interesting strategy was the use of the Alloc/Cl-Bhoc protecting group combination with a 2-
chlorotrityl resin linker. This strategy allowed the final cleavage to yield a fully protected
oligomer. All other strategies described above generally result in a completely deprotected
oligomer. Control of the final cleavage/deprotection step was of particular importance in our
project, since we required protected PNA oligomers following the resin cleavage. All the

above-mentioned protecting groups have been summarized in Table 1.

Type | Protecting group Structure Typical reagents for Typical Ref.
amine protection reagents/
conditions
for
deprotection
Boc o Di-tert-butyl TFA or 147, 151,
tert-Butyloxy . )J\O J< dicarbonate HCl/dioxane 206-209,
carbonyl 229
Cbz o Benzyl chloroformate H,/Pd-C, 203, 229
Benzyloxycarbonyl *J\o TFMSA, or
= /\© TMSI
§ 4-OMeCbz o Carbonyldiimidazole & | 5% TFA 225
o= 4-Methoxy *)J\o 4-methoxybenzyl
- benzyloxycarbonyl /\©\ OCH; alcohol
Mmt O OCH; 4-Methoxytrityl 5% Trichloro- | 210, 229
Monomethoxy O chloride acetic acid
trityl N
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Dmt O OCH; 4,4'-Dimethoxytrityl 1% TFA 219
Dimethoxy ‘ chloride
trityl .
OCHs
Bhoc Carbonyldiimidazole & | 1% TFA 213
Benzhydryloxy o O diphenyl-methanol
carbonyl
*)J\O O
Cl-Bhoc cl Carbonyldiimidazole & | 5% TFA 225
4.4'-dichloro 4.4'-dichloro
benzhydryl o O benzhydrol
oxycarbonyl
y y A O
Cl
F-Bhoc F Carbonyldiimidazole & | 5% TFA 225
4.4'-difluoro 4.4'-difluoro
benzhydryl o O benzhydrol
oxycarbonyl *)J\o
2,
Fmoc o N-(9-Fluorenyl 20% 203, 210-
9-Fluorenylmethyl *J\o methoxy carbonyloxy) | Piperidine 214,229
oxycarbonyl O succinimide
%]
2 | Acyl o 0 o Acyl chlorides Ammonia 214
= P .
- e.g. acetyl, * *)J\( * e.g. acetyl chloride,
z isobutyryl, benzoyl )‘\©\ benzoyl chloride
) R =H, OCHs3, Bu
Dde o] 2-Acetyldimedone 2% hydrazine | 222,229
1-(4,4-Dimethyl- N in DMF
2,6-dioxocyclo-
hexylidene)ethyl 0
© o Alloc Allyloxycarbonyl Catalytic 221,225,
£ & | Allyloxycarbonyl o chloride [Pd(PPh3),] 229
g3 Ao~z
SR
Dts Bis(ethoxy- 2-Mercapto- 218, 229
Dithiasuccinoyl ¢ thiocarbonyl)sulfide, ethanol, NEt;
P sA N,O-bis(trimethylsilyl-
< S\< acetamide) &
0 o) (chlorocarbonyl)
E sulfenyl chloride
&= Bts 0 s Benzothiazole-2- 4-Methoxy 224
Benzothiazole-2- * *#%\ ]@ sulfonyl chloride benzenethiol
sulfonyl o N
N; Sodium azide Reduced to 220
oo | Azide Ns azaylide using
2 £ 2 trimethy]
S &3 phosphine
< 2 B Azoc o Chloromethyl IM trimethyl | 225
= Azidomethyloxy . o chloroformate & phosphine
carbonyl 0" N sodium azide
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4-N;Cbz j\ Phenyl (4-azido IM trimethyl | 225
4-Azidobenzyl =0 benzyloxy) formate phosphine
oxycarbonyl N
3
o0 Teoc . . o | 1-[2-(trimethylsilyl) TBAF 225
£ 2-(Trimethylsilyl) i )LO ~_SiT ethoxycarbonyloxy]
§ 2 | ethoxycarbonyl pyrrolidin-2,5-dione
S 2 | 4-OTBSCbz o] Phenyl [4-(tert- TBAF 225
2% 4-(tert-butyl *)J\O butyldimethyl
é’ dimethylsilyloxy)- /\©\ ,\Si silyloxy)benzyloxy]
benzyloxycarbonyl 0"\ formate
o | Nvoc 4,5-Dimethoxy-2- UV photo- 223
= . o) :
é = Nitroveratryloxy P OCH nitrobenzyl cleavage
£ =z | carbonyl * Oﬁ : chloroformate (350 nm)
%]
~ 2 O,N OCHs

Table 1. Protecting groups used to protect N-terminal amino groups and nucleobase exocyclic amino
groups in PNA synthesis.

Another important consideration during PNA synthesis is the selection of the
appropriate resin and linker. The resin used as the solid support may range from a very apolar
polymer (e.g. polystyrene) to very polar one (e.g. poly(ethylene glycol)/dimethylacrylamide

2261 Each of these resins presents its own advantages (Table 2) and all of them

copolymer).!
have been wused to prepare PNA, however, polystyrene (PS) resins and
polystyrene/diviylbenzene-poly(ethylene glycol) graft copolymer (PS-PEG) resins are most commonly
used for PNA synthesis.

Apart from the resin, an important factor in PNA solid phase synthesis is the linker
used to attach the growing oligomer to the resin. Linkers must be orthogonal to the protecting
group strategy. In particular, they must be stable to the conditions used to perform the
deprotection of the N-terminal protecting group, the coupling of the monomers to the growing
oligomer and the capping step. On the other hand, the last step of PNA oligomerisation
usually involves the simultaneous cleavage of the resin and deprotection of the nucleobases’
amino-protecting groups, therefore linkers are chosen according to conditions required to
cleave it. For this reason, generally acid-labile and base-labile linkers have been used in PNA
synthesis, even though many other types of linkers exist®* (e.g. photo-cleavable linkers).

The main linkers that have been used in PNA synthesis as well as their cleavage conditions

are summarized in Table 3.
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Polymer support Comments Polarity
PS - Gel-type structure. Readily allows penetration of reagents Low
Polystyrene with 1-2% | and solvents into the beads to sites where chemistry is taking
divinylbenzene (DVB) | place.
cross-linking - 1-2% DVB cross-linking provides a balance between a good

stability of the resin whilst maintaining swelling ability. 5%

DVB cross-linking provides greater stability, but swelling is

limited.

- Very apolar resin.
PS-PEG - Distances reactive sites from apolar resin core to give more
Polystyrene/DVB- ‘solution-like’ conditions at the reactive sites.
poly(ethylene glycol) - Ideal when using polar solvents.
graft copolymers - Enhanced swelling ability compared to PS.

- e.g. Tentagel and Argogel
PA - These two supports are generally used in continuous flow
Polyacrylamide- solid phase peptide synthesis and in oligonucleotides
based synthesis.
CPG - The high polarity of these resins makes them hydrophilic.
Controlled-pore glass
PEGA - Very polar resin.
Poly(ethylene - Unparalleled swelling properties in water.
glycol)/dimethy- - Flexible interior enables access to large macromolecules High

lacrylamide copolymer

including enzymes.

Table 2. Classes of resins used in solid phase synthesis.

[226]

Type | Linker Structure Typical reagents for Ref.
resin cleavage
MBHA O NH, TFA or TFMSA 206
4-Methylbenzhydryl
amine Q
Breipohl linker .\ o NH, 95% TFA 210
ST
H
R
= | Rink % 80% TFA 203
2
[
—I \
= o}
O -
(e}
NH,
PAL o~ 50% TFA 224
5-[3,5-Dimethoxy-4- o NH,
i thyl)ph
(aminome y)p enox .\N J\/\/\o o
y]pentanamide H
Wang ‘_©_\ 50% TFA 219
[4-(Hydroxymethyl) OO—\
phenoxymethyl] OH
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2-Chlorotrityl O 1% TFA or acetic acid | 225

W
! Cl

o)
o 12-hydroxy? .\ )J\/\/\/\/\/\/OH NH,/EtOH 214
3 dodecanamide N
[}
) Aminohexyl .\ o NH;/H,0 215
3 succinate NJ\/\H/O\/\/\/\NHZ
H o

Table 3. Linkers used to attach growing PNA oligomers to resin support polymers.

2.1.2 ORTHOGONALITY AND THE PROTECTING GROUP STRATEGY
In order to successfully synthesize the desired PNA oligomer, both the monomer and
the oligomer synthesis required protecting groups that could be orthogonally deprotected
when required. Furthermore, the linker between the solid phase resin and growing PNA
oligomer also had to be orthogonal to the protecting groups. As mentioned above, a further
complication to our system was the requirement that the PNA oligomers needed to be cleaved
from the solid support without removing the nucleobase protecting groups. This is contrary to

148, 1517
-5} e. normally nucleobase

what is normally reported in PNA synthesis in the literature!
deprotection and resin cleavage is carried out simultaneously in one step. Also, adding further
complication was the fact that the synthetic design had to be compatible with all the
chromophores (e.g. porphyrins, pyrene), which were going to be attached to the PNA
oligomers. This meant that it would have been desirable that the nucleobase deprotection step
in particular would be carried out under the mildest conditions possible.

After reviewing all these requirements, the following system was proposed. The
monomers would be synthesized using a Fmoc/Mmt strategy i.e. Fmoc protection on the
terminal nitrogen of the AEG moiety and Mmt protection on the exocylic amino groups of the
nucleobases. A methyl ester was suggested to protect the carboxylic moiety of the AEG unit.
This strategy had been used for synthesizing PNA monomers previously by Breipohl et al.*'"!
Fmoc chemistry is commonly used for solid phase peptide synthesis (SPPS), thus the PNA

[203, 210] Having

oligomer synthesis could be prepared using well-established procedures.
decided the protecting group strategy, attention was shifted towards the design of the linker
for the oligomerisation process. The linker chosen for the SPPS was base-labile under strong
basic conditions. It was chosen to prevent cleavage of the oligomer from the resin during the
mild base deprotection of the Fmoc protecting group (20% piperidine in DMF).** Also, the
use of a base cleavable linker would ensure that the Mmt protection of the nucleobases would

remain intact during the resin cleavage step. The Mmt group was chosen because it is cleaved

under very mild acid conditions (5% chloroacetic acid”**! or 2% TFA is sufficient**") and
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thus would ensure that the chromophores attached to the PNA would not be effected.
Unfortunately, this strategy was abandoned following failure of the chosen base
cleavable linker (Section 2.1.4.1). During the early stages of the oligomerisation process, a
resin cleavage attempt was performed to evaluate whether the solid phase synthesis cycle was
working correctly. Unfortunately, the resin cleavage did not yield any crude product. The test
was attempted several times without success, therefore an alternative strategy was designed.
The alternate strategy that was designed maintained the Fmoc protecting group to
protect the terminal nitrogen atom. The nucleobases’ exocyclic amino groups were to be
protected with the very robust Cbz protecting group. The Cbz group is stable to basic

conditions and also acidic conditions up to pH 1.

It is generally deprotected by
hydrogenation in the presence of palladium on activated carbon, strong acids (e.g.
trifluoromethanesulfonic acid), or nucleophilic substitution (with silyl derivatives). Since the
Cbz group is stable to TFA, a fert-butyl ester was proposed as the protecting group for the
carboxylic moiety of the AEG unit. Thomson et al. had previously reported this protecting
group strategy.”* The Fmoc/Cbz protected monomers could then be used to prepare the
oligomer using the commercially available Rink MBHA resin. This resin is stable to basic
conditions, therefore, the oligomer elongation using Fmoc chemistry is compatible.
Oligomers can be cleaved from this resin using acidic conditions. Due to the robustness of the

291 allows the oligomer to retain the Cbz

Cbz protecting groups, TFA resin cleavage
protection of the nucleobases. With the nucleobase protection, the oligomer could be used for
further reactions in solution, and when required the Cbz deprotection could be carried out in

solution using trimethylsilyl iodide (TMSI). This strategy is summarized in Figure 63.

TMSI

Polystyrene
solid support

Fmoc. /\/N\)L /\/N\)J\N o—

Piperidine

Figure 63. The orthogonal strategy proposed for the PNA oligomerisation using Fmoc/Cbz protected
monomers. The N-terminal Fmoc protecting groups can be deprotected with piperidine, without
affecting the base-stable Rink MBHA resin and the Cbz protecting groups. The oligomer can be
cleaved from the resin using TFA without deprotecting the Cbz protecting groups, which can be
deprotected later, in solution, using TMSI.
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2.1.3 SYNTHESIS OF PNA MONOMERS

This section presents the synthesis of the thymine and adenine monomers required for
the solid phase synthesis of the target PNA dodecamer (sequence: TTAATTAATTAA). The
structures of the target monomers are shown in Figure 64. In order to prepare the required
PNA oligomer, the PNA monomers had to be prepared on a multi-gram scale. The monomers
were prepared using a convergent synthesis where the carboxymethyl nucleobase derivatives
and the AEG unit were coupled together. The thymine monomer was prepared first and was
used to test the solid phase oligomerisation. Two adenine monomers are shown in Figure 64
because a change in strategy was required due to the failure of the base cleavable linker used
during solid phase oligomerisation process in the Fmoc/Mmt strategy (discussed in Section
2.1.4.1). The synthesis of Fmoc/Mmt adenine monomer 92, was not completed due the

abandonment of the strategy.

Mmt Cbz

o HN HN
HN N—( N N—( N
B | u \ l \ )

O~ 'N N N N N
(0] o (0]

0 \\‘) o} ﬁ) o}

Fmoc\H/\/N\)kOH FmOC\H/\/N\)J\OH Fmoc\u/\/N\)J\OH
91 92 93
Figure 64. The structures of the target monomers.
2.1.3.1 Synthesis of the thymine monomer

Two components were required to prepare thymine monomer 91, the carboxymethyl
functionalized nucleobase and the AEG unit. The nucleobase’s synthesis was tackled first,
followed by the synthesis of the AEG unit. The two synthons were coupled together to form
the protected monomer, which following deprotection of the carboxylic ester moiety yielded
91.

Two methods to synthesize thymine-1-acetic acid 95 were evaluated. In the first
method (Scheme 1a), commercially available thymine 94 was treated with bromoacetic acid

4.2

to give product 95 in 64% yiel I The second method (Scheme 1b) gave 95 with a similar

yield (62%). The reaction involved the addition of methylbromoacetate to thymine 94

297 The latter

followed by saponification without isolating or purifying the ester intermediate.
method was preferred despite the longer synthetic route and marginally lower yield because
the isolated product, 95, did not contain traces of the starting material as an impurity as was

observed in the product formed by the method shown in Scheme 1a.
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o]
BrCH,COOH HN)H/
HN A |
(a) P | 0“ N
KOH, H,0
0N ’ o)
H 30 min at 40 °C
64% OH
94 95

(i) BrCH,COOMe o}

O KyCOs DMF
N 16hatrt. 'ﬁ‘\ |
(b) | ¢

N
H 10 min at reflux
62% OH
94 95
Scheme 1

Having obtained 95, the completion of thymine monomer 91 was done according to a

procedure published by Thomson et al**

The synthesis involved the addition of tert-
butylbromoacetate to ethylenediamine 96, with the latter in large excess during the reaction,
to give 97. This was followed by treatment with Fmoc-OSu to Fmoc-protect the remaining
primary amine of the ethylenediamine moiety, yielding Fmoc/'Bu-protected AEG unit 98 in
48% vyield over two steps. Although the yield was modest, the important point in the
preparation of 98 was that no chromatography was required to obtain the pure product and
that the reactions were scalable to multi-gram quantities. The next step was the coupling of
thymine derivative 95 to the secondary amino group of AEG unit 98. This was carried out in
the presence of EDC with a slight excess of 95 yielding 99, the protected thymine monomer,
which was purified by silica gel chromatography. The thymine monomer 91 required for the
PNA oligomerisation i.e. bearing a free carboxylic group was isolated upon treatment with

TFA.

0 (0]
RGN J< H © J< Fmoc-OSu O J<
0
N HzN/\/N\)J\O . o N \)ko

DIEA, CH,Cl, DIEA, CH.Cl,

96 5hat0°C,15hatrdt. 97 18hatrt. O
87% 55%
EDC, DMF (anhyd.)
12 hatr.t.
85%
o) (0]
HN)j/ HN
oél\N o T O)\N

O

9 Kﬁ ? 2ChHa2tC rlzt o J<
OJ\H/\/NJJ\OH 89% O /\/ Jko

Scheme 2

78



Chapter 2 — Results and Discussion

Once thymine monomer 91 was obtained, subsequent work focused on testing and
optimizing the solid phase oligomerisation synthesis (Section 2.1.4.1) and also, in parallel,

synthesizing the adenine monomer (2.1.3.2).

2.1.3.2 Synthesis of the adenine monomer
In the initial stages of this project, the focus was on using a Fmoc/Mmt strategy to
prepare a protected PNA oligomer. To this end, the synthesis of a Fmoc/Mmt protected
adenine monomer was required (Section 2.1.3.2.1). However, due to the failure of the base
cleavable linker used in the solid phase synthesis, the overall PNA synthesis strategy was
altered to utilise a Fmoc/Cbz strategy, therefore the synthesis of a Fmoc/Cbz protected

adenine monomer is reported (Section 2.1.3.2.2).

2.1.3.2.1 Synthesis of the Fmoc/Mmt protected adenine monomer

The synthesis of the Fmoc/Mmt protected adenine PNA monomer required careful
selection of the protecting group for the carboxylic moiety of the AEG unit. Since the Fmoc
group is labile under mild basic conditions and Mmt is labile under mild acidic conditions, the
carboxyl group of the AEG unit could not be protected with the most commonly used esters
in PNA synthesis i.e. the tert-butyl ester or methyl ester due to the strong acidic and basic
conditions, respectively, required for their hydrolysis. To circumvent this problem, an allyl
ester was chosen to protect the AEG carboxylic acid functional group. The allyl ester was
chosen since it is catalytically cleaved under neutral conditions in the presence of a palladium
catalyst. As with the thymine monomer, the preparation of adenine monomer 92 required two
synthons: the protected AEG unit and the carboxylmethyl functionalized nucleobase.

The required nucleobase derivative 102 was synthesized in three steps as shown in
Scheme 3. Deprotonation of adenine 100 followed by treatment with methylbromoacetate

271 Then Mmt-protection of the exocyclic amine

yielded the methyl ester derivative 101."
ensued, using Mmt-Cl in a mixture of pyridine and dichloromethane in the presence of N-
ethylmorpholine (NEM) as a base.”® Finally, saponification of the ester gave the desired

MMT protected adenine derivative 102.

NH MMT<
2 (i) MMT-CI, NEM, NH

NH, ()NaH, DMF N7 N\> pyr, CHoCly NASN
NP N 2hatrt. N 3hat40°C, 16 hatr.t. S
R N o SN MMT = % O R

NS .
N H (i) BrCH,COOMe Kf (i) NaOH 4 Kfo
2hatr.t. O. 2 h reflux O
54% CHs 37% OH
100 101 102

Scheme 3
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Scheme 4 displays the next steps towards the synthesis of the adenine monomer with
Fmoc/Mmt protection 92. The Fmoc/allyl-protected AEG unit was prepared using a published

procedure.**

The reported procedure required compound 98 as the starting material,
therefore, the first two steps were the same as previously shown in Scheme 2. At this point,
the tert-butyl-protecting group had to be switched to the allyl-protecting group. This
conversion was achieved by converting the ester to the carboxylic acid by treating compound
98 with TFA, and then, by dissolving the resultant crude product in allyl alcohol and treating
with thionyl chloride. The desired product i.e. Fmoc/allyl-protected AEG unit 103 was
obtained in 84% yield from 98. AEG unit 103 was then coupled with Mmt-protected adenine
derivative 102. The coupling was done by activating the carboxyl group of 102 using TOTU
as the activating agent, and then introducing 103 as the nucleophile to give the protected
adenine PNA monomer 104 in reasonable yield (62%). The final step in the preparation of
required Fmoc/Mmt-protected adenine monomer 92 was the deprotection of the allyl group. It

234
] However,

was expected that the reaction would proceed using [Pd(PPhs)s] as the catalyst."
the final reaction to prepare monomer 92 was never attempted since this monomer was no
longer required due to a change in the overall PNA synthesis strategy caused by the
aforementioned problems encountered in the oligomerisation process (discussed in Section

2.1.4.1).

o (0]
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2.1.3.2.2 Synthesis of the Fmoc/Cbz protected adenine monomer

The change in the overall PNA synthesis strategy, also included a change in the resin
used for the solid phase synthesis. Rink amide MBHA resin was selected as the solid support,
which required strong acidic conditions for the final cleavage step. Consequently, the Mmt
group had to be replaced by a more robust protecting group to ensure that a protected PNA
oligomer was isolated following the resin cleavage. For this purpose, the Cbz group was
selected since it is resistant to TFA. This section describes the synthesis the Fmoc/Cbz-
protected adenine monomer.

First, the Cbz-protected adenine nucleobase derivative 107 was synthesized (Scheme
5). The first step involved the deprotonation of adenine 100 using sodium hydride, followed
by the protection of the exocyclic amine using Cbz-Cl. Next, alkylation introduced the tert-
butyl acetate moiety to give 106, which was subsequently deprotected using TFA to give Cbz-
protected adenine derivative 107 that was ready for coupling to the AEG unit. Although 107
was successfully isolated using the synthetic steps described in Scheme 5, another procedure

was evaluated (Scheme 6) to determine if the overall yield could be improved.

Cbz .

NH Cbz.
NH i Cbz. N "
2 (i) NaH, DMF NH o NPYN p
N 10 min'atr.t. ) CieH,co0ku I TFA N
N N N N
i N
k\N N ©$ k\N | N> K,CO3, Cs,CO3, DMF Kfo EtsSiH, CH,Cl, K‘fo
o__cl H 24 hatr.t. 16 hatr.t.
0
T 61% j< 98% OH
100 Ahatrt 105 106 107
59%
Scheme 5

(220 o ffered an alternative method

A procedure reported by Debaene and Winssinger
that could be used to prepare 107. The pathway is described in Scheme 6. The introduction of
the tert-butyl acetate moiety to adenine 100 to give 108 was achieved by deprotonation using
sodium hydride, followed by the slow addition of fert-butyl chloroacetate to the reaction
mixture. The crude solid of 108 was then treated with carbonyldiimidazole followed by

benzyl alcohol yielding 106 in 81% yield. Deprotection of the zert-butyl group using TFA

NH, bz Coz.
NH; ()NaH,DMF  NZ>N (i) carbonyldimidazole, N7 >N, AN
N)IN ahatrt. I | N> DMF,2hat105°C | | N> TFA Nk S
> >~ N —_— N sy
k\N N’ (i) CICH,COO®Bu Kfo (ii) Benzyl alcohol Kfo CH,Cl, N o
H 12hatrt. 12hatrt 2hatrt. Kf/
549% 07< 81% 07< 97% o
100 108 106 107
Scheme 6
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gave target compound 107. This synthetic route gave a better yield overall yield (42%)
compared to the route described in Scheme 5 (35%), therefore, it was the preferred method.
Having obtained Cbz-protected adenine derivative 107, the coupling to AEG unit 98
ensued (Scheme 7). Initially, this was performed in a manner analogous to that of protected
thymine monomer 99. The carboxyl group of 107 was activated using HBTU in the presence
of DIEA as the base. AEG unit 98 was then added to the activated adenine derivative yielding
109, the protected adenine monomer in 57% yield. Treatment of 109 with TFA, yielded

adenine monomer 93 required for the solid phase synthesis.

(@] H (o] J< 107 j)]\
—_— N
Q. AN — Q. Hn
H ' H
HOBT, DIEA,
O %8 DMF (anhyd.) O 100
2hatr.t.

57%

NH
N
N)i N
TFA >
- - ‘\\N N
CH,Cl, o
16hatrt. )OL Q
97% . 07 SN N\)J\OH
H
Ol
Scheme 7

Optimisation of the condensation reaction between 98 and 107 using a procedure
reported by Debaene and Winssinger yielded 109 in 69% yield.”*”! The reaction (Scheme 8)
involved activating the carboxyl moiety of 107 using pivaloyl chloride to form an asymmetric
acid anhydride, and then, in situ, introducing AEG unit 98 to form the desired coupling
product 109. Higher yields with this reaction are unlikely because the secondary amine of 98
could also react with the pivalylic carbonyl group to form a side-product, although this is not

favoured due to the hindrance caused by the pivalylic fert-butyl moiety.
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2.1.4 SOLID PHASE SYNTHESIS OF PNA OLIGOMERS

This section discusses the protocols which we have evaluated in the preparation of the
target PNA dodecamer (sequence: TTAATTAATTAA). Section 2.1.4.1 presents the problems
that were encountered using the Fmoc/Mmt strategy during the oligomerisation process. The
following section (2.1.4.2) shifts the attention to the Fmoc/Cbz strategy and our efforts to
utilize microwave-assisted solid phase synthesis to prepare the target PNA strand. In section
2.1.4.3, the target dodecamer sequence was finally isolated using the classic manual solid
phase synthesis technique and in the final section (2.1.4.4) the development of a solution

phase Cbz-deprotection method for the oligomer’s nucleobases is described.

2.1.4.1 Solid phase PNA synthesis using the Fmoc/Mmt strategy

In parallel to the preparation of Fmoc/Mmt-protected adenine monomer 92 (Section
2.1.3.2.1), thymine monomer 91 was used to evaluate the PNA oligomerisation conditions for
the Fmoc/Mmt strategy. The resin chosen for the oligomerisation was TentaGel resin.

TentaGel resins are grafted copolymers consisting of a low cross-linked polystyrene
matrix on which polyethylene glycol (PEG) is grafted.*”! Since PEG is a polymer with both
hydrophobic and hydrophilic properties, the graft copolymer shows modified physico-
chemical properties. It combines the benefits of the soluble polyethylene glycol support with
the insolubility and handling characteristics of the polystyrene bead. These characteristics
allow the resin to mimic solution phase reaction conditions at the reactive sites, whilst
maintaining the benefits of solid phase resin i.e. purification involves washing the resin
following reactions. The resin was selected due to the fact that the reactions take place in
polar, solution-like conditions on the TentaGel resin, which was thought to be beneficial for
the polar conditions used in PNA synthesis. Furthermore, synthesis of PNA using Tentagel
had been reported previously.***

In order to initiate the solid phase synthesis, the base-cleavable linker required to
attach the PNA oligomer to the Tentagel resin had to be prepared. The linker, which was

15]

. .. 2 .
reported as cleavable under concentrated aqueous ammonia conditions'”"*! was synthesized as
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shown in Scheme 9. The amino group in 6-aminohexan-1-ol 110 was first protected using
Mmt-Cl to give 111 in 53% yield as reported.”*'” Then, nucleophilic attack of the alcohol
moiety on succinic anhydride introduced an ester and a carboxylic acid moiety to give 112 in
79% vyield. The ester provides the cleavage point in the linker i.e. it is hydrolyzed upon
treatment with a strong base and therefore would act as the cut off point between the PNA
oligomer and the resin to yield the PNA oligomer when required during the SPPS. The
carboxylic acid moiety was used in the final step of Scheme 9 to attach the linker to the amino
groups of the tentagel solid phase resin using TBTU as the activating agent resulting in 113.
Compound 113 provided the platform on which the PNA oligomer would be grown using
established SPPS techniques.

H N/\/\/\/OH MMT-CI MMT\N/\/\/\/OH Succinic anhydride
2 > _—
NEts, pyr H DMAP, pyr
110 2hatrt. 1 2hatrt, 6hat50°C,
53% 16 h atr.t.
79%
0 o)
Tentagel-NH,
MMT\N/\/\/\/O\H/\)J\OH K MMT\N/\/\/\/ONN
H 0 NEM, TBTU, DMF H 0 H |solid support
112 16 hatr.t. 113

Kaiser test negative

Scheme 9

Once compound 113 was prepared, the PNA oligomer synthesis was attempted
(Scheme 10). The amine protecting group (Mmt) was deprotected using 3% trifluoroacetic
acid in CH,Cl,. The deprotection was verified by a Kaiser test, which indicated that the
reaction was complete (both the resin sample subjected to the test and the test solution turned
blue indicating the presence of free amino groups). Next, the first thymine monomer 91 was
coupled to the deprotected amine using HBTU as the coupling agent, NEM as the base and
DMF as the solvent. All the reagents were added in excess to ensure efficient coupling.
Following the coupling, another Kaiser test was performed, and this time the result was
negative i.e. no colour change was observed indicating that no more free amines were present
and that the coupling reaction had gone to completion. Following a successful coupling, a
capping reaction using acetic anhydride was performed to ensure that if any traces of free
amino groups remained following the coupling, they would be blocked from any further
reaction. This is very important since it dramatically minimizes the chances of the formation
of erroneously assembled (wrong sequence) PNA oligomers that would be difficult to

separate from the desired oligomer during purification.
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Scheme 10

At this stage a small sample of the resin was taken for analysis purposes. In order to
analyse all the reactions shown in Scheme 10 had proceeded as planned, the derivatised resin
sample 115 had to be subjected to cleavage, so that the target molecule 117 (Scheme 11)
could be analysed by proton NMR. However, since the cleavage conditions involved
treatment with a strong base, prior to the cleavage, the Fmoc group was deprotected and the
resultant free amines were capped with acetic anhydride (Scheme 11). The cleavage reaction
was then performed using concentrated aqueous ammonia (Scheme 11). The cleavage
solution was collected and evaporated leaving a residue, which was analysed by proton NMR.
The desired compound was not detected in the crude residue indicating that there was a
problem occurring during the SPPS or the cleavage step. Repeating the cleavage on another
sample of the resin gave the same unexpected result. The entire sequence of reactions was
repeated with a fresh batch TentaGel, however, the same result was obtained yet again.
Several factors in the synthesis were controlled: (i) the linker was resynthesized. It was tested
following its attachment to the resin i.e. an Mmt deprotection was carried out and the reaction
solution was analysed. The residual Mmt group was detected in the residue by proton NMR,
indicating that the linker was correctly attached to the resin. (ii) The cleavage solution was
changed from concentrated aqueous ammonia to hydrazine in DMF. (iii) The capping reagent
was changed to Boc anhydride to increase the targets molecular mass and to improve its
proton NMR detectability. (iv) Dissolution of the target compound in various polar solvents

after cleavage was also attempted. Unfortunately, none of these changes yielded the desired
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product. At this point, without any clear reason as to why the desired compound was not
obtained, it was decided that another resin should be evaluated, with an acid cleavable linker
to determine definitively whether the base cleavable linker was the problem in this synthesis.

The resin that was purchased was rink amide resin 118. This resin was subjected to the same
steps as before with the Tentagel resin (Scheme 12), with the following differences: the first
step involved a Fmoc deprotection rather than an Mmt deprotection and also, a lysine was
incorporated as the first monomer because it has been reported that it enhances the solubility
of PNA oligomers and it also helps to induce helix formation during PNA duplex
hybridisation.”*”) The deprotection steps, as well as the coupling steps of the lysine and
thymine PNA monomers proceeded as before (according to expected colours obtained
following the Kaiser tests). A small sample of resin was cleaved using acidic conditions (4:1
TFA/m-cresol) and the resultant solution was dried in vacuo to give a white residue. The
residue was analysed by proton NMR and it revealed the presence of desired compound 121.
Since the change of resin yielded the desired compound, it was decided that the PNA
oligomers would be synthesized using the Rink amide resin. However, since the oligomers are
cleaved from this resin in strong acidic conditions, the Fmoc/Mmt PNA synthesis strategy

was no longer suitable. Thus the Mmt protecting group was replaced by the more robust Cbz-
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protecting group, to ensure that PNA oligomers with protected nucleobases were cleaved

from the Rink amide resin.
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2.1.4.2 Microwave-assisted PNA synthesis using the Fmoc/Cbz
strategy

The recent advances in microwave assisted solid phase peptide synthesis, claiming
improved purity of oligomer products using very short coupling times (e.g. 5 minutes),!"*” led
us to attempt performing the solid phase PNA oligomerisation using microwave irradiation.
This was done using the Fmoc/Cbz strategy and Rink amide resin as the solid support. This
section discusses our attempts to prepare the target PNA dodecamer (sequence:
TTAATTAATTAA) using three different microwave systems, Biotage, CEM Discovery and
CEM Liberty.

2.1.4.2.1 Oligomerisation using the Biotage microwave system
Since we did not have a microwave specifically designed for solid phase synthesis, a
system was adapted in which a MacroKan (Figure 65) was filled with resin and was placed in

a 5 ml microwave reactor tube designed for the Biotage microwave available in our

87



Chapter 2 — Results and Discussion

laboratory. The MacroKan is a polypropylene vessel designed for solid phase synthesis,
which can seal the resin inside it by means of a cap. The walls of the vessel and cap are made
of a mesh that allows the free flow of solutions through the walls. It was used to enable easier
handling of the resin and also, it prevented any losses of resin that would have occurred

during resin transfer, washing and filtration if the resin was not contained.

Figure 65

The microwave solid phase PNA oligomerisation was performed on a 200mg batch of
Rink amide resin. Compound 119 was prepared as previously (Scheme 12), but then the
oligomerisation cycles were performed in the microwave. Each oligomerisation cycle
involved the following reactions: (i) Two deprotection reactions using 20% piperidine in
DMF were carried out in the microwave at 60 °C for 30 seconds and 150 seconds
respectively, with the resin being washed with DMF following every reaction. At this point, a
Kaiser test was carried out on a few beads of resin to confirm that the deprotection had
proceeded correctly. If the resin and solution turned blue (positive result indicating the
presence of free amine functional groups), the cycle was continued. If a negative result (no
colour change), or partial positive result (some beads remained colourless) was observed, then
the deprotection reaction was repeated. (ii) Following the deprotection, a coupling reaction
was carried out using the appropriate PNA monomer. The PNA monomer was dissolved in
DMF, DIEA and HBTU were added, and upon dissolution of all the solids, the mixture was
added to the resin bearing free amino groups. The reaction conditions were 5 minutes at 60 °C
in the microwave. After the reaction, the resin was thoroughly washed with DMF, before a
Kaiser test was carried out on a small sample of the resin once more. If any blue colour was
observed, the coupling was repeated with a fresh reaction mixture. If no colour change was
observed i.e. indicating that no more free amino groups were present on the resin, the next
cycle was started. (iii) The capping step, normally used in manual SPPS, was omitted since it
was reported as being unnecessary due to the high coupling yields achieved in the

microwave.!'””!
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After preparing dimer 122 (sequence: TT, Figure 66) using two oligomerisation
cycles, a small sample of the resin was taken for analysis, whilst the rest of the resin was
washed with DMF, CH,Cl, and Et,0, it was dried thoroughly and stored in the freezer. The
small sample of resin was cleaved by treating with TFA, yielding the crude PNA product,
which was analysed by HPLC. This was done to monitor the progress of the SPPS, to ensure
that no erroneous cycles occurred (relying on the Kaiser free amine test alone was
insufficient). The analysis was performed by reverse phase HPLC using a gradient of 0.1%
TFA in water to 0.1% TFA in acetonitrile. The HPLC chromatogram (Figure 67) obtained
indicated the presence of a major peak at a retention time of 26.9 minutes. To confirm that the
product was target dimer 122, the crude sample was analysed by MALDI-TOF MS (Figure
68). The observed mass for 122 was m/z 1056.3824, which corresponded to the calculated
mass of the [M+Na]+ species: 1056.4192 (Cs;HsoN;NaOy3).

Once the structure of the dimer was confirmed, the resin was thawed, re-swollen and
the oligomerisation of the PNA was continued. Another two oligomerisation cycles were
performed before an analytical sample was cleaved and analysed. Surprisingly, the HPLC
chromatogram indicated that a very impure tetramer crude product 123 was obtained (Figure
70) in comparison to the dimer crude product 122 (Figure 67). This meant that it was possible
that the PNA was decomposing during storage on the resin. It was postulated that this could
be because during the drying, the resin shrinks causing aggregation of the PNA oligomers in
the pores of the resin, and subsequently decomposition. As a result of this observation, it was
decided that if the resin bearing PNA had to be stored, it would be stored in the fridge in a
swollen state, suspended in a mixture of 1:1 CH,Cl,/DMF. The latter storage method was
tested, and it was confirmed (by HPLC analysis) that the PNA oligomers could be stored on
the resin over several months without significant changes in the crude PNA oligomers
obtained following resin cleavage.

In order to confirm whether the decomposition was due to the storage, or whether it
arose due to the microwave irradiation, a small-scale trial was repeated using the same
procedures. A hexamer PNA oligomer was synthesised using the microwave on a scale of 60
mg of resin. This synthesis was performed as rapidly as possible over two days reducing
storage times as much as possible. 20 mg samples of the resin were taken at the dimer (Figure
66), tetramer (Figure 69) and hexamer (Figure 71) stages of the oligomer synthesis. The PNA

oligomers were cleaved from these resin samples and were analysed by HPLC (Figure 72).
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Figure 66.
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Figure 67. HPLC chromatogram of PNA dimer 122 prepared using microwave synthesis. (Agilent
Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH3CN, flow: 1

mL/min, r.t.)
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Figure 68. MALDI-TOF MS of crude PNA dimer 122 prepared using microwave synthesis.
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Figure 69. Molecular structure of PNA tetramer 123 (sequence: TTAA).
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Figure 70. HPLC chromatogram of the PNA tetramer 123 prepared using microwave synthesis.
(Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN,
flow: 1 mL/min, r.t.) Note: The resin bound PNA was dried and stored in the freezer over two days.
This storage method is thought to cause the decomposition of the resin bound PNA.
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Figure 71. Molecular structure of PNA hexamer 124 (sequence: TTAATT).
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Figure 72. HPLC chromatograms of the crude PNA oligomers: (a) dimer 122, (b) tetramer 123 and (c)
hexamer 124, prepared during the small-scale trial using microwave synthesis. (Agilent Zorbax SB-
C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.)
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The purity of the crude tetramer 123 synthesized in the small scale trial (Figure 72b)
was superior to the purity obtained in the previous attempt (Figure 70), thus confirming that
the storage of the resin in the freezer was likely to have caused the decomposition in the first
synthesis attempt. The HPLC chromatogram of the crude hexamer 124 indicated that there
was an increase in the level of by-products in the crude material. The reduction of purity
between the tetramer and hexamer was attributed to the fact that the quantity of resin had
reduced to 20mg for the final two cycles in the synthesis, and in order to submerge the entire
resin contained in the MacroKan in the coupling solution in the microwave reactor tube, a
more dilute solution had to be used compared to the normal concentration of the coupling
reagents’ solution. This meant that the coupling may not have gone to completion even
though the Kaiser test was negative following the coupling. If an incomplete coupling had
occurred, various PNA oligomers could form after subsequent coupling cycles, and therefore
could explain the increased number of peaks in the HPLC chromatogram of compound 124
(Figure 72c).

With promising results of the microwave solid phase synthesis up to the tetramer, and
with a plausible explanation for the reduction in purity between the tetramer and hexamer, it
was decided to attempt the dodecamer synthesis in the microwave at 200mg scale. The
synthesis was performed over three subsequent days (4 deprotection/coupling cycles per day)
to reduce storage time, and minimize any possible decomposition. The same procedures were
used during the small-scale trial were applied, however, no dilution of the coupling solution
was required to keep the resin submerged. Samples of the resin (20 mg) were taken at the
tetramer 123, octamer 125 (Figure 73) and dodecamer 126 (Figure 74) stages of the synthesis.
The PNA oligomers were cleaved from the resin and were analysed by HPLC. The analysis
was performed following the completion of the dodecamer sequence. Disappointingly, the
analysis indicated that complex mixtures were obtained (Figure 75) in contrast to the

relatively pure crude products obtained during the small-scale trial.
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Exact Mass: 3202.2318

Figure 73. Molecular structure of PNA octamer 125 (sequence: TTAATTAA).
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Figure 74. Molecular structure of PNA dodecamer 126 (sequence: TTAATTAATTAA).

Two possible explanations were postulated: the first was that incomplete coupling
caused the synthesis of many different PNA sequences. The reduction in quality of the crude
products from 123 to 126, judging from the HPLC chromatograms (Figure 75) supports this
hypothesis. The incomplete coupling may have been caused by an insufficient amount of
agitation of the resin within the MacroKan. The maximum stirring rate in the microwave was
900rpm. When microwave reactor set up including the MacroKan and resin was tested on a
normal stirrer at this speed, the resin had a tendency to remain at the bottom of the MacroKan
without significant suspension and movement. The lack of movement and suspension could
have prevented the reagents in the coupling solution from reaching all the oligomers’ reactive
terminals in the pores of the resin, and therefore, no coupling reactions would have occurring
at those sites. The second possibility was that the microwave irradiation itself, which
sometimes peaked at 100W of power, could have caused the decomposition of the PNA on
the resin. The procedure that was followed!"*” suggested using only 10W of power during
coupling reaction, however, this power was insufficient to heat the solution to the desired
temperature of 60 °C in our microwave setup. It must be noted that Bacsa et al."** were using
a CEM Discover SPS microwave designed for solid phase synthesis, which utilised a
completely different set up, thus the power settings of the two microwaves are not directly

comparable.

2.1.4.2.2 Oligomerisation using the CEM Discovery SPS microwave
system

Further attempts to prepare target PNA dodecamer 126 (sequence:
TTAATTAATTAA) using microwave irradiation were performed on two different CEM
microwaves, the CEM Discover SPS and CEM Liberty. The CEM suppliers in Belgium made
both machines available to our laboratories for a few days for testing. First, the CEM
Discover SPS microwave was used. This microwave was equipped with a vessel specially
designed for solid phase synthesis in the microwave (Figure 76). The vessel into which the

resin was placed was designed to retain the resin on a polyethylene filter and was equipped

94



Chapter 2 — Results and Discussion

o
N I

o
. y g
LY {f DA"; oxl‘r
o o © o 2o 0
OAuNNQKu,\,N\)kn,\,N\AN,\,NJLn N
2.00 °

123

17.311

Chemical Formula: CggHg7N25021
Exact Mass: 1851.7291

#3.358

— 7 7 7 7 7 T T
0.00 5.00 10.00 15.00 20.00 25.00
Minutes

b)
0.50-] [?i (& . @x @l O Q

0 N

o .
eiissgiEegiagdesiiosiegoghl

040] %ﬂgﬂﬁﬂuiﬁﬂujﬂNNMWM:NMNJ&N
125

Chemical Formula: CiagHsesNerOs7
Exact Mass: 32022318

[}
@
s
e

A

! ' o T U
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
Minutes

0035
0.030-
0.025

0.020

AU

0.015-

0.010

T —
25.00 30.00 35.00
Minutes

e S e ey Sy By B B B T T R
0.00 5.00 10.00 15.00 20.00 40.00 45.00 50.00

Figure 75. HPLC chromatograms of the crude PNA oligomers: (a) tetramer 123, (b) ocatamer 125 and
(c) dodecamer 126 prepared using microwave-assisted solid phase synthesis with the Biotage
microwave system. (Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1%
TFA in CH;CN, flow: 1 mL/min, r.t.)
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with Teflon Seal Ball to close the vessel, preventing the reaction solutions from exiting.
Furthermore, it was equipped with a fiberoptic temperature probe to monitor the temperature,
and also a gas inlet (not shown in Figure 76) to allow for nitrogen bubbling of the solutions
with the scope of agitating the resin during reactions. The reaction vessel was removable as
shown in Figure 76, and could be attached to the washing module provided with the
microwave that was designed to facilitate the filtration and washing of the resin following the

991 . . .
! including the microwave

reactions. Using the conditions described by Bacsa et all
irradiation powers, the dodecamer synthesis was attempted once more on a scale of 200 mg of
resin. As in the previous attempt, the synthesis was performed over three subsequent days (4
deprotection/coupling cycles per day). Samples of the resin (20 mg) were taken at the
tetramer 123, octamer 125 and dodecamer 126 stages of the synthesis. The PNA oligomers

were cleaved from the resin and were analysed by HPLC. The HPLC chromatograms are

shown in Figure 77.

—

: Fiberoptic —_ |
\ N Temperature Probe N
>

__ Polypropylene
Reaction Vessel

___ Polyethylene Filter

Teflon™ Seal Ball —__| |
___ Luer Fitting

i

Figure 76. The CEM Discover SPS setup for solid phase microwave synthesis.

The HPLC results obtained following the oligomer synthesis using the CEM Discover
SPS microwave were an improvement over the last microwave synthesis attempt (using the
Biotage microwave), yet the purity was still too poor in the case of the dodecamer to carry out
a purification by semi-preparative HPLC. We would have liked to repeat the synthesis using
this machine, to include a capping step in the oligomerisation in an attempt to reduce the
number of side products, however, since the machine was in our laboratories for only one
week, this experiment could not be performed. These HPLC analysis results were discussed
with the suppliers of the CEM Discover SPS and they suggested attempting the same

synthesis on a CEM Liberty microwave.
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Figure 77. HPLC chromatograms of the crude PNA oligomers: (a) tetramer 123, (b) ocatamer 125 and
(c) dodecamer 126 prepared using microwave-assisted solid phase synthesis with the CEM Discover
SPS microwave. (Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1%
TFA in CH;CN, flow: 1 mL/min, r.t.)
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2.1.4.2.3 Oligomerisation using the CEM Liberty microwave system

The CEM Liberty microwave was based on the same setup as the CEM discover SPS
microwave, however, it included an attachment making it a fully automated microwave
peptide synthesizer. Using the automated machine, the synthesis time to produce target
dodecamer 126 was less than 24 hours. With the assistance of the CEM technicians, the
automated synthesis was set up. The oligomerisation cycle was set up to include a capping
step (using 20% Ac,O in DMF) in this trial. Since the oligomerisation was automated,
samples could not be taken at the intermediate stages of the synthesis, therefore, an analytical
sample of the crude dodecamer 126 was cleaved from the resin upon completion of the
synthesis. The crude product was analysed by HPLC (Figure 78). Once more, using
microwave irradiation during the solid phase oligomer synthesis resulted in a complex,
inseparable mixture. Due to the poor results obtained using microwave irradiation, it was
decided that the oligomer synthesis would be attempted by the conventional manual solid
phase synthesis method during the remainder of the project. It must be noted, however, that in

28 optimised the microwave-assisted solid phase PNA synthesis

2010, Gait and coworkers!
using the CEM Liberty machine to prepare a 23mer sequence of PNA. The PNA oligomers in
their case were synthesized from commercially available Fmoc/Bhoc protected monomers
using Rink-Amide ChemMatrix (Matrix Innovation) solid support, and PyBOP (benzotriazol-

1-yltris-pyrrolidinophosphonium hexafluorophosphate) as the coupling agent.

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
Minutes

Figure 78. HPLC chromatogram of the crude PNA dodecamer 126 using microwave-assisted solid
phase synthesis with the CEM Liberty microwave. (Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm,
gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.)
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2.1.4.3 Isolation of the target oligomer via manual solid phase
synthesis of PNA using the Fmoc/Cbz strategy

Following the unsuccessful microwave-assisted oligomer syntheses, it was decided
that the PNA would be synthesized using the conventional solid phase synthesis method. This
section describes the manual solid phase synthesis method with which protected target PNA
dodecamer 126 (sequence: TTAATTAATTAA) was isolated.

Following advice obtained from a collaborating group working on peptide synthesis,
several technical aspects of the synthesis were taken into consideration: (i) the loading of the
resin with respect to the reactive amino groups was controlled to a lower value that is more
suitable for PNA synthesis such as 0.4 mmol/g (instead of 0.64 mmol/g previously). The
lower loading can lower aggregation of the oligomers on the resin, thus lowering the number
of by-products; (if) Coupling reactions were carried out in NMP instead of DMF because
NMP is a better solvent for coupling agents (e.g. HBTU) and thus allows the concentration of
the coupling solution to be higher. (iii) The PNA monomer was added at a slight excess with
respect to the coupling reagent (HBTU) because the coupling reagent is also reactive towards
amino groups and can cap these reactive sites preventing the desired coupling reactions; (iv)
The PNA monomer was pre-activated at 45 °C for 5 minutes with the coupling agent and base
prior to its introduction to resin bearing the free amino group. This ensured that all the PNA
monomers’ carboxyl groups were activated prior to being mixed with the free amino groups.
Also, this preactivation ensured that no free coupling agent was present in the coupling
solution, thus preventing its reaction with the free amino groups on the growing oligomer; (v)
The deprotection of the Fmoc-protecting groups had to be done as rapidly as possible. This

206]

was done to minimize two known side reactions, N-acyl transfert and N-terminal

deletion**!

reactions (Scheme 13), since it is known that they occur under basic conditions
when the terminal amino group is deprotected. These reactions can markedly reduce the

purity of the crude product since new species are formed.
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Taking into consideration the factors described above, it was shown that the coupling
reaction was complete after only 15 minutes at room temperature,”” however, due to the
time needed to prepare the materials for each cycle, a coupling reaction time of 30 minutes
was preferred. This protocol was used to prepare the dodecamer and was completed in only
two days (6 deprotection/coupling/capping cycles per day). The dodecamer was prepared on a
scale of 200mg of resin. The lysine derivative of the resin 119 was prepared, however, by
controlling the amount of lysine and HBTU added to the resin, the loading of the commercial
Rink resin was reduced from 0.64 mmol/g to 0.4 mmol/g. Once this step was complete, the
solid phase PNA synthesis was performed with repetitive cycles of deprotection, coupling and
capping as summarized in Scheme 14. Deprotection of the terminal Fmoc protecting group
was carried out using 20% piperidine in DMF. The reaction was carried out twice, first for
two minutes, and then with a fresh solution for ten minutes. After the second exposure, the
resin was washed thoroughly with DMF. At this point, a Kaiser test was carried out on a few
beads of resin to confirm that the deprotection had proceeded correctly. Next, a coupling
reaction was carried out using the appropriate PNA monomer. Five equivalents of the PNA
monomer was dissolved in NMP, HBTU (4.5 eq) and DIEA (12 eq) were added, and mixture
was activated at 45 °C for five minutes before being added to the resin bearing free amino
groups. The reaction was allowed to proceed for 30 minutes, after which the resin was washed
thoroughly using DMF. Once again, a Kaiser test was carried out on a small sample of the
resin. If a positive test was obtained, the coupling was repeated. If a negative test was
obtained, the capping procedure was performed. During the capping procedure the derivatised
resin is exposed to acetic anhydride in NMP for 5 minutes at room temperature to block any
minor traces of free amino groups left on the growing oligomer, thus preventing erroneous
sequences from forming as by-products. Following the capping the cycle was restarted from
the deprotection step. Once the desired length of the PNA oligomer was reached, the resin
was cleaved using TFA to yield the crude oligomer.

Samples (20 mg) of the derivatised resin were taken at the tetramer 123, octamer 125
and dodecamer 126 stages of the oligomer synthesis. The PNA oligomers were cleaved from
the resin and were analysed by HPLC. Very good results were finally observed in the HPLC
chromatograms in that the crude PNA oligomers that were obtained were relatively pure, and
a major product could be identified in each case (Figure 79). Satisfied with the analytical
results, the purification of all the samples was performed using semi-preparative scale HPLC.
Following the purification, the samples were analysed by analytical HPLC to verify their
purity (Figure 80). Once the PNA oligomers were confirmed to be pure, the samples were

sent for analysis by MALDI-TOF MS.
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Figure 79. HPLC chromatograms of the crude PNA oligomers: (a) tetramer 123, (b) ocatamer 125 and
(c) dodecamer 126 prepared using the manual solid phase synthesis protocols. (Agilent Zorbax SB-
C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.)
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Figure 80. HPLC chromatograms of the purified PNA oligomers: (a) tetramer 123, (b) ocatamer 125
and (c) dodecamer 126 prepared using the manual solid phase synthesis protocols. (Agilent Zorbax SB-
C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.)
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The major peak in each of the mass spectra obtained was not the expected [M+H]"
mass ion. However, on closer analysis of the spectra, it was clear that fragmentation of the
compounds was occurring during the ionisation in the MALDI-TOF analysis. The
fragmentation was occurring within the Fmoc and Cbz protecting groups that were cleaved at
the carbon-oxygen bond of the carbamate moiety resulting in two fragments, F1 and F2
(Figure 81). However, despite identifying a fragmentation pattern, the presence of the desired
PNA oligomers, still had to be conclusively confirmed. Analysis of the compounds by ESI-
MS was attempted in order to obtain confirmation that the expected compounds had been
obtained, however, none of the oligomers were detected by this technique. The lack of easily
ionisable functional groups is a possible reason for the fragmentation observed by MALDI-

TOF-MS and the lack of ionisation altogether in ESI-MS.

E o
(L)%%\NH Fragment: F1

0-

O
N .R
. 0% N> N O. 0.  Fragment: F2

Figure 81. The fragmentation of the Fmoc and Cbz groups into fragments F1 and F2 observed by
MALDI-TOF-MS.

Figure 82 shows the MALDI-TOF mass spectrum of the tetramer 123. The mass
spectrum shows the presence of this compound’s [M+H]" ion (m/z 1852.81) in a minor
quantity which gives confidence that the desired compound was isolated. The exact mass
found for this peak was m/z 1852.7424, which corresponded to the [M+H]" peak of 123
(Cg9HogN»50,;) which has a calculated mass of m/z 1852.7369. Also, two of the peaks
observed in the spectrum could be assigned. The peak at m/z 1744.75 corresponded to
ionisation-induced fragmentation of a Cbz protecting group at the position indicated in Figure
81, yielding the fragment of [M-F1]" or [M-C;H;0]". Similarly, the peak at m/z 1658.66
corresponds to the ionisation-induced fragmentation of the Fmoc protecting group at the
position indicated in Figure 81, yielding the fragment of [M-F2]" or [M-C;H;0]".
Unfortunately, the remaining peaks could not be assigned.

In Figure 83, the MALDI-TOF-MS of the PNA octamer 125 is displayed. The mass
spectrum shows the presence of this compound’s [M+H]" ion (m/z 3203.32) in a very minor
quantity, once again giving confidence that the target molecule had been isolated. The exact

mass found for this peak was m/z 3203.2512, which corresponded to the [M+H]" peak of 125
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Figure 83. MALDI-TOF-MS of the PNA octamer 125.
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(C149H164N47037) which has a calculated mass of m/z 3203.2396. Also, another peak observed
in the spectrum could be assigned. The peak was found at m/z 2794.10, and it corresponded to
the ionisation-induced fragmentation of the Fmoc and two Cbz protecting groups at the
positions indicated in Figure 81, yielded the species [M-2F1-F2]" or [M-C,sH»505]".

The MALDI-TOF-MS of the dodecamer 126 is shown in Figure 84. The calculated
mass for 126 (Cy09H220Ng9Os3) is 4552.7345. Unfortunately, the [M+H]+ ion was not observed
in the mass spectrum, so the exact mass could not be confirmed. However, as with 123 and
125, a fragmentation pattern allowed the assignment of several peaks. The mass ion at m/z
4145.63 corresponded to the ionisation-induced fragmentation resulting in [M-2F1-F2]" or
[M—C28H2503]+. The peak at m/z 4036.53 corresponded to the ionisation-induced fragment
[M—3F1—F2]+ or [M—C35H3204]+. The peak at m/z 3929.47 was also assigned and it
corresponded to the ionisation-induced fragment [M—4F1—F2]+ or [M—C42H3905]+.
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Figure 84. MALDI-TOF-MS of the PNA dodecamer 126.
With these mass spectra of the respective oligomers, it was reasonable to suggest that

the desired compounds had been isolated, however, definitive proof was still required in order

to be completely certain. Since ionisation by ESI-MS was not possible for these compounds,
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the only manner to be completely certain of the dodecamer was to render it more easily

ionisable. This could be achieved by the complete deprotection of the dodecamer sequence.

2.1.4.4 Deprotection of the PNA dodecamer

The deprotection of PNA dodecamer 126 was required to definitively confirm that the
target oligomer had been obtained, and also to establish a method for the solution phase
deprotection of the PNA oligomer. This section describes the steps taken to develop a
protocol to deprotect the Cbz-protecting groups on the nucleobases.

The deprotection of the purified dodecamer 126 sequence was performed in two
steps. The first step was the deprotection of the Fmoc protecting group using 20% piperidine
in DMEF. Following the reaction, the product was isolated by precipitation and washing with
Et,O. The deprotection of Cbz protecting groups was then attempted on the crude product.
Table 4 summarises the deprotection attempts leading up to the successful deprotection of the
dodecamer 126. All the conditions were tested on adenine monomer 92 before applying them
to the oligomer. The first attempt, using strong acidic conditions (33% HBr in acetic) did not
result in the deprotected monomer as confirmed by TLC and NMR analysis.
Trifluoromethanesulfonic acid (TFMSA) in TFA was attempted next. TLC and NMR analysis
indicated that the deprotection of 92 was quantitative. The same conditions were therefore
attempted on 126. HPLC analysis following the work up was promising since the product had
become more polar (a shorter retention time was observed, 24.448 minutes, compared to
starting material, 30.267 minutes). The product was purified and sent for MALDI-TOF-MS
analysis, however, the result indicated that the deprotection of the Cbz groups was
incomplete. Subsequently, other methods were attempted on monomer 92. Palladium on
activated charcoal in formic acid was attempted, however the starting material remained
unchanged. Next, trimethylsilyl bromide (TMSBr) in TFA was attempted, however,
incomplete deprotection was observed on the TLC, therefore, the method wasn’t attempted on
the oligomer. Finally, 92 was exposed to trimethylsilyl iodide (TMSI) in DMF at 50°C for 30
minutes, followed by methanol at r.t. for 15 minutes which lead to a quantitative deprotection
of the Cbz group (as observed by TLC and NMR analysis). The same conditions were
attempted on the dodecamer 126, however, HPLC analysis indicated that several species were
formed, indicating once again that incomplete deprotection was occurring to different extents
(Figure 85a). The reaction was repeated with a prolonged reaction time. Treating the oligomer
with TMSI overnight, instead of 30 minutes resulted in an HPLC chromatogram (Figure 85b)
displaying a single major product at a very short retention time (15.1 minutes), indicating that

the polarity of the product had increased drastically. The product was subsequently purified

107



Chapter 2 — Results and Discussion

and analysed by ESI-MS. The mass spectrum (Figure 86) clearly indicated the presence of the

desired deprotected dodecamer 127 (Figure 86).

Conditions for reaction Result for PNA monomer Result for PNA oligomer
33% HBr in acetic acid Unsuccessful Not attempted

TFMSA in TFA Successful Incomplete deprotection
Pd/C in formic acid Unsuccessful Not attempted

TMSBE, thioanisole, TFA Incomplete deprotection Not attempted

TMSI, DMF, MeOH Successful Successful

Table 4. Cbz-deprotection conditions tested of the PNA monomer 93 and PNA oligomer 126.
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Figure 85. a) HPLC chromatogram following the treatment of 126 with TMSI for 30 minutes at 50°C.
The HPLC chromatogram indicates the incomplete deprotection of the Cbz protecting groups. b) HPLC
chromatogram following the treatment of 126 with TMSI for 16 hours at 50°C. The main peak
represents the fully deprotected dodecamer 127 at a retention time of 15.1 minutes. (Agilent Zorbax
SB-C18, 5 um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH3;CN, flow: 1 mL/min,

r.t.)

108




Chapter 2 — Results and Discussion

&p m Al e e e S ol e
bee S Nt ey N kf

[M+5H+]5+ HNNN\ANNNJLNNN\ANNN\ANNN\ANNN% /\/“Jk /\/"\)k /\/N\)k /\/N\)KN/\/N\)KN/\/N\)L Y

B5 127
1004 679.5520 | : 3374.72:0°08

679.7548 Chemical Formula: C3gH177NggO37 3392.7310.03
Exact Mass: 3392.4090

A
B
[M+4H*4 /

B4

849.1987 Observed Mass

849.4493 (calculated from multiply
679.9469 N
679.3599 ionised peaks)
= 849.6998
848.9363
A5
675.9602/680.1604
A4 M+3H* 3+
610.4638 844.6950 [ ]
B3
ls49.9386 1131.9243
711.4440
5293179 844.4570 1132.5856
1131.607
785.6973
[M+2H*]2*
A
0 T T T T T T PR B T T N T T T T lf T T m/z
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Figure 86. ESI-MS of the fully deprotected PNA dodecamer 127.

The major peaks of the mass spectrum were all assigned to the fully deprotected
dodecamer 127 (Ci33H;77Ng9O37), which had a calculated mass of m/z 3392.4090. These
included the [M+2H]*": m/z 1697.2134, [M+3H]*": m/z 1131.6075, [M+4H]*": m/z 848.9363
and [M+5H]™": m/z 679.3599 peaks as shown in Figure 86. With this data, it was finally
confirmed that the solid phase synthesis was working as expected, and that the desired
oligomers, protected and deprotected, were successfully synthesized.

Having obtained the target dodecamer 127, the focus of the project was placed on the
attachment of the chromophores to the PNA oligomer (Section 2.2) and also, in parallel, an
evaluation of the conditions required to deposit the PNA oligomer onto a mica surface was

carried out (Section 2.3).
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2.2 SYNTHESIS OF PNA-CHROMOPHORE ADDUCTS

Prior to synthesizing and assembling the target angular and linear units described in
the introduction (Section 1.5.3), a simpler proof of concept was required to (i) evaluate
whether the PNA duplex could be formed on surfaces; (ii) to determine whether the PNA
duplex can be formed in the presence of the attached chromophoric moieties, and (iii) if the
duplexes do form, whether the presence of the chromophore adduct has any effect on the
stability (melting temperature) of the PNA duplex. The molecule designed for this purpose,
128, is shown in Figure 87. PNA-porphyrin adduct 128, includes self-complementary
dodecamer PNA sequence 127 (Section 2.1.4.4) as its supramolecular recognition unit. The
porphyrin moiety was selected since it fulfils the aforementioned requirements. It would
facilitate the STM or AFM imaging because porphyrins are easily identifiable by these
techniques. Following duplex formation on the surface, the inter-porphyrin distance could be
calculated and compared to computational data of the molecule to determine whether the
duplex was correctly formed on the surface. Furthermore, using solution phase studies, the
porphyrin moiety would assist in the determination of whether the attached organic moiety

has any effect of the duplex formation or on its stability.
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Figure 87. Molecular structure of the desired PNA-porphyrin adduct.

Initially, the addition of the porphyrin to resin-bound dodecamer 126 was attempted
via a condensation reaction to form an amide bond, however, this proved to be unsuccessful
(Section 2.2.1). Next, a copper-catalysed 1,3-diploar cycloaddition reaction was tried (Section
2.2.2). For this reaction, a linker featuring a terminal azide moiety was attached to the
dodecamer, and an acetylene functionalised porphyrin was used. This synthetic route also
failed, mainly because of problems related to the copper catalyst. The unsuccessful trials
paved the way to the development of a copper-free 1,3-dipolar cycloaddition that enabled the
attachment of chromophores to the PNA oligomer.

Section 2.2.3 describes the use of a Cu(l)-free 1,3-dipolar cycloaddition reaction
between nitrile oxide and acetylene derivatives to prepare PNA-chromophore adducts. An
introduction into the nitrile oxide-acetylene cycloaddition reaction is presented (Section

2.2.3.1). Next, using anthracene nitrile oxide precursors, various methods to generate nitrile
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oxide species in situ were evaluated (Section 2.2.3.2) and were then applied in nitrile oxide-
acetylene cycloaddition reactions with PNA to yield the first PNA-chromophore adduct
(Section 2.2.3.3). Since the nitrile oxide-acetylene cycloaddition reaction was unknown with
respect to porphyrins, the next step was to evaluate and optimise its use with porphyrins
(Section 2.2.3.4). Once a method that was compatible with both PNA and porphyrin was
found, its versatility was tested. A variety of chromophoric nitrile oxide precursors
(porphyrin, pyrene, phenanthroline and fluorescein) were synthesized, and their reactions with

an acetylene-functionalised PNA were examined (Section 2.2.3.5).

2.2.1 ATTEMPTS TO SYNTHESIZE PNA-PORPHYRIN ADDUCTS VIA AMIDE
BOND FORMATION
The preparation of PNA-porphyrin adduct 128 was the next focus of the project. The
first reaction proposed for the synthesis of this adduct was a condensation reaction between
the terminal amino group of resin bound dodecamer 126 and mono-carboxylic acid
functionalised porphyrin 133.
Porphyrin 133 was prepared according to Scheme 15. The porphyrin core of 132 was
prepared by the BF; catalysed reaction of a statistical mixture of the required aldehydes, 3
equivalents of 4-tert-butylbenzaldehyde 129 and one equivalent of methyl 4-formylbenzoate

BF3- OEt,
p -chloranil
CHCI3
2hatrt.
16%
3eq 1eq 4eq
129 130 131
2M NaOH(aq)
THF
48 h at reflux
95%

Scheme 15
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130, with 4 equivalents of pyrrole 131. The oxidation of the resultant porphyrinogen
macrocycle was performed upon addition of p-chloranil to the solution. The reaction gave a
statistical mixture of porphyrins, with 132 as the major product. The desired product was
isolated by chromatography in 16% yield. Saponification of 132 yielded target mono-
carboxyl porphyrin 133 in 95% yield.

Attempting to attach 133 to the N-terminal amino group of the PNA dodecamer was
unsuccessful under several conditions (Scheme 16). The coupling was first attempted with
Fmoc-deprotected PNA dodecamer still attached to the Rink amide resin 134a, using the
same conditions utilised to couple the PNA monomers to the growing oligomer, i.e. 133 was
added in excess, with HBTU as the coupling agent, DIEA as the base and NMP as the
solvent. The reaction mixture was shaken for 2 h at r.t. instead of 30 minutes. HPLC analysis
of a cleaved sample of the crude product indicated that no reaction had occurred using this
method. The chromatogram displayed peaks of both the unreacted PNA oligomer and
porphyrin. Extending the reaction time to 16 h did not improve the result. The same
conditions with 16 h reaction time were attempted with Fmoc-deprotected PNA dodecamer
134b in solution rather than attached to the resin. However, once again HPLC analysis
indicated that no reaction occurred. Finally, the reaction was performed once again in
solution, but this time, it was heated to 80°C in an attempt to unbundle any aggregates of
PNA. This reaction also did not yield the desired compound. Following these unsuccessful

attempts to prepare 128, the strategy was modified.
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Scheme 16. The conversion of 134 to 135 was unsuccessful under solid phase and solution conditions.
Solid phase conditions: (i) 2 h at r.t; (ii) 16 h at r.t. Solution phase conditions: (iii) 16 h at r.t.; (iv) 16 h
at 80 °C.

112



Chapter 2 — Results and Discussion

2.2.2 ATTEMPTS TO SYNTHESIZE PNA-PORPHYRIN ADDUCTS VIA Cu(I)-
CATALYSED 1,3-DIPOLAR CYCLOADDITION

The alternative strategy proposed would take advantage of the increasingly popular

click chemistry i.e. the Cu(l)-catalysed 1,3-dipolar cycloaddition between an azide and

240

acetylene moiety.”*”) When this strategy was chosen for the preparation of the PNA-

porphyrin adduct, this reaction had already been used with PNA to immobilise PNA on a

(221 Using this strategy, the

glass surface,”*" and to prepare a peptide-PNA hybrid derivative.!
synthesis of two target PNA-porphyrin adducts (Figure 88) was attempted. Using solid phase
synthesis, the preparation of mono-PNA-porphyrin adduct 136 was attempted, and using a

solution phase reaction, the synthesis of tetra-PNA-porphyrin 137 was attempted.
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Figure 88. Molecular structure of the desired PNA-porphyrin adducts, 136 and 137.

Three molecules were required for this new strategy (Figure 89). The first was a short
linker bearing a carboxylic acid and an azide group separated by a short alkyl chain 138. This
linker would be attached to the resin-bound PNA oligomer to prepare the PNA for the click
reaction. The linker was prepared according to Scheme 17. The porphyrin bearing a single
acetylene moiety 139 was available in our laboratories and would be used to attempt the
preparation of 136. The last molecule required was the porphyrin derivative bearing four
acetylene groups 140, which was prepared according to Scheme 18. This molecule was

required to attempt the preparation of 137.
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NS\/\/\H/OH

138

Figure 89. The molecules required for the preparation of PNA-porphyrin adducts via the Cu(l)-
catalysed 1,3-dipolar cycloaddition strategy.

Refluxing bromovaleric acid 145 with sodium azide in water yielded linker 138 in
78% yield (Scheme 17). Porphyrin 140 was prepared as shown in Scheme 18. The porphyrin
core was prepared by the BF; catalysed reaction between 4-[(Trimethylsilyl)ethynyl]
benzaldehyde 142 and pyrrole 131, followed by treatment with p-chloranil to oxidize the
resultant porphyrinogen macrocycle. Following purification by chromatography, the tetra-
acetylene porphyrin was obtained in 45% yield. Metallation with Zn(OAc),, followed by the
deprotection of the trimethylsilyl (TMS) protecting groups using TBAF yielded the desired
product 140.

NaN3

BI'\/\/\H/OH > N3 \/\/\H/OH
H,O
o 16h at reflux o
78%
141 138
Scheme 17

Prior to attempting the Cu(I)-catalysed 1,3-dipolar cycloaddition on PNA, a test
reaction between porphyrin 140 and azidovaleric acid 138 was performed to evaluate the
reaction conditions. This reaction is most commonly performed in the presence of
CuSO45H,0 and sodium ascorbate using H,O and terr-BuOH (1:1) as the solvent mixture.
However, due to the lack of solubility of the porphyrin derivatives in this solvent mixture, the
test reaction was performed in DMF. The two synthons were dissolved in DMF and were
treated with CuSO45H,0 and sodium ascorbate for 24 hours at 50 °C (Scheme 19). A
quantitative conversion to the target compound 145 was achieved as observed by TLC. The

isolated yield following purification by precipitaton was 86%.

114



Chapter 2 — Results and Discussion

T™MS
BF3 « OEt,, p-chloranil
Loy T
N CHCl3
H 2hatrt.
0 45%
142 131
Zn(OAc), TBAF
» TMS—— ——TMS >
MeOH/CHCl THF
4 h at reflux 2hatrt.
94% 95%
144 140

Scheme 18

N; OH CuSO4 5H,0 Q O
+
0 Sodlum ascorbate
DMF

138 24h at 50°C
86%

145

/

RS
V\/\/fOH

Scheme 19

115



Chapter 2 — Results and Discussion

The PNA oligomer was then prepared for the Cu(l)-catalyzed 1,3-dipolar
cycloaddition by introducing the azide moiety. This was done by attaching 138 to the resin-
bound PNA dodecamer using the standard coupling conditions. The Kaiser test indicated that
the coupling reaction had succeeded. HPLC analysis of a cleaved sample of the resultant
oligomer (146, Figure 90) indicated that the attachment of the linker was successful, since the
retention time changed from 30.2 minutes (Figure 80c) to 28.3 minutes. The HPLC
chromatogram of the purified azide-dodecamer 146 is shown in Figure 91. MALDI-TOF-MS
was attempted on the purified product 146, however, despite raising the laser intensity, a mass

spectrum could not be obtained.
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Figure 90. Molecular structure of compound 146: the PNA dodecamer bearing an azide linker.
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Figure 91. HPLC chromatogram of compound 146 following purification. (Agilent Zorbax SB-C18, 5
um, 4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH3CN, flow: 1 mL/min, r.t.)

The preparation of PNA-porphyrins adducts was then attempted under using the same
conditions utilised in the test reaction (Schemel9). The Cu(l)-catalyzed 1,3-dipolar
cycloaddition was first attempted between resin-bound oligomer 146 and an excess of mono-
acetylene porphyrin 139 in an attempt to prepare compound 136 (Figure 88). Following the
reaction, a cleaved sample of the crude product was analysed by HPLC. The chromatogram

displayed peaks corresponding to both of the starting materials, indicating that the reaction
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had not worked. The reaction was then repeated at a higher temperature (80 °C), however the
same result was obtained. Subsequently, the catalyst was changed to Cul, but once again
HPLC analysis indicated that no reaction had occurred. The preparation of tetra-PNA-
porphyrin adduct 137 was also attempted. The reaction was performed in solution between
tetra-acetylene porphyrin 140 and azide-functionalised PNA oligomer 146 so that the reaction
could be monitored by HPLC. Following 24 hours of reaction time, the HPLC chromatogram
indicated that both starting materials remained unreacted in the reaction mixture, therefore the
reaction was abandoned. The main postulated reason as to why the click reaction was not
working in the presence of PNA was that the nucleobases were coordinating the catalytic
quantity of copper in solution, thus preventing the activation of the acetylene and hence the
1,3-dipolar cycloaddition. Therefore, once again the strategy was modified.

Following the change in our strategy, further reports utilising the 1,3-dipolar
cycloaddition in conjunction with PNAs were reported. The reports utilised the reaction to
prepare DNA-PNAP*! and aminoglycoside-PNA™** conjugates; to attach ferrocene to

[248]

PNA;*27) o introduce a triazole in lieu of an amide bond within the PNA backbone and

also, to covalently link azide and alkyne PNA fragments using a DNA template.**> **]
However, even though the reaction has proven to be successful, several drawbacks exist.
Large excesses of a tris-triazolylamine Cu(l) ligand (e.g. tris-(benzyltriazolylmethyl)amine
[TBTA]) had to be added to avoid complexation of the -catalytic copper to the
oligonucleotide’s nucleobases and thus allow the cycloaddition reaction to proceed.***! When
working with PNA in the presence of DNA the reactions need to be performed in air-free
conditions and in the presence of a large excess of a tris-triazolylamine Cu(l) ligand in order
to avoid degradation of the oligonucleotides via the redox chemistry of copper ions.*** **%
The solubility of the copper catalysts in organic solvents can be problematic and extensive
washing is required to remove the Cu catalyst and ligand following the reaction.”"! As a

consequence of these drawbacks, the development of a copper-free alternative for the

functionalisation or conjugation of PNA was desirable.

2.2.3 DEVELOPMENT OF A CuU(I)-FREE 1,3-DIPOLAR CYCLOADDITION
REACTION TO PREPARE PNA-CHROMOPHORE ADDUCTS

This section describes the use of a copper-free 1,3-dipolar cycloaddition reaction

between nitrile oxide and acetylene species to prepare PNA-chromophore adducts. This

section is subdivided into five sections. First, an introduction into the nitrile oxide-acetylene

cycloaddition reaction is presented (Section 2.2.3.1). It is followed by an evaluation of the

various methods to prepare nitrile oxide species in situ using anthracene nitrile oxide

precursors as model compounds (Section 2.2.3.2). Testing the nitrile oxide-acetylene
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cycloaddition reaction using the anthracene model compounds with PNA, yielded the first
PNA-chromophore adduct (Section 2.2.3.3), confirming that the reaction was compatible with
PNA. Since the reaction was unknown in relation to porphyrins, the next step was to evaluate
and optimise its use with porphyrins (Section 2.2.3.4). Finally, a method that was compatible
with both PNA and porphyrin was found, therefore, to evaluate the method’s utility and
versatility, porphyrin, pyrene, phenanthroline and fluorescein nitrile oxide precursors were
synthesized, and their reactions with an acetylene-functionalised PNA were examined

(Section 2.2.3.5).

2.2.3.1 Introduction to the nitrile oxide-acetylene 1,3-dipolar
cycloaddition reaction

Following the unsuccessful attempts described in sections 2.2.1 and 2.2.2 to prepare

the PNA-porphyrin adducts, we decided to develop a copper-free 1,3-dipolar cycloaddition
reaction to functionalise PNA strands with chromophores. Reports of copper-free 1,3-dipolar
cycloadditions applied on DNA oligomers that were recently published by the groups of
Heaney™" *?! and Carell™* **! offered inspiration towards this goal. Their strategies
involved the generation of a nitrile oxide species in situ, which then reacts with either an
alkene or an alkyne to form an isoxazoline or an isoxazole. This cycloaddition is an attractive
method since nitrile oxide dipole precursors are easily formed via a variety of methods;**”!
the reaction occurs readily at room temperature since the cycloaddition has a barrier of 20.2

27 and it

keal/mol;**% it is regioselective with alkynes forming the 3,5-disubstituted adducts;'
can be performed in a variety of organic solvents (e.g. CH,Cl,, DMF, EtOH) and also
aqueous media.””"** ! To this end, we decided to attempt using the nitrile oxide 1,3-
dipolar cycloaddition to attach apolar and polar chromophores to resin-bound PNA strands
bearing a terminal acetylenic linker.

Several methods exist for the preparation of nitrile oxides in situ,”>> however, two of
them are by far the most popular and well-established. The first is the Mukaiyama method**”
which involves the dehydration of nitroalkanes by an aryl isocyanate or another dehydrating
agent (e.g. POCl;, MeSO,Cl). The second involves the base-mediated dehydrochlorination of

[260

a hydroximoyl chloride to yield the nitrile oxide.”?*” Another method to prepare nitrile oxides

(28] 1t involves the treatment of an

was introduced Carreira and his co-workers more recently.
O-silylated hydroxamic acid species with trifluoromethanesulfonic anhydride (Tf,0) to yield
a nitrile oxide. The three methods are shown in Figure 92.

Assessing the three methods, our first choice for the preparation of nitrile oxides was
the hydroximoyl chloride method. Normally, the reaction is performed starting from a stable

hydroximoyl chloride derivative, which upon treatment with a base yields the nitrile oxide,
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a) Mukaiyama method

Halogenating

N’OH agent N’OH Base -
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Figure 92. The preparation of nitrile oxide species in situ from (a) nitroalkanes, (b) oximes or
hydroximoyl halides, and (c) O-silylated hydroxamic acids.

which then reacts with a dipolarophile. If a stable hydroximoyl chloride precursor cannot be
isolated, the reaction can be performed starting from an aldoxime which is treated with an
electrophilic chlorine source in the presence of a base yielding the nitrile oxide in situ passing
via a hydroximoyl chloride intermediate. This method has been applied in numerous

(251 and was the method of choice for the Cu(l)-free cycloadditions

cycloaddition reactions
performed on DNA.®'"* The compatibility of this method with oligonucleotides was the
one of the primary reasons why we selected to work this method. Furthermore, we were
apprehensive about using strong dehydrating agents in the presence of PNA, so we decided to
rule out the Mukaiyama method. The lesser-known Carreira method was also an appealing

method of preparing the nitrile oxide species, therefore, it was selected as an alternative to the

hydroximoyl chloride method.

2.2.3.2 Evaluation of the nitrile oxide-acetylene 1,3-dipolar

cycloaddition reaction using anthracene derivatives

An evaluation of the conditions required to prepared nitrile oxide species in situ using
the two selected methods was required prior to applying the nitrile oxide-acetylene 1,3-
dipolar cycloaddition reaction to PNA oligomers. This evaluation was carried out on
anthracene derivatives that acted as a model system.

The first method was the hydroximoyl chloride method. Initially, our intention was to
isolate the hydroximoyl chloride derivative. For this purpose, 9-anthraldehyde oxime 147 was
dissolved in DMF and treated with NCS (Scheme 20). Although TLC indicated a good
conversion of the starting material to the product, the isolated yield of the product following

purification by silica gel chromatography was 34%. The low yield indicated that the
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QH QH
N\ NCS N& Cl
DMF
16 hatr.t.
34%
147 148
Scheme 20

hydroximoyl chloride of anthracene was not very stable. Consequently, it was decided that the
nitrile oxide species would be prepared directly from the aldoxime by treating the starting
material with the chlorinating agent and subsequently introducing a base to induce
dehydrochlorination. Also, a dipolarophile would be added after the base to trap the highly
reactive nitrile oxide species to prevent the formation of furoxans by dimerisation of two

nitrile oxides (Scheme 21).

OH Q-
| N +
N Cl il
-HClI
O O
148 149 150
Scheme 21

The first trial of the new in situ strategy (Scheme 22) involved the reaction between
147 and a mild oxidizing agent, fert-BuOCI. The reaction was performed in CH,Cl, for 5
minutes at -10°C, after which trimethylsilyl acetylene 151 as the dipolarophile and
triethylamine as the dehydrochlorination agent were added. The mixture was then warmed to
room temperature and was allowed to react overnight. The reaction resulted in target
compound 152 in 45% yield, however, side product 153 in which the anthracene core was
chlorinated at the 10-position was also present in significant quantities (31% yield). This trial
indicated that the chlorinating agent, tert~-BuOCI, was too strong and that an even milder
chlorinating agent was required.

In the next trial, the oxidant was changed to 1-chlorobenzotriazole. This reagent had
the property of acting as both the oxidizing agent and the dehydrochlorination agent because
once the chlorine atom is released, the benzotriazole by-product is sufficiently basic to
activate the nitrile oxide, thus the addition of the dipolarophile should follow in quick
succession to the addition of the 1-chlorobenzotriazole in this reaction to avoid the formation

of a large quantity of furoxan dimers 150 between two nitrile oxide species (Scheme 21).

120



Chapter 2 — Results and Discussion

/
(.)H C.)H :—Si\—
t
N\ BuOCI N Cl 151
—_— —_—
CH,Cl, NEt;
5 min at-10°C 16 hatr.t.
147 148
45% 31%
Scheme 22

Scheme 23 shows the reaction between 147, 1-chlorobenzotriazole and 151. The
same conditions were used as in the previous reaction shown in Scheme 22. This reaction
showed a marked increase in the yield of the target product 152 with no formation of the side
product 166. Following this result, the preparation of 152 using the Carreira method was

attempted to compare it to the hydroximoyl chloride method.

/
C.)H C.)H _—Si\—
N\ 1-Chlorobenzotriazole Ny Cl 151
o —_—
CH2C|2 16h atr.t.
5 min at-10°C
147 - 148 - 152
72%
Scheme 23

The O-silylated hydroxamic acid of anthracene 156 was prepared in two steps starting
from 9-anthracenecarboxylic acid 154 (Scheme 24). The acid chloride was prepared first
using oxalyl chloride, and then the introduction of O-silylated hydroxylamine 155 yielded 156
in 52% overall for the two steps. Compound 156, which was the precursor to the nitrile oxide
species was stable and could be chromatographed without the loss of yield as in the case of
the hydroximoyl chloride. The pure product was then exposed to trifluoromethanesulfonic
anhydride for 1h at 0°C, after which the dipolarophile 151 was introduced and was allowed to
react overnight at room temperature. The reaction yielded the desired product 152 with a yield
of 79%, which was a slight improvement to the yield obtained using the hydroximoyl chloride
method.

These trials indicated that the hydroximoyl chloride and Carreira protocols were both
efficient methods in generating nitrile oxide species for the 1,3-dipolar cycloaddition
reactions with acetylene to prepare isoxazole derivatives. Subsequently, using the anthracene
nitrile oxide precursors described in this section, these two methods were applied to prepare

PNA -anthracene adducts.
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2.2.3.3 Preparation of PNA-anthracene adducts via nitrile oxide-

acetylene 1,3-dipolar cycloaddition reactions

This section describes the synthesis of PNA-anthracene adducts using the nitrile
oxide-acetylene 1,3-dipolar cycloaddition reaction. Both methods evaluated in the previous
section were successfully applied to prepare the PNA-chromophore adducts.

The dodecamer was prepared for the cycloaddition reaction by coupling 5-hexynoic
acid 157 to the PNA using the standard conditions. The Kaiser test following the reaction
indicated that the coupling had proceeded successfully. HPLC analysis of a cleaved sample of
the PNA-acetylene product 158 (Figure 93) showed one major product at a retention time of
28.1 minutes (Figure 94a), which differed from the retention time of the Fmoc-protected PNA
dodecamer 126 (30.2 minutes, Figure 80). The product was purified by semi-preparative
HPLC (Figure 94b), and then, to confirm that the desired product had been isolated, 158 was
deprotected by treatment with TMSI, and the resultant purified product (159) was analysed by
MALDI-TOF-MS. The mass ion peak found for 159 was m/z 3487.65 (Figure 95), which
corresponded to the calculated mass for the [M+H]+ species of 159 (Cj44H 84Ng9O35), m/z
3487.4587, therefore confirming that the PN A-acetylene products had been isolated. Having
obtained the PNA-acetylene product 158, the cycloaddition reaction with anthracene nitrile

oxide 149 could be attempted.

o o o o o o Q
ST el eI :
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Figure 93. Compound 158: the PNA dodecamer bearing an acetylene linker.
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Figure 95. MALDI-TOF-MS of deprotected PNA-acetylene oligomer 159.
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The reaction between resin-bound PNA-acetylene oligomer 158 and anthracene
nitrile oxide 149 was first attempted using the hydroximoyl chloride method. The reaction
was performed using hydroximoyl chloride 148 rather than aldoxime 147 as the starting
material, in order to avoid introducing an chlorinating agent in the presence of PNA. To this
end, resin-bound PNA-acetylene oligomer 158 was suspended in a solution of 148 in DMF
before Et;N was added and the mixture was shaken overnight at room temperature (Scheme
25). The HPLC chromatogram of the cleaved crude product indicated the presence of a new
compound 160 at retention time of 30.2 minutes (Figure 96), but it also showed the presence
of starting material 158, therefore optimisation of the reaction was required to achieve a
quantitative conversion. The peak of 160 was also observed at a wavelength of 360nm on the
HPLC UV detector, whereas the peak of 155 was only observed at 260nm. This observation
was promising since it provided evidence that the new compound was potentially PNA-

anthracene adduct 160.
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Scheme 25

At this point, the cycloaddition reaction was optimised to increase the ratio of the new
product 160 versus the starting PNA-acetylene compound 158. The reaction was first
performed at a higher concentration, but this did not significantly improve the ratio between
160 and 158. Next, the reaction was performed overnight at 50°C instead of room
temperature, and this resulted in a good conversion as indicated by the HPLC analysis
wherein 160 was the only major peak in the chromatogram (Figure 97). 160 was subsequently
purified by semi-preparative scale HPLC, before a Cbz-deprotection using TMSI was carried
out. Following purification of the deprotected PNA-anthracene 161 (Figure 98), MALDI-
TOF-MS analysis was performed to confirm the presence of the target compound. The mass
spectrum obtained indicated that the desired compound had been obtained (Figure 99). The

mass ion peak found for compound 161 was m/z 3706.5244, which corresponded to the
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Figure 96. HPLC chromatogram of the crude mixture following the nitrile oxide-alkyne 1,3-dipolar
cycloaddition performed overnight at room temperature. The mixture indicated the presence of
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Figure 97. a) HPLC chromatogram of the crude mixture of 160 isolated from the resin following the
nitrile oxide-alkyne 1,3-dipolar cycloaddition performed overnight at 50°C. b) HPLC chromatogram of
160 following purification by semi-preparative HPLC. (Varian Pursuit C18, 5 pm, 4.6 x 250 mm,
gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, 65°C)
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Figure 99. MALDI-TOF-MS of the deprotected PNA-anthracene adduct 161.

calculated mass for the protonated form, [M+H]" of 161 (C;s0H;03N-¢O30), m/z 3706.5271.
This result confirmed that the nitrile oxide-acetylene 1,3-dipolar cycloaddition reaction was
compatible with PNA.

Next, the preparation of PNA-anthracene adduct 160 was attempted using the
Carriera method to prepare the nitrile oxide dipole (Scheme 26). Compound 156 i.e. the O-
silylated hydroxamic acid derivative of anthracene was used as the nitrile oxide precursor.
Since the HPLC retention time of PNA-anthracene adduct 160 was identified (30.24 min,
Figure 97), the success of this method could be determined directly and rapidly by analyzing
the crude PNA-anthracene product by HPLC analysis. To prepare the nitrile oxide, 156 (10
eq.) was dissolved in CH,Cl,, NEt; (30 eq.) was added and then following cooling to -40°C,
trifluormethansulfonic anhydride (11 eq.) was added dropwise. After allowing the

temperature of the mixture to reach 0°C in 1 h, the mixture was added to the resin-bound
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PNA oligomer bearing the acetylenic linker (158) suspended in DMF. The suspension was
then shaken for 16 h at 50°C. Analysis of the cleaved crude product indicated that PNA-
anthracene adduct 160 had been prepared successfully with a quantitative conversion in the
same manner as with the hydroximoyl chloride method. The product was subsequently
purified, deprotected and analysed by MALDI-TOF-MS, confirming the presence of target
PNA-anthracene adduct 161 (Figure 98). Obtaining a positive result from both methods, it
was decided that this Cu(I)-free 1,3-dipolar cycloaddition reaction would be used to
synthesize further PNA-chromophore conjugates, commencing from the PNA-porphyrin

adduct.
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Scheme 26

2.2.3.4 Development of a porphyrin nitrile oxide precursor

Since the nitrile oxide-acetylene 1,3-dipolar cycloaddition reaction was unknown in
relation to porphyrins, the next step was to evaluate and optimise its use with porphyrins. This
section discusses our efforts to prepare and optimise a method to prepare a porphyrin nitrile
oxide species to be used in Cu(l)-free 1,3-dipolar cycloaddition reactions. The hydroximoyl
chloride and Carreira methods were evaluated to prepare the porphyrin nitrile oxide
precursors. It was observed that the porphyrin macrocycle was unstable towards the
chlorinating agents used in the hydroximoyl chloride method, therefore, the Carreira method
was found to be the favoured method for preparing nitrile oxide precursors.

Commencing with the hydroximoyl chloride approach, the nitrile oxide precursor of
the porphyrin had to be prepared. The precursor to the hydroximoyl chloride i.e. a mono-
oxime porphyrin 164 was synthesized starting from porphyrin 132 (scheme 15). The methyl

ester was reduced to the alcohol 162 using lithium aluminium hydride, after which, the
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product was treated with pyridinium chlorochromate oxidizing it to the corresponding
aldehyde 163. The aldehyde was then converted to the oxime 164 using hydroxylamine in the

presence of sodium acetate as shown in Scheme 27.

(i) LiAIHg4, THF
2 h at reflux
_—
o— (ii) PCC, CHJCl,
2hatrt.
81% over 2 steps

132 163

NH,OH<HCI
NaOAc

»

MeOH/THF
2hatr.t.
86%

164

Scheme 27

Initially, our intention was to isolate a hydroximoyl chloride derivative of porphyrin,
but the preparation of this nitrile oxide precursor from the oxime proved to be challenging
(Scheme 28). Unfortunately, all attempts to chlorinate the oxime functional groups failed as is
summarized in Table 5. As shown in the table, two oxidizing agents were used, NCS and tert-
tert-BuOCI under various conditions. Initially NCS was used, however, despite changing the
solvent, lowering the reaction temperature and shortening the reaction time, the reaction
always resulted in the decomposition of the porphyrin. It was postulated that NCS was a
sufficiently strong oxidizing agent to also attack the porphyrin macrocycle causing its
decomposition, however this was not confirmed. At this point in the trials, the oxidant was
changed to the milder fert-BuOCI] oxidizing agent. Once again, changing the reaction time

and reaction temperature when performing the reaction in DMF resulted in decomposition.
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N-OH  NCS or t-BuOClI
72 -

DMF or THF
164 165
Scheme 28
Oxidant Reaction Reaction Solvent Result
temp. time
NCS r.t. 16 h CH,Cl, Decomposition of porphyrin.
NCS r.t. 16 h DMF Decomposition of porphyrin.
NCS 0°C lh DMF Decomposition of porphyrin.
NCS -48°C lh DMF Decomposition of porphyrin.
tert-BuOCl 0°C lh DMF Decomposition of porphyrin.
tert-BuOCl -48°C lh DMF Decomposition of porphyrin.
tert-BuOCl -48°C 15 min DMF Some starting material recovered.
Decomposition.
tert-BuOCl -78°C 15 min THF New product (TLC).
Decomposition during purification.

Table 5. Reaction conditions used to attempt the synthesis of porphyrin 165.

When the solvent was changed to THF, and the temperature was lowered further, a new
product was observed to form when the reaction mixture was analysed by TLC, however,
attempting to purify the product by chromatography resulted in its decomposition. This
observation suggests that, similarly to anthracene hydroximoyl chloride 148, the hydroximoyl
chloride derivatives of porphyrins are not stable, therefore the pursuit of obtaining isolated
hydroximoyl chloride functionalized porphyrins was discontinued. Instead, an approach
similar to that used for preparing anthracene isoxazoles was used (Section 2.2.3.2), i.e. the
chlorination of the oxime, activation to the nitrile oxide and cycloaddition with the acetylene
would all be performed in situ.

Unfortunately, the change in strategy did not improve the results. Several conditions
to obtain the target isoxazole funtionalised porphyrin 166 (Scheme 29) were attempted (Table

6), however none of the reactions were successful. 1-Chlorobenzotriazole was used as the
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chlorinating agent in these trials, since it provided the best results with anthracene aldoxime
147 (Scheme 23). The first reaction was performed at 0°C in THEF. It resulted in
decomposition of the porphyrin. Performing the same reaction at a lower temperature resulted
in the recovery of the starting material. Changing the solvent to DMF led once more to the
decomposition of the porphyrin whereas performing the reaction in a mixture of CH,ClI, and
pyridine gave minor traces of a new porphyrin product as observed by TLC. Following all the
unsuccessful attempts to utilise the hydroximoyl chloride functionalised porphyrin as a
precursor to form the nitrile oxide, we decided to abandon this approach in favour of using the
Carreira method. The O-silylated hydroxamic acid derivative of anthracene had proved to be
a stable nitrile oxide precursor, therefore it was postulated that a stable porphrin nitrile oxide

precursor could be prepared using the latter method.

Cl
) /
(i) =—si—
\
151
164 166
Scheme 29
Entry Reaction Reaction time Solvent Result
temp. step i, step ii
step i, step ii
1 0°C,r.t. 5 min, 16 h THF Decomposition of porphyrin.
2 -40 °C, r.t. 1h,16h THF No reaction. Recovery of
starting material.
3 -40 °C, r.t. 15 min, 16 h DMF Decomposition of porphyrin.
4 -40 °C, r.t. 15 min, 16 h CH,Cly/pyridine | Traces of a new product
observed by TLC.

Table 6. Reaction conditions used to attempt the synthesis of porphyrin 166.

A tetra-O-silylated hydroxamic acid derivative of porphyrin was prepared from tetra-
carboxyphenyl-functionalised porphyrin 167. This was done using similar conditions as in the

preparation of 156 (Scheme 24). Porphyrin 167 was exposed to oxalyl chloride to prepare the
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acid chloride, which was subsequently treated with O-silylated hydroxylamine 155 to give
porphyrin 168 in 21% yield overall following purification by chromatography. Finally, a
stable porphyrin precursor to the nitrile oxide was isolated. Porphyrin 168 was then treated
with trifluormethanesulfonic anhydride for 1 h at 0°C to yield the nitrile oxide functional
groups, and following the reaction with trimethylsilyl acetylene 151 (200 equivalents)
overnight at room temperature, the desired tetra-isoxazole porphyrin (169) was obtained in
62% yield, which corresponds to a yield of 89% per 1,3-dipolar cycloaddition (Scheme 30).
The NMR spectrum of porphyrin 169 is shown in Figure 100.
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Scheme 30

Since the reaction shown in Scheme 30 required the use of a large excess of
dipolarphile (200 equivalents), optimisation was required. The reaction was optimised using
phenyl acetylene 170 as the dipolarophile (Scheme 31). Table 7 shows the reactions
performed to lower the number of equivalents from 200 to 10, whilst maintaining a good
yield. In the first entry the conditions used in Scheme 30 were applied resulting in 43% yield

using 170 as the dipolarophile. Entries 2 and 3 show that reducing the number of equivalents
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Figure 100. NMR spectrum of tetra-isoxazole porphyrin 169.
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Entry | Reaction conditions Eq. of 176 | Yield Yield per
cycloaddtion
1 (i)-40°C-0°Cinlh | (ii)16hatr.t. 200 43% 81%
2 (i)-40°C-0°Cinlh | (ii)16hatr.t. 50 21% 68%
3 (i)-40°C-0°Cinlh | (ii)16hatr.t. 20 <10% <57%
4 (i) -40°C—-0°Cin 1l h | (ii) 15 min at 140°C (in 50 43% 81%
microwave)
5 (i) -40°C (all reagents | (ii) 15 min at 140°C (in 20 37% 78%
added) microwave)
6 (i) -40°C (all reagents | (ii) 30 min at 80°C (in 10 51% 85%
added) microwave)
7 (i) -40°C (all reagents | (ii) 16 h atr.t. 10 23% 69%
added)

Table 7

of 170 under the same conditions caused a decrease in the yield of product 171. Next, in entry
4, the first step of the reaction was performed in the same way as before, however, the second
step was performed in the microwave. In this case, using 50 equivalents of 171, the same
yield (43%) was achieved as in entry 1, but with a lower number of equivalents. At this point,
the effect of adding all the reagents at -40°C, and running the reaction directly in the
microwave was examined (entry 5). Using 20 equivalents of 171 in this case, the yield was
reduced to 37%, which compared to the 43% obtained in entry 4 with 50 equivalents of 171,
was not a significant reduction considering the lower amount of 171 used. In entry 6, applying
the same first step as entry 5, reducing the equivalents of 171 further to 10 equivalents, and
using milder microwave conditions, resulted in the best yield of 51% overall for compound
171, or 85% per cycloaddition. This yield was an improvement over the original conditions in
entry 1. For comparison purposes, entry 6 was repeated without microwave irradiation to
determine whether the yield increase was due to the addition of all the reagents at -40°C or
due to the microwave conditions. Comparing the results of entry 7, entry 2 and entry 3, it can
be observed that adding all the reagents at -40°C directly had a beneficial effect on the yield.
However, comparing the result to entry 6 shows that the microwave irradiation also had an
advantageous effect on the reaction. Therefore, the combination of both changes contributed
to the increased yield. These effects are explicable by the fact that as soon as the nitrile oxide
is formed, the acetylene is present to react with it, before the nitrile oxide species are able to
dimerise to form furoxan species. Also, the increased energy provided by the microwave
irradiation enhances the reaction rate, consequently improving the yield since less furoxans
have time to form. Following the optimisation of this reaction, it was anticipated that this
reaction could be exploited further. Recognizing the importance of the porphyrin scaffold for

future nanodevices, the reaction could allow the rapid preparation of a library of tetra-meso-
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substituted porphyrins bearing diverse functionalities. Therefore as a perspective to this work,

the scope and limitations of this reaction would be tested with a variety of acetylenes (Figure
101).
I | It It fl
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Figure 101. The acetylene library that was planned for testing the scope and limitations of the nitrile
oxide-alkyne 1,3-dipolar cycloaddition to prepare a library of tetra-meso-substituted porphyrins.

2.2.3.5 Preparation of PNA-chromophore adducts using via Cu(I)-
free nitrile oxide-acetylene 1,3-dipolar cycloaddition

reactions

The development of the nitrile oxide-acetylene 1,3-dipolar cycloaddition reaction
with PNA and porphyrin respectively, indicated that the method compatible to both classes of
molecules was the Carreira approach to preparing the nitrile oxide species. Consequently, we
decided to examine the utility of the method to prepare a variety of PNA-chromophore
adducts. The chromophores selected were pyrene, porphyrin, phenanthroline and fluorescein.

O-silylated hyrdoxamic acids of pyrene, porphyrin, phenanthroline and fluorescein
derivatives were prepared (Scheme 32). The pyrene hydroxamate derivative 173 was prepared
from the commercially available 1-pyrenecarboxylic acid 172, by converting the carboxylic
acid moiety into the acid chloride using oxalyl chloride followed by treatment with O-
silylated hydroxylamine 155 to give pyrene hydroxamate derivative 173 in 45% yield. Using
a previously prepared mono-carboxylic acid functionalised porphyrin 133 (Scheme 15), the
same conditions applied on the pyrene were used to yield the porphyrin 174 bearing a single
O-silylated hydroxamic acid moiety.

The hydroxamate of fluorescein was prepared on the end of an extended linker in an
attempt to increase it’s solubility in apolar media. Furthermore, three ‘linkage’ points were
introduced, a triazole prepared by a copper-catalysed cycloaddition, a thiourea prepared by
the reaction between an amine and an isothiocyanate, and the O-silylated hydroxamate to
prepare the isoxazole. The reason for introducing the three linkage points was so that a

comparative study into which linkage is the most efficient in preparing the PNA-fluorescein

134



Chapter 2 — Results and Discussion

tBu

OTBDPS
Oy, -OH i. Oxalyl chloride OxNH @\
CH,Clp, DMF OTBDPS =
C C 16 h atr.t. C C
B — e
ii. H,N-OTBDPS
DIEA
THF
16 h atr.t.
172 45% over 2 steps 173
(I)TBDPS
(i) Oxalyl chloride
CH,Cly, DMF
16 h .t
tBu tBu —»6 atrt tB
(i) H,N-OTBDPS
DIEA
CH,Cly
16 h atr.t.

tBu
Ox-OH Os_OH
HoN A~ N3
—_—
DIEA
DMF
NCS  1tghatr.t. S NH
94%
175 ’ HN._~_Ns
176
i) NaOH
MeOH
30 min at r.t.
‘ O (ii) Propargyl
bromlde
HO OH THF/MeOl
16 h at rt
178

48% over 2 steps

32% over 3 steps

., ~

tBu
(I)TBDPS
(i) Oxalyl chloride O~ _NH
CH,Cl,, DMF
16hatr.t.
T, .
(i) HoN-OTBDPS
DIEA s NH
CH,Cl,
16 hatr.t. Y
41% HN_ _~_Ns

177

O,

CuS0,.5H,0
Sodium ascorbate
DMF
10 min at 120 °C
39%

‘ O > HN/®’§N OTBDPS
HO /\(\

(i) HoO,, CH3COOH
6 hat 70°C
(i) KCN, Benzoyl
chloride, H,O
30 min at r.t.
(iii) NaOH (aq)
EtOH
2 h at reflux
50% over 3 steps

Sc

180
(i) Oxalyl chloride
A CH,Cl,, DMF
> 16 hatr.t.
N~ “COOH ‘
(ii) H,N-OTBDPS _N
DIEA
THF
16hatrt. 183
34%
heme 32

(0}

N\OTBDPS

135



Chapter 2 — Results and Discussion

adduct could be carried out. Initially, however, the isoxazole formation was to be
investigated, therefore the required fluorescein was prepared as follows. 4-
isothiocyanatobenzoic acid 175 was treated with 3-azidopropylamine to prepare the thiourea
176. Next, 176 was converted to hydroxamate in a manner analogous to that of the pyrene and
porphyrin to give 177, which was ready for attachment to the fluorescein via the azide
functional group. Fluorescein 178 was converted to the disodium salt upon treatment with
sodium hydroxide, which was then exposed to propargyl bromide yielding 179 in 48% yield
over the two steps. Fragments 177 and 179 were then covalently attached via a Cu(l)-
catalysed click reaction giving the fluorescein hydroxamate derivative 180.

Finally, a phenanthroline hydroxamate derivative 183 was also prepared. Using the

261 262]

conditions reported by Corey et al.**"!, which were later updated by Sun et al.*** a carboxylic
acid moiety was introduced in the 2-position of 1,10-phenanthroline to prepare 2-carboxy-
1,10-phenanthroline 182. Briefly, the nitrogen atom in the 1-position was oxidized using
hydrogen peroxide in glacial acetic acid, which upon exposure to benzoyl chloride and
potassium cyanide yielded 2-cyano-1,10-phenanthroline, which was subsequently hydrolysed
under basic conditions to give 182. As before, treatment of the acid with oxalyl chloride and
155 yielded the hydroxamate derivative of phenanthroline 183 via the acid chloride.

Attempts to synthesize PNA-chromophore adducts using the four O-silylated
hydroxamic acid derivatives were performed. The general procedure and a summary of the
results is described in Scheme 33. The conditions were the same as those used to prepare the
PNA-anthracene adduct 160 (Scheme 26), i.e., to prepare the nitrile oxide, 10 equivalents of
either 173, 174, 180 or 183 were dissolved in CH,Cl,, NEt; (30 eq.) was added and then
following cooling to -40°C, triflic anhydride (11 eq.) was added dropwise. After allowing the
temperature of the mixture to reach 0°C in 1 h, the mixture was added to the resin-bound
PNA oligomer bearing the acetylenic linker (158) suspended in DMF. The suspension was
then shaken for 16 h at 50°C. The results obtained following the 1,3 dipolar cycloaddition
reactions varied depending on which hydroxamate (173, 174, 180 or 183) was used.

The reaction with the pyrene derivative 173 yielded a new product 184 as observed
by HPLC analysis (Figure 102). It eluted at a retention time (30.16 min) similar to that of the
anthracene-PNA adduct 160 (Figure 97), and also it absorbed at the 360 nm wavelength of the
HPLC’s UV detector, indicating that the target compound 184 had formed. Following
purification and deprotection, the compound was sent for MALDI-TOF-MS analysis, which
confirmed the presence of the target compound 184 (in its deprotected form). The mass

spectrum obtained displayed the presence of impurities indicating that further purification was

required (Figure 103). Nonetheless, the peak in the mass spectrum at m/z 3730.5161,
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Figure 102. HPLC chromatogram of the crude mixture of 184 isolated from the resin following the

nitrile oxide-alkyne 1,3-dipolar cycloaddition performed for 16 h at 50°C. (Varian Pursuit C18, 5 pm,
4.6 x 250 mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH3CN, flow: 1 mL/min, 65°C)

(}) }) )l . rﬁjN) ?ﬁjﬁ O 4}) Nj—g :
o Kf Kf Kf Kf oo Loog Kf Kf Lo Tpog Kf Lo

N/\,N P NJKNNN% NNJK NN% /\,N% /\/N\)L SOOI NN%NNNJNNNJ
100.,1438.62 OQ N X
146060 () 3732.50
184 3731.50 [M+Na]*
Chemical Formula: C1g1H192N70039 3754.50
Exact Mass: 3729.5193 [M+H]* 3733.49
. 3753.48
3755.42
3730.51 ||| 3734.50
1461.62 3752.46 || 3756.46
3744.50 PIE0Es
MA 3766.
3718.46 w‘ﬁ‘u A }n" M’“ A
sras.as LI IR DOV
, Red S e s g
&S 20 3730 3740 3750 3760
1823.74
1462.62
149463 SRR
1495.63
2089.84
2088.83 ~2111.81
1760.74 2152.59
1566.66 2906.18 o
2183.86 3
2929.12
1595.67 e ety 754.50
918. ; 3804.53
l t

stttk dtesdshibtnte s M bl ot et P T e e e e e m/
1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Figure 103. MALDI-TOF-MS of the deprotected PNA-pyrene adduct 184.
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corresponded to the calculated mass for the protonated form, [M+H]™ of 184
(Ci61H193N79039), m/z 3730.5271.

The attempt to prepare the PNA-porphyrin adduct 185, using porphyrin hydroxamate
174 did not work. No traces of the isoxazole product were observed in the HPLC
chromatogram. The main reason for this failed reaction was due to the solubility of the
porphyrin nitrile oxide species. Following the formation of the nitrile oxide species in
CH,Cl,, the porphyrin was added to the suspension of the PNA derivatised resin, and at this
point, the porphyrin was observed to precipitate. The product was not obtained even
following repeated trials. It is postulated that if a porphyrin bearing polyglycolic functions in
place of the tert-butyl groups in porphyrin 174 were used in the reaction, the cycloaddition
would proceed as expected.

Unfortunately, the same result was obtained with the fluorescein hydroxamate 180.
The reaction did not yield the target product 186. In this case, the problem was possibly due
to the presence of multiple reactive functional groups in fluorescein derivative 180. The
nucleophilic groups (e.g. the alcohol functional group) could react with the triflic anhydride
reagent, preventing the formation of the nitrile oxide species, hence preventing the
cycloaddition from occurring. Currently, an alternative fluorescein hydroxamate is under
preparation to reattempt the cycloaddition reaction.

Finally, the cycloaddition reaction with the phenanthroline derivative 183 was
attempted. The HPLC chromatogram obtained following the reaction indicated that the crude
mixture contained a new product (Figure 104). The retention time of the new product was
27.81 min, which differed only slightly from the retention time of the PNA-acetylene
precursor (27.13 min). The product was purified and deprotected in order to be analysed by
MALDI-TOF-MS. The mass spectrometry result obtained indicated that a new product had
been obtained having a molecular mass [M+H]" of m/z 3606.6648, however it was not the
target product 187, since the mass differed by a mass of m/z 102 from the calculated
molecular mass of 187 (Ci57H190N72039), m/z 3707.5098. Also, the mass obtained did not
correspond to the PNA-acetylene precursor 159 (m/z 3487.4587). Furthermore, the product
did not correspond to any fragmentation that could have occurred during under the ionisation
conditions used in the MALDI-TOF-MS analysis, therefore further tests are required to

determine the structure of the product obtained.
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Figure 94. HPLC chromatogram of the crude mixture of 193 isolated from the resin following the
nitrile oxide-alkyne 1,3-dipolar cycloaddition performed at 50°C. (Varian Pursuit C18, 5 pm, 4.6 x 250
mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, 65°C)

2.3 PRELIMINARY AFM INVESTIGATION OF THE
DEPOSITION OF PNA ONTO MICA SURFACES

As described in the introduction, very few investigations of PNA on surfaces exist,
and all of them involve the covalent linkage of PNA strands onto surfaces to prepare self-
assembled monolayers (SAMs) mainly for the development of biosensors."® Since we are
working towards the preparation of porous self-assembled arrays on surface, in our case, the
PNA would not be covalently attached to the surface. Therefore, it was necessary to
investigate whether the PNA oligomers could be deposited onto surfaces, and whether the
single stranded oligomers would be able to form duplexes on the surfaces. To this end, we
decided to carry out a preliminary AFM investigation into the deposition of PNA onto mica
surfaces using self-complementary PNA dodecamer 127.

The PNA dodecamer 127 was dissolved in water at a concentration of 0.6 mM and
then, one drop of solution was spin coated on a freshly cleaned mica surface (3 minutes at
3000 rpm). AFM imaging in tapping mode was performed on the resultant mica surface
(Figure 105 left). Bright irregular spots were observed on the surface, and following height
profiling of the protrusions, it was concluded that the spots corresponded to aggregates of
PNA, not PNA duplexes, since the height of each spot was in the region of 5-16 nm. The
expected height of a PNA duplex is approximately 1 nm (Figure 106). In order to confirm that
the observed signals were indeed due to PNA aggregates, rather than surface artefacts, the
experiment was repeated with 3 drops of the same solution deposited onto a clean mica

surface. As expected, the AFM images obtained (Figure 105 right) displayed larger
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aggregates (height profiles: 5-40 nm), confirming that observed signals were likely to be PNA

aggregates on the mica surface.

0.00
Figure 105. AFM images (height scale: 60 nm) displaying aggregates of PNA formed upon deposition
of one drop (left) and three drops (right) of a 0.6 mM solution of dodecamer 127 onto a clean mica
surface via spin coating.

0.00

It was postulated that annealing the self-complementary PNA strands would allow
them to form the thermodynamically stable double helices. In order to anneal the aqueous
PNA solution, it was placed in an NMR tube and was loaded into the NMR. Using the
temperature control of the instrument, the solution was heated to 80°C for 10 minutes, after
which the solution was cooled in a controlled manner from 80 °C to 30 °C at 2°C per minute.
The slow rate of cooling was used to ensure that the hydrogen bonds between the nucleobases
in PNA were formed in the most thermodynamically favoured manner, thus ensuring duplex

formation. Following the completion of the annealing, once again, 1 drop of the solution was

Figure 106. Molecular model of PNA duplex (127),. The minimized structure was obtained using an
Amber2 method. The dimensions of a PNA duplex are displayed.
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deposited by spin coating (3 min at 3000 rpm) onto a clean mica surface, and then AFM
images were collected. Figure 107 (left) shows the image obtained following the deposition of
the annealed PNA solution. Figure 107 (right) shows clean mica as a comparison in order to
show that in the image on the left there is the presence of a compound covering the entire
surface. Both images are displayed with height profiles of maximum 3 nm, compared with the
images in Figures 105, which have height profiles of maximum 60 nm, indicating that the

aggregates were no longer present following the annealing.

Figure 107. The AFM image (height scale: 3 nm) on the left displays a mica surface saturated with
PNA duplexes formed upon deposition of one drop of an annealed solution of dodecamer 127 onto a
clean mica surface via spin coating. The AFM image (height scale: 3nm) on the right displays a clean
mica surface for comparison.

Since the entire mica surface was thought to be covered by PNA duplexes, the
solution was diluted 10-fold and was redeposited onto a clean mica surface in the same
manner as described before. The AFM image that resulted from the diluted solution is
displayed in Figure 108 (left). The image shows bright spots intermitted by clean mica (dark
red regions) indicating that this time the surface was not entirely covered by PNA oligomers.
Topographical analysis of the surface (graph in Figure 108) shows that the most frequent
height class of the bright protrusions in the image is approximately 1 nm, which closely
corresponds to the expected height of the PNA duplexes. These observations confirm that
strands of 127 can be successfully annealed into PNA duplexes, which later can be deposited
onto mica surfaces through spin coating and imaged by AFM. This preliminary investigation
provides evidence that once the target angular units and linear units bearing complementary
PNA strands are prepared, the deposition of the self-assembled structures onto surfaces

should not impart obstacles to achieving the goal of the project.
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Figure 108. The AFM image (height scale: 3 nm) displays a mica surface coated with PNA duplexes
formed upon deposition of one drop of an annealed solution of dodecamer 127 (concentration: 0.06
nM) onto a clean mica surface via spin coating. The graph displays the topographical analysis of the
surface. The most frequent height class of the bright protrusions in the image is approximately 1 nm,
which corresponds to the expected height of the PNA duplexes.
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Conclusions

In conclusion, the work presented in this doctoral dissertation described the synthetic
steps taken towards the preparation of nanostructured surfaces using a biomimetic approach
where PNA encodes the information necessary for the self-assembly of the molecular

components. This objective is summarized schematically in Figure 109.

*Nanostructured self-assembly on a surface
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Figure 109

However, prior to synthesizing the angular and linear units bearing complementary
PNA oligomers, a proof of principle was required to confirm that the PNA duplexes could be
formed on surfaces and that this could also be done in the presence of choromophoric
moieties (e.g. porphyrin) appending to the PNA oligomer. The molecule designed for the
proof of principle consisted of a self-complementary PNA dodecamer bearing a porphyrin

adduct (Figure 110).
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The synthesis of the PNA oligomer was tackled first. The general norm in PNA
synthesis is to carry out a resin cleavage and nucleobase deprotection simultaneously in the
final step following the completion of the PNA oligomerisation cycles, however, since we
required a protected PNA strand for subsequent solution phase reactions, an alternative
protecting group strategy had to be designed. To this end, an orthogonal protecting group
strategy was designed to ensure that protected PNA strands could be cleaved from the solid
support resin. In the first design, a Fmoc/Mmt-protecting group strategy was chosen for the
PNA synthesis and a Tentagel resin bearing a base-cleavable linker was chosen as the solid
support. Following the preparation of the thymine monomer, the oligomerisation conditions
were tested. Unfortunately, the hydrolysis of the linker failed under the cleavage conditions,
therefore, the PNA synthesis strategy was modified. In the second orthogonal system that was
designed, an acid-cleavable Rink linker bound to a polystyrene resin was chosen as the solid
support, therefore a more robust nucleobase protecting group strategy was required. A
Fmoc/Cbz-protecting group strategy was chosen since it would allow the cleavage of the
oligomer from the resin, without the deprotection of the Cbz groups from the nucleobases.
The required monomers for the oligomer synthesis (Figure 111) were then prepared using

established procedures.**!
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Following reports of the advances in microwave-assisted solid phase peptide
synthesis claiming improved purity of oligomeric peptides using short coupling times, the
solid phase PNA oligomerisation was attempted using microwave irradiation. Three attempts
were performed. The first, using a standard laboratory microwave, resulted in a complex,
inseparable mixture of products at the dodecamer stage. An improvement was observed in the
results using the CEM discover SPS microwave which was specifically designed for solid
phase synthesis, however, the crude dodecamer obtained was still inseparable from the by-
products. Similar results were obtained with the CEM liberty microwave, which was an
automated solid phase synthesis setup. Finally, utilising manual solid phase synthesis, the

target PNA dodecamer was obtained. The oligomerisation process was monitored by cleaving
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samples of the growing oligomer at the tetramer, octamer and dodecamer stages and
analysing the resultant products. Following purification of the samples, MALDI-TOF-MS
analysis was performed. The spectra displayed mainly peaks corresponding ionisation-
induced fragmentation products, however, the presence of minor peaks corresponding to the
target oligomers gave confidence that the desired products had been isolated. In order to
conclusively prove that the desired dodecamer had been obtained, the Cbz-protected
nucleobases were deprotected by treatment with TMSI to render the oligomer more easily
ionisable. ESI-MS analysis of the deprotected oligomer (Figure 112) subsequently confirmed
that the target dodecamer had been obtained.
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Figure 112

Following the isolation of the PNA dodecamer, attempts to covalently attach the
porphyrin moiety to the resin-bound oligomer via an amide linkage failed, possibly due to
steric hindrance. Subsequently, an azide linker was appended to the oligomer, and attempts to
attach an acetylene functionalised porphyrin using a Cu(I)-catalysed 1,3-dipolar cycloaddition
were performed. Unfortunately, this approach did not yield the target adduct. These
unsuccessful results paved the way to the development of a Cu(l)-free 1,3-dipolar
cycloaddition that enabled the attachment of chromophores to the PNA oligomer.

Reports of Cu(I)-free 1,3-dipolar cycloaddition reactions applied on DNA oligomers
that were recently published by the groups of Heaney™" ***! and Carell®* % offered
inspiration towards this goal. Their strategies involved the generation of a nitrile oxide
species in situ, which then reacts with either an alkene or an alkyne to form an isoxazoline or
an isoxazole. Two methods of generating the nitrile oxide species were evaluated using
anthracene derivatives. The first method involved the base-mediated dehydrochlorination of
anthracene hydroximoyl chloride to yield the nitrile oxide, which reacted with a dipolarophile
(trimethylsilyl ethylene) that was introduced to the reaction mixture. The second approach to
generating a nitrile oxide involved treating an O-silylated hydroxamic acid derivative of
anthracene with trifluoromethanesulfonic anhydride in the presence of a base (Carreira
method). Following successful tests of both methods using trimethylsilyl ethylene as the

dipolarophile, the reactions were applied on a resin-bound, acetylene-functionalised PNA

146



Chapter 3 — Conclusions

dodecamer. Both methods yielded the target PNA-anthracene adduct. These Cu(l)-free 1,3-
dipolar cycloaddition reactions involving TMS acetylene and an acetylene-functionalised

PNA dodecamer are summarized in Figure 113.
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Since the nitrile oxide-acetylene 1,3-dipolar cycloaddition reaction method had never
been applied on porphyrins, the two methods were tested. Attempts to prepare a hydroximoyl
chloride derivative of a porphyrin resulted in the decomposition of the macrocycle upon
treatment with chlorinating agents (NCS, fert-BuOCI, and 1-chlorobenzotriazole), therefore,
the hydroximoyl chloride method was abandoned in favour of the Carreira method. An O-
silylated hydroxamic acid derivative of porphyrin was synthesized, and upon exposure to
trifluoromethanesulfonic anhydride and Et;N the nitrile oxide was generated and was trapped

with the trimethylsilyl ethylene dipolarophile (Figure 114).
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Having developed a protocol that was compatible with both PNA and porphyrin, the
utility of the method to prepare a variety of PNA-chromophore adducts was tested.
Hydroxamate derivatives of pyrene, porphyrin, phenanthroline and fluorescein chromophores
were synthesized. Subsequently, the corresponding nitrile oxide species were generated and
were reacted with the resin-bound, acetylene-functionalised PNA dodecamer (Figure 115).
The PNA-pyrene adduct was isolated following resin cleavage, however, the other PNA-
chromophore products were not isolated. The porphyrin nitrile oxide derivative was insoluble
in the reaction medium and since it precipitated, the cycloaddition reaction was unable to
proceed. In the case of the fluorescein hydroxamate, the presence of various nucleophilic
groups in the starting material could have reacted with the trifluoromethanesulfonic anhydride
reagent, preventing the formation of the nitrile oxide species, hence preventing the
cycloaddition from occurring. Finally, the reaction with the phenanthroline derivative yielded
a new product that did not correspond the target PNA-phenanthroline adduct. These reactions
are currently being investigated to ensure that the PNA-chromophore adducts can be prepared

successfully (see Chapter 4 - Perspectives).
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In parallel to the synthetic work, a preliminary study into the deposition of PNA onto
mica surfaces was investigated using AFM imaging. Deposition of drops of an aqueous
solution of deprotected PNA dodecamer onto clean mica surfaces using spin coating resulted
in aggregates of PNA on the surface. Following annealing of the solution, a repeated
deposition of a single drop of the solution resulted in a completely different surface assembly.
The surface was saturated by what was thought to be PNA duplexes. This was confirmed by
the deposition of drop of a solution that was diluted ten-fold which resulted in an AFM image
where bright spot were intermitted by clean mica surface. Topographical analysis of the

surface indicated that the bright spots were an average in 1 nm in height, which corresponds
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to the height of a PNA duplex, thus confirming that PNA duplexes could be deposited onto

surfaces. The PNA duplexes imaged by AFM on a mica surface, as well as the topographical

analysis are shown in Figure 116.

Figure 116
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Perspectives

Subsequent work will focus mainly on the synthesis of the chromophores that would
be compatible with the Cu(I)-free 1,3-dipolar cycloaddition required for preparing the PNA-
chromophore adducts. A porphyrin bearing solubilising polyglycol chains will be prepared
188 (Figure 117), as well as a fluorescein derivative compatible with triflic anhydride will by
synthesized 189 (Figure 117). Following their synthesis, the respective PNA-chromophore
adducts will be prepared using the developed cycloaddition reaction. Additionally, the
reaction with the phenanthroline derivative will be repeated and investigated further. Once all
the PNA-chromophore adducts are obtained, their duplex formation will be investigated to
determine the effect of the chromophore on the melting temperature of the PNA duplex. Also,
using the PNA-phenanthroline adduct 187, the preparation of molecular wires will be
attempted by exploiting the complexation of the phenanthroline with copper and the hydrogen
bonding of the PNA to prepare an alternating Cu(l)-complex-PNA duplex supramolecular

system.

baY,
{ ®
HN-OTBDPS \O 0 o)
189

L

HN\OTBDPS

R = /’\O/\/O\/\o/\/o\/\o/

Figure 117

Following the above investigations, future work will move towards the original goals
of the project i.e. the formation of bi-dimensional architectures on surfaces. To this end, the
first task will be the preparation of a tetra-PNA functionalised pyrene bearing the same self-
complementary PNA dodecamer introduced in this thesis 190 (Figure 118). Upon completion
of its synthesis the evaluation of its self-assembly will be carried out on mica surfaces, and it
will be investigated by AFM. Further complexity will ensue, upon the successful self-

assembly of the above system, with the preparation of angular and linear units bearing
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complementary PNA oligomers, and the examination of the supramolecular self-assembly of

the bi-component system i.e. the original objective of this project.

o
PNA = Iys-TTAATTAATTAA)'\/\»\

Figure 118
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Experimental Part

5.1 INSTRUMENTATION

Thin layer chromatography (TLC) were conducted on pre-coated aluminum sheets
with 0.20 mm Machevery-Nagel Alugram SIL G/UV,34 with fluorescent indicator UV,s,.

Column chromatography was carried out using Merck Gerduran silica gel 60
(particle size 40-63 um). An automatic chromatography system, Biichi sepacore was used for
the majority of purifications.

Microwave reactions were on an Biotage AB Initiator microwave instrument
producing controlled irradiation at 2.450 GHz.

HPLC analyses and purifications were performed on the following HPLC systems.
Analytical HPLC: (i) Waters HPLC system equipped with a 600 controller, 2996 photodiode
array detector, 600 pump and an in-line degasser AF. The column used was an Agilent
Zorbax SB-CI18, 5 um, 4.6 x 250 mm column. (i1) Varian 940-LC liquid chromatograph
system. . The column used was a Varian Pursuit CI18, Sum, 4.6 x 250mm column. Preparative
HPLC: (i) Waters HPLC system equipped with a 600 controller, 2487 dual absorbance
detector, Delta 600 pump and an in-line degasser AF. The column used was an Agilent
Zorbax SB-C18 PrepHT, 7 um, 21.2 x 250 mm column. (ii) Varian 940-LC liquid
chromatograph system. . The column used was a Varian Pursuit CI18, Sum, 21.2 x 250mm
column. 0.1% TFA in H,O and 0.1% TFA in CH3CN were used as eluents in all cases.

Melting points (m.p.) were measured on a Biichi Melting Point B-545. All of the
melting points have been measured in open capillary tubes and have not been corrected.

Nuclear magnetic resonance (NMR) 'H and "°C spectra were obtained on a 400
MHz NMR (Jeol JNM EX-400) or 270 MHz (Jeol JNM EX-270) . Chemical shifts were
reported in ppm according to tetramethylsilane using the solvent residual signal as an internal
reference (CDCls: 6y = 7.26 ppm, dc = 77.16 ppm, DMSO-d¢: oy = 2.50 ppm, d¢c = 39.52
ppm, D,0: &y = 4.79 ppm, Toluene-dg: dy = 2.09 ppm, 3¢ = 20.40, THF-ds: 6y = 3.58 ppm, d¢
= 67.57). Coupling constants (J) were given in Hz. Resonance multiplicity was described as s
(singulet), d (doublet), ¢ (triplet), g (quartet), quin (quintet), m (multiplet) and br (broad
signal). Carbon spectra were acquired with a complete decoupling for the proton.

Infrared spectra (IR) in KBr were recorded on a Perkin-Elmer spectrum RX I FT-IR
System.

UV spectra were recorded in quartz cuvettes using a Cary-Varian 5000.

Liquid chromatography mass spectrometry (LC-MS) measurements were

conducted on an Agilent 6200 series TOF mass spectrometer operating in positive mode. The
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analyte solutions were delivered to the ESI or APCI source by an Agilent 1200 series LC
system at a flow rate of 0.25 mL/min. Typical elution gradient start from H,O (90%) to
CH;CN (100%) for 20 minutes. ESI mode: Typical ESI conditions were, capillary voltage 2.0
kV; cone voltage 65 V; source temperature 150 °C; desolvation temperature 250°C; drying
gas 5 L/min, nebuliser 60 psig. APCI: Typical APCI condition were, capillary voltage 2.0 kV;
cone voltage 65 V; source temperature 250 °C; desolvation temperature 350°C; drying gas
5L/min; nebuliser 60 psig. Dry nitrogen was used as the ESI and APCI gas.

Mass spectrometry was generally performed by the Centre de spectrométrie de
masse at the Université de Mons were they performed ESI-MS and MALDI-MS on using the
following instrumentation. ESI-MS measurements were performed on a Waters QToF2 mass
spectrometer operating in positive mode. The analyte solutions were delivered to the ESI
source by a Harvard Apparatus syringe pump at a flow rate of 5 L/min. Typical ESI
conditions were, capillary voltage 3.1 kV; cone voltage 20-50 V; source temperature 80 °C;
desolvation temperature 120°C. Dry nitrogen was used as the ESI gas. For the recording of
the single-stage ESI-MS spectra, the quadrupole (rf-only mode) was set to pass ions from 50
to 1000 Th, and all ions were transmitted into the pusher region of the time-of-flight analyzer
where they were mass analyzed with 1 s integration time. MALDI-MS were recorded using a
Waters QToF Premier mass spectrometer equipped with a nitrogen laser, operating at 337 nm
with a maximum output of 500 mW delivered to the sample in 4 ns pulses at 20 Hz repeating
rate. Time-of-flight mass analyses were performed in the reflectron mode at a resolution of
about 10,000. The matrix solution (1 pul) was applied to a stainless steel target and air dried.
Analyte samples were dissolved in a suitable solvent to obtain 1 mg/ml solutions. 1ul aliquots
of those solutions were applied onto the target area already bearing the matrix crystals, and air
dried. For the recording of the single-stage MS spectra, the quadrupole (rf-only mode) was
set to pass ions from 100 to 1000 Th, and all ions were transmitted into the pusher region of
the time-of-flight analyzer where they were mass analyzed with 1 s integration time.

AFM imaging was performed using a Nanoscope Illa (Digital Instruments
Metrology Group, USA) instrument, model: MMAFMLN. All the data was collected in air at
298 K. The images were collected in tapping-mode AFM, with a single 1-10 Ohm
phosphorous-doped silicon cantilever (T: 3.5 — 4.5 um, L: 115 -135 um, W: 30 — 40 pm, f;
ranging from 301.5 to 301.9 kHz and k: 20 -80 N'-m”', VEECO, USA). The images in the
power point have been obtained after the flattening (WsXm software) of the collected data.

Roughness analysis and flooding has been performed with the same software.
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5.2 MATERIAL AND GENERAL METHODS

Chemicals were purchased from Sigma Aldrich, Acros Organics, Fluorochem, ABCR,
Polypeptide group and porphyrin systems and were used as received. Resins for solid phase
synthesis were purchased from Novabiochem (Merck Chemicals). Solvents were purchased
from Sigma Aldrich, and deuterated solvents from Eurisotop.

General solvents were distilled in vacuo. Anhydrous solvents as Et,O, THF and
toluene were distilled from Na/benzophenone; CH,Cl, from phosphorus pentoxide; CHCl;
and CH;CN from CaH,. Anhydrous DMF was purchased from Acros Organics.

Low temperature baths were prepared using different solvent mixtures depending on
the desired temperature: -78°C with acetone/liquid N, or acetone/dry ice, -40°C with
CH;CN/liquid N,, -10°C with ice/brine, and 0°C with ice/H,O.

Anhydrous conditions were achieved by drying Schlenk line or 2-neck flasks by
flaming with a heat gun under vacuum and then purging with argon. The inert atmosphere
was maintained using argon-filled ballons equipped with a syringe and needle that was used
to penetrate the silicon stoppers used to close the flasks’ necks. The addition of liquid

reagents was done by means of dried plastic or crystal syringes.

154



Chapter 5 — Experimental Part

53 EXPERIMENTAL PROCEDURES

5.3.1 PNA MONOMERS

N-[2-(N-9-Fluorenylmethoxycarbonyl)aminoethyl]-/V-[(thymin-1-yl)acetyl] glycine (91)

Compound 99 (0.1 g, 0.177 mmol) was suspended in CH,CI, (1 mL). The mixture was cooled
to 0°C before TFA was added portion-wise over 10 minutes. The mixture was then stirred for
2 h at r.t. The solvent was evaporated in vacuo and co-evaporated three times using toluene to
remove any residual TFA. No further purification was necessary yielding 91 as a white solid
(0.09 g, 100%). (Note: If required the product could be recrystallised from CH,Cl, to purify
the compound if impurities were present). 'H NMR (400MHz, DMSO): & 11.27/11.25 (2xs
(rotamers), 1H, NH,), 7.86 (d, J = 7.3, 2H, CH.), 7.64 (d, J = 7.3, 2H, CH,), 7.42-7.20 (m,
6H, CH., CHy, CH, & NHy), 4.61/4.44 (2 x s, 2H, CH,)), 4.35-4.18 (m, 3H, CH; & CH}), 3.95
(s, 2H, CHy), 3.38-3.00 (m, 4H, CH, & CH,), 1.69 (s, 3H, CH,), (COOH proton was not
observed); °C NMR (100MHz, DMSO): & 171.2, 170.9, 168.1, 167.8, 164.9, 156.8, 151.5,
144.4, 142.6, 141.3, 128.2, 127.6, 125.7, 120.7, 108.6, 66.0, 49.5, 48.2, 47.3, 12.4. Spectral

data agrees with previously reported data.***!

N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl]-V-{(6-N-(benzoxycarbonyl) adenine-
9-yl)acetyl} glycinate (93)
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Compound 109 (1.289 g, 1.83 mmol) was dissolved in CH,Cl, (13 mL). The solution was
cooled in an ice bath. TFA (13 mL) was added slowly over 10 min at 0°C. The reaction
mixture was allowed to warm up to r.t. slowly and then the mixture was stirred for 2 h at r.t.
The mixture was evaporated to dryness in vacuo and any remaining TFA was removed by co-
evaporation with toluene (3 x). The residue was then triturated with Et,0 and collected by
filtration to yield 93 (1.185 g, 100%) as a white solid. m.p. 196-198°C; 'H NMR (400MHz,
DMSO-d¢): 6 10.64 (br s, 1H, NH,), 8.56/8.50 (2 x s (rotamers), 1H, CHy), 8.31 (s, 1H, CH,),
7.89 (d, J = 6.4 Hz, 2H, CH,), 7.68 (t, J = 7.8 Hz, 2H, CH,), 7.55-7.25 (m, 9H, CH,, CH,,
CHy, CH, & CH,), 5.34/5.17 (2 x s (rotamers), 2H, CHy), 5.20 (s, 2H, CH;), 4.43-4.18 (m, 5H,
CH,, CH, & CHy), 3.57 (m (rotamer), 1.4H, CH,), 3.40-3.27 (m, 1.6H, CH; & CH,), 3.15 (m
(rotamer), 1H, CHy ), (NH, and COOH; protons were not observed); °C NMR (100MHz,
DMSO-d¢): & (rotamers observed): 170.8, 170.2, 167.0, 166.5, 156.3, 156.1, 152.4, 152.1,
151.4, 149.3, 143.8, 140.7, 136.4, 128.4, 127.9, 127.8, 127.6, 127.0, 125.1, 122.9, 120.1, 68.9,
66.2, 65.5, 63.7, 46.9, 46.7, 43.8 (the presence of rotamers was observed). Spectral data

agrees with previously reported data."*!

Thymin-1-acetic acid (95)

To a suspension of thymine (5.00 g, 39.7 mmol) and K,COj3 (5.48 g, 39.7 mmol) in dry DMF
(120 mL) was added methyl bromoacetate (3.75 mL, 39.7 mmol), and the mixture was stirred
vigorously overnight under argon. The mixture was filtered and evaporated to dryness, in
vacuo. The solid residue was cooled to 0°C, treated with H,O (37.5 mL) and 4 M HCI
(aqueous, 1.6 mL), and stirred for 30 minutes. The precipitate was collected by filtration and
washed with H,O (3 x 20 mL). The precipitate was then treated H,O (40 mL) and 2 M NaOH
(aqueous, 20 mL) and refluxed for 10 minutes. The mixture was cooled to 0°C, treated with 4
M HCI (aqueous, 13.5 mL), and stirred for 30 min. The precipitate was collected by filtration,
washed with H,O (3 x 20 mL), and dried over P,Os overnight, yielding 95 (4.496 g, 62%) as a
white solid. '"H NMR (400MHz, DMSO): & 11.31 (s, 1H, NH,), 7.45 (s, 1H, CH,), 4.33 (s, 2H,
CHy), 1.71 (s, 3H, CHy), (COOH proton was not observed); °C NMR (100MHz, DMSO): &
170.2, 164.9, 151.5, 142.3, 108.9, 40.4, 12.4. Spectral data agrees with previously reported

data.?"”!
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tert-Butyl N-(2-aminoethyl) glycinate (97)
TN
b
A AL
f

To a vigorously stirred solution of ethylenediamine (60 mL, 900 mmol) in CH,Cl, (400 mL)
at 0°C was added tert-butyl chloroacetate (14.5 mL, 102 mmol) in CH,ClI, (80 mL) over 5 h.
The resulting mixture was allowed to warm slowly to r.t. (approx. 3 h), and then stirred
overnight (approx. 18 h). The reaction mixture was washed with H,O (3 x 100 mL), and the
combined aqueous wash was back-extracted with CH,Cl, (100 mL). The combined organics
were dried (MgSO,) and filtered. This solution was used directly in the next step to synthesize
compound 98. An analytical sample was obtained by concentration of a 1 mL aliquot to
dryness in vacuo, yielding 26 mg as a clear oil. The yield was therefore calculated as 0.026
g/mL (0.026 g/mL x 580 mL = 15.1 g, approx. 85% from fert-butyl chloroacetate). 'H NMR
(400MHz, CDCl3): 6 3.27 (s, 2H, CH.), 2.77 (m, 2H, CHy), 2.66 (m, 2H, CH,), 2.04 (br s, 3H,
NH, & NHy), 1.44 (s, 9H, CHy); °C NMR (100MHz, CDCl;): & 172.0, 81.3, 51.8, 51.6, 41.6,

28.2. Spectral data agrees with previously reported data.”**!

tert-Butyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl] glycinate (98)

To a solution of 97 (15.1 g, 86.8 mmol) in CH,Cl, (580 mL) was added DIEA (15 mL, 86
mmol) with stirring. A solution of N-(9-fluorenylmethoxycarbonyloxy)succinimide (29 g, 86
mmol) in CH,Cl, (160 mL) was added dropwise over 5 hours. The resulting solution was
stirred approximately 16 h, and then washed with 1 N aqueous HCI (5 x 100 mL), and brine
(100 mL). The organic layer was dried (MgSQO,) and partially concentrated in vacuo (approx.
200 mL). Cooling (-18°C) overnight resulted in a precipitate which was collected by filtration
and washed with CH,Cl, until the filtrate was colorless. The solids were dried in vacuo (60°C)
to give the HCI salt of 98 (28.498 g, 79%) as a white solid. The yield of the compound was
calculated based on the HCI salt of 98, and also, the compound was characterized and stored
in this form since it is reported that it is more stable than the free base form. An analytical

sample of the salt was obtained by recrystallisation from acetone. When required, the salt was
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converted to the free base form: the HCI salt (1g, 2.3 mmol) was dissolved in CHCI; (approx.
50 mL), washed with aqueous saturated NaHCO; (50 mL), dried (MgSQO,), and concentrated
in vacuo to give 98 as a clear oil in the free base form. 'H NMR (400MHz, CDCl;): & 7.75 (d,
J=17.6 Hz, 2H, CH,), 7.60 (d, J= 7.3 Hz, 2H, CH,), 7.39 (t, J= 7.6 Hz, 2H, CH,), 7.30 (t,J =
7.3 Hz, 2H, CH.), 5.41 (br s, 1H, NH,), 4.38 (d, J = 6.8 Hz, 2H, CHy), 4.21 (t, J = 6.8 Hz, 1H,
CH.), 3.27 (m, 4H, CHy & CHy), 2.75 (m, 2H, CH,), 1.47 (s, 9H, CH,), (NH; proton was not
observed); °C NMR (100MHz, CDCl;): & 171.9, 156.6, 144.1, 141.3, 127.7, 127.1, 125.2,
120.0, 81.5, 66.7, 51.3, 48.7, 47.3, 40.7, 28.2. Spectral data agrees with previously reported

data. >

tert-Butyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl]-V-[(thymin-1-yl)acetyl]
glycinate (99)

To a solution of 98 (3.66 g, 9.1 mmol) in anhydrous DMF (50 mL) was added thymin-1-
ylacetic acid (95, 3.60 g, 19.6 mmol), and the mixture was stirred until most of the acid
dissolved. EDC (3.60 g, 18.8 mmol) was added in two equal portions over 30 min, and the
mixture was stirred overnight. The solution was concentrated in vacuo, and to the resulting
thick oil, H,O (100 mL) was added. The mixture was shaken vigorously for several minutes
to precipitate a fine white solid. The solids were collected by filtration, and were washed with
cold H,O, and dried in vacuo. The crude compound was purified by flash chromatography
(CH,Cl,/MeOH 95:5) to yield 99 (4.353 g, 85%) as a white solid. An analytically pure sample
was obtained by recrystallisation using CH,CI,/EtOAc/Hexane 1:1:1. Several days at 18°C
were required for recrystallisation. Ry = 0.45 (CH,Cl/MeOH 95:5). '"H NMR (400MHz,
CDCl): 6 9.13/9.09 (2 x s (rotamers), 1H, NH,), 7.74 (d, J = 7.5 Hz, 2H, CH.), 7.60 (t, J =
7.1 Hz, 2H, CH,,), 7.38 (t, J= 7.4 Hz, 2H, CHy), 7.29 (t,J = 7.6 Hz, 2H, CH,), 6.97/6.86 (2 x s
(rotamers), 1H, CH.), 6.06/5.51 (2 x br s (rotamers), 1H, NH,), 4.49-4.32 (m, 4H, CH; &
CH,), 4.21 (t, J = 6.5 Hz, 1H, CH,), 4.08/3.94 (2 x s (rotamers), 2H, CH,), 3.58-3.35 (m, 4H,
CH, & CH,,), 1.88/1.86 (2 x s (rotomers), 3H, CH,), 1.49/1.46 (2 x s (rotomers), 9H, CH,);
C NMR (100MHz, CDCls): & 168.7, 164.2, 156.8, 151.1, 143.9, 141.1, 127.8, 127.1, 125.1,
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120.0, 110.6, 83.7, 82.7, 66.8, 51.3, 49.9, 48.9, 47.7, 47.3, 39.4, 28.0, 12.3. Spectral data

agrees with previously reported data.*"*!

Methyl adenin-9-ylacetate (101)

NH,

N/ N\

NE e

b N N o
-~
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60% NaH in mineral oil (0.83 g) was washed with hexane under argon to give 0.5 g (21.1
mmol) of neat NaH. In the meanwhile, adenine (2.5 g, 18.5 mmol) was suspended in dry
DMF (37.5 mL) and the NaH (0.5 g, 21.1 mmol, washed with hexane) was added portionwise
with stirring. The reaction mixture was stirred for 2 h at r.t. Subsequently, methyl
bromoacetate (3.5 mL, 37.0 mmol) was added dropwise during 3 h at r.t. After an additional 2
h of stirring, the solvent was removed by evaporation in vacuo. The remaining oil was shaken
with HO (25 mL) resulting in precipitation. The mixture was left at 4°C overnight. The
precipitate was filtered off and was washed with H,O. Recrystallisation from EtOH gave 101
(2.069 g, 54%) as white/yellowish solid. '"H NMR (400MHz, DMSO): & 8.09 (s, 1H, CH,),
8.07 (s, 1H, CH,), 7.23 (br s, 2H, NH,), 5.04 (s, 2H, CHy), 3.67 (s, 3H, CH,); °C NMR
(100MHz, DMSO): & 169.0, 156.5, 153.2, 150.2, 141.7, 118.8, 53.0, 44.3. Spectral data

agrees with previously reported data.*"”!

[N6-(4-Methoxytrityl)-adenin-9-yl] acetic acid (102)
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A mixture of ester 101 (0.5 g, 2.39 mmol), NEM (1.23 mL, 2.39 mmol) and 4-
monomethoxytrityl chloride (1.1 g, 3.59 mmol) in pyridine (7.4 mL) and CH,Cl, (7.4 mL)
was heated at 40°C for 3 h, then at r.t. for 16 h. After evaporation of the solvent in vacuo, the
residue was redissolved in EtOAc (7.4 mL), washed with 1 N aqueous KHSO, (7.4 mL), 10%
aqueous NaHCO; (7.4 mL), brine (7.4 mL), dried over MgSQO, and filtered. After evaporation
of the solvent in vacuo, the residue was dissolved in EtOAc and was filtered through a plug of
silica gel using EtOAc as the eluent (R = 0.52, eluent: EtOAc). After concentrating the
intermediate product was refluxed for 2 h in 1 N aqueous NaOH (15 mL) and stirred at r.t. for
2 h. The solution was then cooled to 0°C. Following addition of 1 N aqueous KHSO,4 (18.6
mL), the mixture was stirred at 0°C for 30 min, giving rise to the precipitation of the product.
After filtration, the residue was washed with small portions of H,O until the filtrate was
neutral (pH = 7). The product was then dried in vacuo. No further purification of was
required. 102 (0.412 g, 37% over 2 steps) was collected as a white solid. An analytical sample
was recrystallised from CH,Cl,. Ry = 0.28 (CH,Cl/MeOH/CH;COOH 100:10:1); "H NMR
(400MHz, CDCls): 8 8.06 (s, 1H, CHy), 7.77 (s, 1H, CH.), 7.41 — 7.10 (m, 12H, CH;, CH,,
CH, & CHj)), 6.78 (d, J = 8.7 Hz, 2H, CHj), 4.84 (s, 2H, CHy), 3.75 (s, 3H, OCHy), (NH, &
COOH, protons were not observed); °C NMR (100MHz, CDCls): & 169.2, 158.4, 154.3,
151.5, 147.6, 144.8, 140.7, 136.8, 130.3, 128.9, 127.9, 126.9, 119.8, 113.2, 71.3, 55.2, 45.1.

Spectral data agrees with previously reported data.**

Allyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl] glycinate (103)

A solution of the hydrochloride salt of 98 (2.0 g, 4.62 mmol) in TFA (13 mL) was stirred for
30 min. The TFA was removed in vacuo. The residue was coevaporated with toluene three
times. The residue was suspended in allyl alcohol (13 mL) and cooled to 0°C.
Thionylchloride (1.16 mL, 15.97 mmol) was added in small portions. The mixture was stirred
at 100°C for 1 h. After cooling to room temperature, diethyl ether (33 mL) was added and
precipitation was allowed to take place overnight at -18°C. Filtration and washing with Et,0
yielded 103 (1.623 g, 84% over two steps) as a white solid. No further purification was
required. 'H NMR (400MHz, CDCl;): 6 7.73 (d, J = 7.6 Hz, 2H, CH,), 7.58 (d, J = 7.3 Hz,
2H, CHy), 7.37 (t, J = 7.6 Hz, 2H, CH,), 7.29 (t, J = 7.3 Hz, 2H, CH,), 5.95-5.82 (m, 1H,
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CH,), 5.64 (br s, 1H, NH,), 5.33-5.25 (m, 2H, CH,), 4.59 (d, J = 5.7 Hz, 2H, CHy), 4.39 (m,
2H, CH)), 4.19 (t, J = 6.6 Hz, 1H, CH,), 3.37 (s, 2H, CHy), 3.24 (m, 2H, CHy), 2.70 (m, 2H,
CH,), 1.93 (br s, 1H, NH;); °C NMR (100MHz, CDCl;): 8 165.7, 144.0, 141.3, 130.6, 127.8,
127.2, 125.5, 120.2, 120.0, 114.4, 67.4, 67.3, 48.9, 47.7, 47.1, 37.8. Spectral data agrees with

previously reported data.’**”!

Allyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl]-NV-{[6-N-(4-methoxytrityl)
adenin-9-yl]acetyl}glycinate (104)

Compound 103 (0.665 g, 1.75 mmol) was dissolved in anhydrous DMF (5 mL). Compound
102 (0.815 g, 1.75 mmol), TOTU (0.57 g, 1.75 mmol) and DIEA (0.595 mL, 3.4 mmol) were
added to the solution. The mixture was stirred for 2 h at r.t. The solvent was removed in
vacuo. The residue was dissolved in EtOAc (25 mL) and was washed with saturated aqueous
NaHCO; (2 x 25 mL), and brine (2 x 25 mL). The combined aqueous phases were back
extracted with EtOAc (2 x 25 mL). The combined organic phases were dried (MgSO,4) and
the solvent was removed in vacuo. 104 was obtained following chromatography on silica gel
using EtOAc as the eluent (0.900 g, 62%). Ry = 0.74 (EtOAc); 'H NMR (400MHz, CDCl;): &
7.93 (s, 1H, CH,), 7.70-7.59 (m, 3H, CH, & CH,), 7.46 (d, J = 7.3 Hz, 2H, CHy), 7.34-7.06
(m, 16H, CHy, CH., CH,, CH,, CH, & CH,), 6.85 (s, 1H, NH,), 6.69 (t, /= 7.3 Hz, 2H, CH,),
6.07 (s, 1H, NH,), 5.90-5.73 (m, 1H, CH)), 5.34 — 5.08 (m, 2H, CH,,), 4.86/4.80 (2 x s
(rotamers), 2H, CH,,), 4.56 (s, 2H, CHy), 4.40-3.95 (m, 5H, CH,, CH,, & CH.), 3.69/3.67 (2 x s
(rotamers), 3H, OCHy,), 3.55/3.49 (2 x s (rotamers), 2H, CHy), 3.37/3.29 (2 x s (rotamers),
2H, CH;); °C NMR (100MHz, CDCL3): & 169.4/69.1, 167.7/167.2, 158.5, 156.9, 154.3, 152.5,
149.1, 145.4, 144.0/143.9, 141.5, 141.1/140.9, 137.4, 131.4/131.1, 130.4, 129.1, 128.0, 127.9,
127.2, 127.0, 125.2/125.0, 120.5, 120.2, 119.4, 113.3, 77.4, 71.2, 66.9, 66.4, 55.4, 49.4, 47 .4,
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43.5, 39.5 (the presence of rotamers was observed). Spectral data incomplete since alternate

strategy was pursued.

6-N-(Benzyloxycarbonyl)adenine (105)
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Sodium hydride (12.14 g, 304 mmol, 60% dispersion in oil) was washed with petroleum ether
(3 x) under an argon atmosphere. After cooling in an ice bath, anhydrous DMF (300 mL) was
added, followed by adenine (10.00 g, 74 mmol) in small portions. The suspension was stirred
vigorously for 15 minutes and then benzyl chloroformate (23.2 mL, 163 mmol) was added
dropwise over approximately 1 h whilst maintaining the temperature at 0°C using the ice
bath. After the addition was complete, the reaction mixture was allowed to reach room
temperature slowly and then it was stirred overnight (approximately 12 h). The mixture was
poured into ice cold H,O (600 mL) and the pH adjusted to 7 with 1 N aq. HCI. The resultant
precipitate was collected by filtration and washed with H,O, and ether. It was dried in vacuo
before being recrystallised from MeOH/CHCIl; 1:1. Two crops were collected yielding 105
(11.800 g, 59%) as a white solid. "H NMR (400MHz, DMSO): & 8.60 (s, 1H, CH,), 8.45 (s,
1H, CH.), 7.56-7.29 (m, 5H, CH,, CH; & CH,), 5.29 (s, 2H, CHy), (NH, & NH4protons were
not observed); *C NMR (100MHz, DMSO + 0.1%DCI): & 152.8, 152.5, 150.7, 146.5, 144.4,
135.4, 128.5, 128.4, 128.1, 112.8, 67.6. Spectral data agrees with previously reported data.’**”

6-N-(Benzyloxycarbonyl)-9-(zert-butoxycarbonylmethyl)adenine (106)
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Synthesis according to scheme 5: To a suspension of 105 (7.634 g, 28.4 mmol) in anhydrous
DMF (61 mL) was added anhydrous Cs,CO; (0.916 g, 2.8 mmol) and anhydrous K,CO;
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(3.970 g, 28.4 mmol). After stirring for 5 min, fert-butyl chloroacetate (4.57 mL, 32.1 mmol)
was added dropwise (approx. 30 min). After stirring for 24 h, the mixture was evaporated to
dryness in vacuo and the residue partitioned between EtOAc (535 mL) and H,O (153 mL).
The organic phase was washed with H,O (153 mL) and brine (153 mL), dried (MgSO,),
filtered and concentrated in vacuo. The residue was recrystallised from EtOAc/hexane 1:1.
Two crops of product were collected yielding 106 (6.629 g, 61%) as a white/beige solid.

Synthesis according to scheme 6: Adenine (20.0 g, 148 mmol) in DMF (350 mL) was treated
with sodium hydride (60% in mineral oil, 6.88 g, 172 mmol) in two portions at 1 h intervals.
After 3 h, all hydrogen gas evolution had stopped and the solution was cooled in an ice bath
and tert-butylchloroacetate (23.2 mL, 163 mmol) was added drop-wise over 30 min. The
reaction was allowed to warm to room temperature while stirring for 12 h after which solvents
were removed in vacuo and H,O (160 mL) was added. After brief stirring, the H,O was
decanted and the remaining sticky oil was dissolved in boiling EtOH and stirred overnight to
obtain 19.915 g (80 mmol) of fert-butyl adenine-9-acetate as a solid (54% yield). This crude
material was dissolved in DMF (160 mL), treated with carbonyldiimidazole (19.44 g, 120
mmol), heated slowly until 105 °C and stirred at that temperature for 2 h. The temperature
was then decreased to 95 °C before adding benzyl alcohol (12.4 mL, 120mmol) and the
reaction was stirred for 12 h without further heating. The reaction was quenched with the
addition of H,O (400 mL) and stirred vigorously for 2 h. The solid was collected and dried
under high vacuum yielding 106 (24.802 g, 43% over two steps) as a white/beige solid. 'H
NMR (400MHz, CDCl;): 6 8.76 (s, 1H, CH,), 8.04 (s, 1H, CH,), 7.45-7.28 (m, SH, CH,, CH,
& CH)), 5.28 (s, 2H, CHy), 4.83 (s, 2H, CHy), 1.45 (s, 9H, CH.), (NH, proton was not
observed); °C NMR (100MHz, CDCls): & 165.7, 153.0, 151.6, 151.2, 149.4, 143.5, 135.5,
128.8, 128.7, 128.6, 120.9, 84.0, 67.9, 45.1, 28.1. Spectral data agrees with previously

reported data.**!

6-N-(Benzyloxycarbonyl)-9-(carboxymethyl)adenine (107)
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Compound 106 (6.629 g, 17.3 mmol) was dissolved in CH,Cl, (65 mL). The solution was
cooled in an ice bath. TFA (65 mL) was added slowly over 20 min at 0°C. The reaction
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mixture was stirred for 2 h at r.t. The mixture was evaporated to dryness in vacuo and any
remaining TFA was removed by co-evaporation with toluene (3 x). The resultant residue was
triturated with Et,O was used to obtain 107 (5.655 g, 100%) as a white/beige solid. An
analytically pure sample of 107 was obtained by recrystallisation from acetone. 'H NMR
(300MHz, DMSO): § 8.64 (s, 1H, CH,), 8.50 (s, 1H, CH.), 7.50-7.29 (m, SH, CH, CH, &
CH,), 5.23 (s, 2H, CH.), 5.10 (s, 2H, CHy), (NH, & COOH,; protons were not observed); °C
NMR (100MHz, DMSO): § 168.9, 152.2, 152.1, 151.5, 149.2, 144.9, 136.3, 128.4, 128.0,

127.8, 122.4, 66.4, 44.3. Spectral data agrees with previously reported data.’**

tert-Butyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl]-V-{[6-/V-(benzoxycarbo-
nyl)adenine-9-yl]acetyl} glycinate (109)

Synthesis according to scheme 7: Compound 98 (1.122 g, 2.833 mmol), compound 107
(0.926 g, 2.833 mmol), HBTU (1.503 g, 3.966 mmol), and HOBT (0.535 g, 3.966 mmol)
were mixed in a dry flask under argon. Anhydrous DMF (17.5 mL) was added, followed by
DIEA (1.207 mL, 6.941 mmol). The resulting solution was stirred overnight (approx. 12 h),
after which the solvent was removed in vacuo. The residue was partitioned between EtOAc
(34 mL) and half saturated brine (34 mL). The aqueous phase was extracted with EtOAc (4 x
34 mL). The combined organic extract was washed with 1 N aqueous HCI (2 x 17 mL),
saturated aqueous NaHCO; (2 x 17 mL), brine (1 x 17 mL), dried (MgSQ,), filtered and
concentrated in vacuo. The resulting solid was purified by flash chromatography eluting with
EtOAc yielding 109 (1.137 g, 57%) as a white crystalline solid.

Synthesis according to scheme 8: Under an argon atmosphere, a suspension of 107 (0.40 g,
1.25 mmol) in anhydrous CH3;CN (3.3 mL) at 0 °C was treated sequentially with NEM (319
uL, 2.50 mmol) in one portion followed by pivaloyl chloride as a drop-wise addition (185 puL,
1.5 mmol). The mixture was stirred for 20 min at 0 °C then compound 98 (0.505 g, 1.28
mmol) was added and the reaction was continued for 90 min at room temperature. The

reaction was then diluted with CH,Cl, (12 mL) and washed with 20% agq. citric acid (10 mL)
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followed by saturated NaHCO; (10 mL). The organic phase was dried over MgSO, and was
concentrated in vacuo. The crude product was purified by silica gel chromatography (eluent:
EtOAc), yielding 109 (0.604 g, 69%) as a white crystalline solid. Ry = 0.44 (CH,Cl,/MeOH
95:5); '"H NMR (400MHz, DMSO-d): & 10.68 (br s, 1H, NH,), 8.50 (d, J = 12.1 Hz, 1H,
CH,), 8.27 (s, 1H, CH.), 7.84 (d, J = 7.1 Hz, 2H, CH,), 7.63 (t, J = 7.6 Hz, 2H, CH,), 7.50-
7.20 (m, 9H, CHy, CH,, CHy,, CH, & CH,), 5.29/5.10 (2 x s (rotamers), 2H, CHy), 5.18 (s, 2H,
CHj), 4.35-4.13 (m, 5H, CH,, CH; & CH,), 3.92 (m (rotamer), 1H, CH,), 3.49 (m (rotamer),
1H, CHy), 3.35 (m (rotamer), 1H, CH,), 3.13 (m (rotamer), 1H, CHy), 1.46/1.32 (2 x s
(rotamers), 9H, CH;), (NH, proton was not observed); “C NMR (100MHz, DMSO-dq): &
168.4, 167.9, 167.2, 166.6, 152.4, 152.1, 151.4, 149.3, 145.2, 143.8, 140.7, 136.4, 128.4,
128.0, 127.8, 127.6, 127.0, 125.0, 123.0, 120.1, 82.1, 81.0, 66.2, 65.5, 48.8, 47.1, 46.7, 27.6.

Spectral data agrees with previously reported data.**

5.3.2 SYNTHESIS OF CHROMOPHORES AND LINKERS

1-Hydroxy-6-[(4-methoxyphenyl)-diphenylmethylamino]-hexane (111)

6-Aminohexan-1-ol (1.00 g, 8.55 mmol) was dissolved in anhydrous pyridine (7ml) and
triethylamine (0.2 mL). To this solution was added a solution of (4-methoxyphenyl)-
diphenylmethyl chloride (2.50 g, 8.12 mmol) in anhydrous pyridine (9 mL) in 3 aliquots at 45
min intervals. The reaction was stirred at room temperature for a further 30 min, and was then
quenched by the addition of MeOH (3 mL). The solution was evaporated to a yellow oil, and
was co-evaporated 3 times with toluene to remove traces of pyridine. The residue was
dissolved in EtOAc and washed with saturated aqueous NaHCOj; solution, H,O and brine.
The organic phase was dried (MgSQy,), filtered and evaporated in vacuo. The crude product
was purified by silica gel chromatography eluting with hexane/EtOAc/NEt; (49.5:49.5:1) to
give 111 (1.681 g, 53%) as a colourless oil. Ry = 0.44 (hexane/EtOAc 1:1); 'H NMR
(400MHz, CDCl;): & 7.50-7.10 (m, 12H, CH,, CHy, CH., & CHy), 6.80 (m, 2H, CHy), 3.77 (s,
3H, O-CH,), 3.60 (t, J = 6.6 Hz, 2H, CH,,), 2.15 (m, 2H, CH,), 1.65-1.20 (m, 8H, CH,, CH,,
CHy, & CH,), (NH, and OH, protons were not observed); BC NMR (100MHz, CDCl): &
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157.8, 146.7, 138.6, 129.9, 128.6, 127.8, 126.1, 113.1, 70.4, 62.9, 55.2, 43.6, 32.8, 30.9, 27.2,

25.8. Spectral data agrees with previously reported data.”*”!

6-[(4-Methoxyphenyl)-diphenylmethylamino]-hex-1-yl hemisuccinate (112)

Compound 111 (1.68 g, 4.32 mmol) was dissolved in anhydrous pyridine (16.8 mL). To this
solution was added succinic anhydride (0.44 g, 4.32 mmol) and DMAP (52.6 mg, 0.44
mmol). After stirring for 3 h at room temperature further succinic anhydride (43.2 mg, 0.43
mmol) and DMAP (105.2 mg, 0.94 mmol) were added and the solution was warmed to 50°C
for 6 h. After a further 16 h at room temperature the solution was evaporated in vacuo. The
residue was dissolved in EtOAc and washed once with an ice cold 5% aqueous solution of
citric acid. The organic phase was dried (MgSQO,), filtered and evaporated in vacuo. The crude
product was purified by silica gel chromatography eluting with CH,Cl,/EtOAc/NEt; 50:49:1
and then with CH,Cl,/MeOH/NEt; 95:5:1 yielding 112 (1.665 g, 79%) as a colourless oil. R
= 0.30 (CH,Cl/EtOAc 1:1); '"H NMR (400MHz, CDCl;): & 7.50-7.10 (m, 12H, CH,, CHy,
CH., & CHy), 6.80 (m, 2H, CHy), 4.02 (t, /= 6.2 Hz, 2H, CH,), 3.77 (s, 3H, O-CH,), 2.55 (m,
4H, CH,, & CH,), 2.37 (t,J= 6.9 Hz, 2H, CH,), 1.65-1.45 (m, 4H, CH;, & CH)), 1.35-1.10 (m,
4H, CH;, & CHy), (NH, and COOH, protons were not observed); C NMR (100MHz,
CDCl;): 6 176.8, 172.6, 158.4, 144.4, 136.2, 130.2, 128.7, 128.1, 127.8, 126.9, 113.4, 72.2,
64.4, 55.3, 44.4, 29.8, 29.7, 28.3, 26.5, 25.7. Spectral data agrees with previously reported

data.*™

5-(4-Methoxycarbonylphenyl)-10,15,20-tris(4-zert-butylphenyl)-porphyrin-Zn(II) (132)
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Methyl 4-formylbenzoate (0.33 g, 2.00 mmol) was dissolved in dry and degassed CHCI; (800
mL) under an inert atmosphere of argon. While stirring at r.t., 4-tert-butylbenzaldehyde (1.00
mL, 6.00 mmol), pyrrole (filtered through alumina, 0.56 mL, 8.00 mmol) and borontrifluoride
etherate (0.83 mL equivalent to 2.64 mmol of BF;) were added whilst maintaining the inert
atmosphere. The reaction mixture was stirred for 1 h at r.t. in the dark before p-chloranil (1.48
g, 6 mmol) was added. The mixture was then refluxed for 1 h. After cooling to r.t.,
triethylamine (0.37 mL, 2.66 mmol) was added to neutralize the acid catalyst. The solution
was then concentrated to about 20 mL and passed through several plugs of silica using
CH,Cl, in order to remove the oxidant. Once all the oxidant had been removed (verified by
TLC), the crude product was purified by silica gel chromatography (eluent:
CH,Cly/cyclohexane 1:1), yielding 132 (263 mg, 16%) as a violet solid. Ry = 0.35
(CH,Cly/cyclohexane 1:1); '"H NMR (400MHz, DMSO): & 8.80-8.75 (m, 6H; CH,), 8.74-9.73
(m, 2H, CH.), 8.35 (d, J = 8.0 Hz, 2H, CH,), 8.32 (d, J = 8.0 Hz, 2H, CHy), 8.08 (d, J = 8.2
Hz, 6H, CH,), 7.77 (d, J = 8.0 Hz, 6H, CH,), 4.03 (s, 3H, CH,), 1.56 (s, 27H, CH,), NH
protons were not observed); °C NMR (100MHz, DMSO): & 166.6, 149.7, 149.5, 149.4,
148.6, 147.9, 139.7, 134.6, 134.1, 132.0, 131.8, 131.7, 132.2, 128.7, 127.4, 123.5, 120.8,
120.5, 118.6, 52.4, 34.7, 31.5 (four peaks corresponding to the fert-butyl groups were
expected, however only two were observed due to overlapping peaks). Spectral data agrees

with previously reported data.'*®’!

5-(4-Carboxyphenyl)-10,15,20-tris(4-tert-butylphenyl)-porphyrin-Zn(II) (133)

Porphyrin derivative (132, 274 mg, 0.30 mmol) was dissolved in THF (15 mL), and 2M
aqueous NaOH (15 mL) was added. The mixture was refluxed for 48 h. The solution was then
cooled to 0°C, and 1M HCI (60 mL) was added to neutralize the sodium hydroxide. The

resulting mixture was extracted with CH,Cl, (3 x 50 mL), dried (Na,SO,), and concentrated
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in vacuo. The product was purified by silica gel chromatography (eluent: CH,Cl,) yielding
133 (254 mg, 95%) as a violet solid. m.p.: decomposed before melting; 'H NMR (400MHz,
DMSO): 6 8.78 (m, 8H, CH«.), 8.35 (d, J = 6.9 Hz, 2H, CH,), 8.29 (d, J = 6.9 Hz, 2H, CH)),
8.08 (d, /= 6.6 Hz, 6H, CH,), 7.78 (d, J = 6.8 Hz, 6H, CH,), 1.56 (s, 27H, CH,), (NH and
COOH protons were not observed); "C NMR (100MHz, DMSO): & 167.6, 149.6, 149.5,
149.4, 148.7, 147.5, 139.8, 134.4, 134.1, 131.9, 131.7, 131.6, 131.2, 129.7, 127.5, 123.4,
120.7, 120.5, 118.8, 34.6, 31.5 (four peaks corresponding to the fert-butyl groups were
expected, however only two were observed due to overlapping peaks); IR (cm™): v 3436.3,
3399.4, 3315.4, 2960.8, 2902.4, 2867.3, 1604.8, 1473.9, 1384.8, 1268.1, 1967.6, 800.3,
734.5; MS (MALDI-HRMS): Found 826.4256 [M]+, Cs7Hs54N,4O, requires = 826.4247; UV-
vis (CH,Cly, 1.t.): Amax [nm] (e [I mol™" em™']): 420 (395471), 517 (15254), 552 (8706), 593
(4336), 650 (7023).

5-azidopentanoic acid (138)

5-Bromovaleric acid (4.0 g, 22 mmol) was dissolved in HO (35 mL) and sodium azide (7.2
g, 110 mmol) was added. The mixture was refluxed for 16 h. The solution was cooled to room
temperature, and concentrated HCI was added until pH 2 was reached. The solution was then
extracted with Et;0 (2 x 130 mL). The combined organic phases were dried (MgSO,) and
concentrated in vacuo. Distillation of the crude product under high vacuum afforded a 138
(1.207 g, 38%) as a colourless oil. '"H NMR (400 MHz, CDCl;): & 3.31 (t, J = 6.6 Hz, 2H,
CH,), 2.41 (t, J= 6.8 Hz, 2H, CH,), 1.77-1.61 (m, 4H, CH, & CH.), (COOH, proton was not
observed); °C NMR (100MHz, CDCl;): & 179.6, 51.1, 33.5, 28.3, 21.9. Spectral data agrees

with previously reported data.'***!

5,10,15,20-Tetrakis-(4-ethynylphenyl)-porphyrin-Zn(II) (140)
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144 (100 mg, 0.094 mmol) was dissolved in anhydrous THF (10 mL) under an argon
atmosphere. Tetrabutylammonium fluoride (TBAF, 98 mg, 0.374 mL of 1M TBAF in THF
solution, 0.378 mmol) was added and the reaction mixture was stirred for 2 h at r.t. The
mixture was filtered through a plug of course silica using CH,Cl, for washing. The mixture
was concentrated in vacuo and was then purified by silica gel chromatography (eluent:
CH,Cl,/cyclohexane 15:85 initially, followed by CH,Cl,/cyclohexane 1:1), yielding 140 (69
mg, 95%) as a violet solid. m.p.: decomposed before melting; 'H NMR (400 MHz, DMSO): &
8.79 (s, 8H, CHy), 8.18 (d, J = 8.0 Hz, 8H, CH.), 7.90 (d, ] = 8.0 Hz, 8H, CH,), 4.46 (s, 4H,
CH,); PC NMR (100 MHz, DMSO): & 149.1, 143.3, 134.4, 131.8, 130.0, 121.1, 119.7, 83.6,
81.9. IR (cm™): v 3414.3, 3293.3, 2959.0, 2925.1, 2849.4, 2107.2, 1723.4, 1603.7, 1488.8,
1338.4, 1205.3, 1104.3, 1066.2, 995.9, 807.3, 796.0, 655.8, 608.5; MS (MALDI-HRMS):
Found 772.1603 [M]+, Cs,HosNyZn requires = 772.1605; UV-vis (CH,Cly, 1.t.): Amax [nm] (€ [1
mol ™' em™']): 424 (573824), 516 (6454), 553 (22480), 593 (7107), 646 (512).

5,10,15,20-Tetrakis-{4-[(trimethysilyl)ethynyl]phenyl}-porphyrin-Zn(II) (144)

4-(Trimethylsilyl)ethynylbenzaldehyde (1.62 g, 8.00 mmol) was dissolved in dry and
degassed CHCI; (800 mL) under an inert atmosphere of argon. While stirring at r.t., pyrrole
(filtered through alumina, 0.56 mL, 8.00 mmol) and borontrifluoride etherate (0.83 mL
equivalent to 2.64 mmol of BF;) were added whilst maintaining the inert atmosphere. The
reaction mixture was stirred for 1 h at r.t. in the dark before p-chloranil (1.48 g, 6 mmol) was
added. The mixture was then refluxed for 1 h. After cooling to r.t., triethylamine (0.37 mL,
2.66 mmol) was added to neutralize the acid catalyst. The solution was then concentrated to

about 20 mL and passed through several plugs of silica using CH,Cl, in order to remove the
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oxidant. Once all the oxidant had been removed (verified by TLC), the crude product was
dried in vacuo. The crude (0.89 g, 0.892 mmol, 45% yield), which was relatively pure after
the plugs of silica, was then dissolved in CHCI; (45 mL). A solution of zinc acetate (1.63 g,
8.9 mmol) in MeOH (45 mL) was added and the mixture was refluxed for 2 h. After cooling
the mixture to r.t., the solvent was removed in vacuo, and the crude product was purified by
silica gel chromatography (eluent: CH,Cl,/cyclohexane 3:7) yielding 144 (884 mg, 42%) as a
violet solid. Ry = 0.63 (CH,Cly/cyclohexane 1:1); m.p.: decomposed before melting; 'H NMR
(400 MHz, THF-d8): 6 8.76 (s, 8H, CH.), 7.93 (d, J = 8.0 Hz, 8H, CH,,), 7.73 (d, J = 8.2 Hz,
8H, CH,), 0.38 (s, 36H, CHrys); °C NMR (100 MHz, THF-d8): 8 147.4, 143.2, 134.9, 131.5,
130.8, 123.8, 120.2, 106.3, 95.8, 0.3; IR (cm'): v 3292.1, 3268.4, 3031.7, 2959.1, 2159.3,
1809.8, 1603.6, 1490.5, 1395.2, 1338.5, 1249.6, 997.1, 866.0, 855.8, 846.6, 808.6, 796.8,
658.4; MS (MALDI-HRMS): Found 1060.3184 [M]+, Ce4HgoN4SisZn requires = 1060.3187;
UV-vis (CH,Cly, 1.t.): Amay [nm] (g [I mol™" ecm™']): 423 (582190), 516 (6454), 552 (22480),
593 (7107), 648 (512).

5,10,15,20-Tetrakis-{4-[1-(pentanoic acid)-1H-1,2,3-triazole-4]phenyl}-porphyrin-Zn(II)
(145)

170



Chapter 5 — Experimental Part

Porphyrin derivative (140, 10 mg, 0.013 mmol), 5-azidopentanoic acid (138, 7.5 mg, 0.052
mmol), copper sulfate (3.3 mg, 0.013) and sodium ascorbate (10.3 mg, 0.052 mmol) were
dissolved in anhydrous DMF (1 mL) under an argon atmosphere. The mixture was stirred for
24 h at 50°C. Excess H,O (approximately 10 mL) was added to the reaction mixture until the
crude product precipitated. The suspension was centrifuged (10 min at 5000 rpm), and after
the supernatant was decanted. The crude was resuspended in HO (10 mL), and was then
centrifugation and decantation was repeated. This was repeated once more. The crude product
was then dissolved in excess THF (approximately 25 mL). The solution was then dried
(Na,SO,) and concentrated in vacuo. The product was then dissolved in a minimum quantity
of THF and then was precipitated using pentane. The suspension was filtered, and the solid
was washed with pentane. After drying under high vacuum, the pure product (145) was
obtained (15 mg, 86%) as a violet solid. m.p.: decomposed before melting; '"H NMR (400
MHz, THF-d8): & 10.76 (s, 4H, COOH,), 8.94 (s, 8H, CH,), 8.45 (s, 4H, CH,), 8.30-8.23 (m,
16H, CH, & CH,), 4.54 (t, J = 6.9 Hz, 8H, CH,), 2.52 (m, 8H, CHy), 2.38 (t, J= 7.2 Hz, 8H,
CH,), 2.08 (quin, J = 7.6 Hz, 8H, CH,); "C NMR (100 MHz, THF-d8): 5 174.4, 151.2, 148.1,
143.9, 135.9, 132.4, 132.0, 124.4, 121.5, 121.2, 50.6, 33.7, 30.9, 23.0; IR (cm'): v 3451.1,
2949.8,2871.1, 1727.9, 1492.3, 1456.8, 1345.2, 1206.0, 1181.6, 1076.4, 1000.2, 800.2, 718.2,
491.0; MS (MALDI-HRMS): Found 1343.4346 [M]+, C7HgsN160sZn requires = 1343.4306;
UV-vis (THF, 1.t.): Amax [nm] (e [1 mol™ cm™]): 427 (563308), 552 (20567), 593 (10339).

a-Chloro-9-anthraldoxime (148)

9-Anthraldoxime (0.100 g, 0.45 mmol) was dissolved in anhydrous DMF (1 mL) under an
argon atmosphere. The solution was cooled to 0°C and tert-butylhypochlorite (63 uL, 0.54
mmol) was added dropwise. The mixture was allowed to reach r.t. slowly and was then stirred
for 1 h at r.t. H;O (10 mL) was then added and the mixture was extracted with Et,O (2 x 10
mL). The combined organic phases were extracted with H;O (10 mL), dried (MgSO,) and
concentrated in vacuo, yielding the pure product (101 mg, 88%) as yellow solid. '"H NMR
(400 MHz, CDCl5): & 8.51 (s, 1H, CH,), 8.23 (d, ] = 8.7 Hz, 2H, CH,), 8.02 (d, J = 8.5 Hz,
2H, CHy), 7.65 (t, J = 7.7 Hz, 2H, CH,), 7.55 (t, ] = 7.6 Hz, 2H, CH,), (N-OH proton was not
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observed); °C NMR (100 MHz, CDCls): & 133.8, 131.1, 130.8, 129.2, 128.8, 128.6, 126.4,

125.9, 125.2. Spectral data agrees with previously reported data.*”

3-(Anthracen-9-yl)-5-(trimethylsilyl)isoxazole (152)

Synthesis according to scheme 22: 9-Anthraldehyde oxime (0.1 g, 0.45 mmol) was dissolved
in CH,Cl, (4 mL) under an argon atmosphere and was then cooled to -10°C. tert-Butyl
hypochlorite (54 uL, 49 mg, 0.45 mmol) was dissolved in CH,Cl, (1 mL) and was added
dropwise to the oxime solution. Once the addition was complete, the reaction mixture was
allowed to stir for 5 min, after which, trimethylsilyl acetylene (96 uL, 66 mg, 0.68 mmol) was
added, followed by NEt; (125 puL, 91 mg, 0.90 mmol) dropwise. The resultant mixture was
stirred for 16 h at room temperature. The reaction mixture was diluted with CH,Cl, (10 mL)
was washed with H,O (10 mL). The organic layer was dried (MgSO,) and concentrated in
vacuo. The residue was purified by silica gel chromatography using 2% EtOAc in
cyclohexane as the eluent, yielding 152 (64 mg, 45%) as a viscous yellow oil.

Synthesis according to scheme 23: 9-Anthraldehyde oxime (0.1 g, 0.45 mmol) was dissolved
in CH,Cl, (4 mL) under an argon atmosphere and was then cooled to -10°C. 1-
chlorobenzotriazole (69 mg, 0.45 mmol) was dissolved in CH,Cl, (1 mL) and was added
dropwise to the oxime solution. Once the addition was complete, the reaction mixture was
allowed to stir for 5 min, after which, trimethylsilyl acetylene (96 uL, 66 mg, 0.68 mmol) was
added. The resultant mixture was stirred for 16 h at room temperature. The reaction mixture
was diluted with CH,Cl, (10 mL) was washed with H,O (10 mL). The organic layer was dried
(MgSOQ,) and concentrated in vacuo. The residue was purified by silica gel chromatography
using 2% EtOAc in cyclohexane as the eluent, yielding 152 (103 mg, 72%) as a viscous
yellow oil.

Synthesis according to scheme 24: Compound 156 (62 mg, 0.13 mmol) was dissolved in
CHCI; (2 mL) under an argon atmosphere, NEt; (54 uL, 39 mg, 0.39 mmol) was added and
the mixture was cooled to -40°C. A 1M solution of trifluoromethanesulfonic anhydride in
CH,Cl, (150 pL, 0.15 mmol) was added dropwise. Once the addition was complete, the
reaction mixture was allowed to stir for 1 h at 0°C, after which, trimethylsilyl acetylene (90

pL, 64 mg, 0.65 mmol) was added. The resultant mixture was stirred for 16 h at room
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temperature. The reaction mixture was diluted with CH,Cl, (10 mL) was washed with H,O (2
x 10 mL). The organic layer was dried (MgSQ,) and concentrated in vacuo. The residue was
purified by silica gel chromatography using 2% EtOAc in cyclohexane as the eluent, yielding
152 (33 mg, 79%) as a viscous yellow oil. 'H NMR (400MHz, CDCl;): & 8.56 (s, 1H, CHy),
8.05 (d, J=17.8 Hz, 2H, CH, & CHj), 7.80 (d, J = 8.7 Hz, 2H, CH. & CH,), 7.51-7.42 (m, 4H,
CH,, CHy, CHy & CH), 6.69 (s, 1H, CH,), 0.48 (s, 9H, CHrys); °C NMR (100MHz, CDCl;):
8 178.6, 159.1, 131.3, 130.8, 128.8, 128.6, 126.4, 125.9, 125.5, 123.8, 116.2, -1.5; IR (cm™):
v 3554.9, 3476.2, 3411.5, 3050.2, 2959.2, 2922.9, 2850.3, 1637.8, 1617.4, 1381.3, 1307.2,
1252.8, 1073.0, 844.8, 759.4, 734.8, 622.5; MS (APCI-HRMS): Found 318.1313 [M+H]",
C0H,0NOSi requires = 318.1314; UV-vis (CH,Cly, 1.t.): Amax [nm] (g [1 mol™ ecm™]): 333
(9946), 348 (19591), 366 (29363), 386 (26789).

O-tert-Butyldiphenylsilyl hydroxylamine (155)

asey!

“NH,

To a stirred suspension of suspension of hydroxylamine hydrochloride (500 mg, 7.19 mmol)
in CH,Cl, (100 mL) was added triethylamine (1.602 g, 15.83 mmol). The mixture was
allowed to stir for 1 h at room temperature under argon. Neat tert-butylchlorodiphenyl silane
(2.058 mL, 2.176 g, 7.91 mmol) was added, and the reaction mixture was allowed to stir
overnight at room temperature. The mixture was then concentrated to dryness and THF (10
mL) was added to the residue. Triethylamine hydrochloride was removed by filtration. The
flask and residue were washed (3 x 5 mL) and the resulting THF solution was concentrated.
Pentane (15 mL) was added to the residue, the mixture was briefly sonicated and the
compound was allowed to crystallise in the fridge. The solid was collected by filtration and
was washed with cold pentane, yielding 155 (1.419 g, 73%) as a colourless crystalline solid.
'H NMR (400MHz, CDCls): & 7.74-7.72 (m, 4H, CHy), 7.43-7.37 (m, 6H, CH, & CHy), 5.27
(s, 2H, NH,), 1.08 (s, 9H, CH,); °C NMR (100MHz, CDCls): & 135.6, 133.6, 129.8, 127.8,

27.4, 19.3. Spectral data agrees with previously reported data.**®
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O-(tert-butyldiphenylsilyl)anthracene-9-hydroxamate (156)

Anthracene-9-carboxylic acid (92 mg, 0.416 mmol) was dissolved in oxalyl chloride (20 mL)
under an inert atmosphere of argon. DMF (5 drops) was added and the mixture was refluxed
for 16 h. The mixture was cooled to room temperature before the excess oxalyl chloride was
removed in vacuo. The compound was dried under high vacuum overnight. The residue was
dissolved in THF (0.5 mL) maintaining the inert conditions. The solution was cooled to 0°C.
A solution of compound 155 (136 mg, 0.5 mmol) and DIEA (145 uL, 107 mg, 0.832 mmol)
in THF (0.5 mL) was prepared and was added dropwise to the anthracene solution. The
mixture was then stirred for 3 h at room temperature. EtOAc (25 mL) was added and the
resultant solution was washed with saturated NaHCO; (25 mL) and H,O (25 mL). The
organic phase was then dried (MgSQO,) and concentrated in vacuo. The residue was purified
by silica gel chromatography (eluent: 10% EtOAc in cyclohexane), yielding 156 (103 mg,
52%) as a yellow solid. m.p.: 135-136°C; '"H NMR (400MHz, DMSO-d6): & 11.67 (s, 1H,
NH.), 8.61 (s, 1H, CHj), 8.04 (d, 2H, CHy), 7.89 (d, 4H, CH,), 7.58 (m, 2H, CH,), 7.57-7.46
(m, 6H, CH, & CHy), 7.31-7.25 (m, 4H, CH, & CH,) 1.17 (s, 9H, CH,). °C NMR (100MHz,
CDCl;): 6 166.7, 136.2, 131.1, 130.9, 130.7, 129.1, 128.4, 128.2, 126.9, 125.6, 125.0, 123 .4,
123.0, 27.0, 19.4; IR (cm™"): v 3200.4, 3052.6, 2955.5, 2929.8, 2856.9, 1648.9, 1498.4,
1471.0, 1427.5, 1116.1, 1060.0, 888.5, 807.9, 737.9, 727.8, 709.2, 698.7, 507.3; MS (APCI-
HRMS): Found 476.2043 [M+H]+, C;31H29NO,Si requires = 476.2046; UV-vis (CH,Cl,, r.t.):
Amax [nm] (g [l mol™" em™']): 348 (18722), 377 (27046), 386 (24683).
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5-(4-Benzylalcohol)-10,15,20-tris(4-tert-butylphenyl)-porphyrin (162)

Porphyrin 132 (858 mg, 1.02 mmol) was dissolved in anhydrous THF (75 mL) under an argon
atmosphere. The solution was cooled to 0°C and then lithium aluminium hydride (78 mg,
2.04 mmol) was added. The mixture was then refluxed for 2 h. Upon cooling, a TLC
indicated a quantitative conversion to the alcohol had occurred. CH,Cl, (250 mL) was added
to the mixture, which was then extracted with H,O (250 mL). The aqueous phase was
extracted with CH,Cl, (250 mL) once more. The combined organic phases were dried
(Na,SO,4) and concentrated in vacuo. Anhydrous toluene was added and was evaporated
(repeated three times) in order to remove any traces of H,O. The product obtained was used
directly in the next step. An analytical sample was purified by filtration through a plug of
silica (eluent: CH,Cl,). Removal of the solvent under vacuum and precipitation with MeOH
yielded 162 (746 mg, 90%) as a violet solid. m.p.: > 350°C; 'H NMR (400 MHz, CDCls): &
8.87 (m, 6H, CHy), 8.82 (d, 2H, CH.), 8.22 (d, 2H, CHy), 8.14 (d, 6H, CH,), 7.76 (m, 8H, CH,
& CHy), 5.07 (d, 2H, CHy), 1.97 (t, 1H, OH)), 1.61 (s, 27H, CH,), (NH protons were not
observed); °C NMR (100 MHz, CDCly): § 150.5, 141.7, 140.1, 139.1, 134.8, 134.5, 125.3,
123.6, 120.3, 120.2, 119.4, 65.4, 34.9, 31.7; IR (cm™'): v 3416.3, 3317.9, 3027.2, 2956.4,
2864.2, 2359.9, 1556.2, 1501.9, 1473.5, 1397.3, 1348.9, 1266.4, 1221.7, 1185.9, 1107.5,
1020.6, 981.9, 966.8, 879.9, 848.4, 732.7, 577.5, 456.2, 426.7, 413.9; MS (MALDI-HRMYS):
Found 812.4451 [M]+, Cs7Hs6Ny4 requires = 812.4454; UV-vis (CH,Cl,, r.t.): Apax [nm] (e [1
mol ™' em™']): 419 (360808), 517 (8775), 552 (3377), 592 (486).
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5-(4-Benzaldehyde)-10,15,20-tris(4-tert-butylphenyl)-porphyrin (163)

162 (175 mg, 0.215 mmol) was dissolved in anhydrous CH,Cl, (20 mL) and triethylamine (90
pL, 0.645 mmol) was added (to neutralize the acidity of the pyridinium chlorochromate
oxidant). In a separate flask, pyridinium chlorochromate (70 mg, 0.323 mmol) was suspended
in anhydrous CH,Cl, (4 mL). A spatula tip of celite was added (in order to adsorb the used up
oxidant and facilitate the purification following the reaction). The porphyrin solution was then
cannulated into the flask containing the oxidant. Anhydrous CH,Cl, (4 mL) was used to rinse
the porphyrin flask, and was also cannulated into the reaction mixture. The reaction solution
was observed to turn dark green and was stirred for 1.5 h at r.t. The mixture was then filtered
through course silica. The silica was washed with CH,Cl, until no more violet solution eluted.
The solution was concentrated in vacuo. The residue was dissolved in a minimum volume of
THF, and then pentane was added to precipitate the product. The product was collected by
filtration and was washed with pentane. 163 (157 mg, 90%) was isolated as a violet solid, and
no further purification was required. m.p.: > 350°C; '"H NMR (400 MHz, CDCl;): & 10.39 (s,
1H, CH,), 8.91-8.88 (m, 6H, CH,), 8.76 (m, 2H, CH,), 8.40 (d, J = 8.0 Hz, 2H, CH,), 8.29 (d,
J= 8.0 Hz, 2H, CHy), 8.15-8.13 (m, J = 8.0 Hz, 6H, CH,), 7.76 (d, J= 8.0 Hz, 6H, CH,,), 1.61
(s, 27H, CH,), (NH protons were not observed); °C NMR (100 MHz, CDCls): § 192.5, 150.6,
148.9, 139.0, 135.5, 135.2, 134.5, 128.0, 123.7, 120.9, 120.6, 119.9, 34.9, 31.7; IR (cm '): v
3943.3, 3733.9, 3441.6, 2961.4, 1702.6, 2359.9, 1600.7, 1546.0, 1501.5, 1471.8, 1397.7,
1361.7, 1266.7, 1203.6, 1107.3, 1020.7, 981.5, 966.3, 847.2, 734.1, 577.5, 411.7; MS
(MALDI-HRMS): Found 810.4313 [M]+, Cs7Hs54Ny requires = 810.4298; UV-vis (CH,Cl,,
1.t.): Amax [nm] (e [1 mol™' cm™]): 419 (371321), 517 (8785), 552 (5926), 592 (1692).
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5-(4-benzaldehyde oxime)-10,15,20-tris(4-tert-butylphenyl)-porphyrin (164)

Porphyrin 163 (150 mg, 0.185 mmol) was dissolved in anhydrous THF (12 mL) under an
argon atmosphere. Anhydrous MeOH (12 mL) was added, followed by hydroxylamine
hydrochloride (19 mg, 0.278 mmol) and sodium acetate (23 mg, 0.278 mmol). The mixture
was stirred for 2 h at r.t. CH,Cl, (100 mL) was added to the mixture, which was then
extracted with H,O (100 mL). The aqueous phase was extracted with CH,Cl, (100 mL) once
more. The combined organic phases were dried (Na,SO,), filtered and concentrated in vacuo.
Anhydrous toluene was added and was evaporated (repeated three times) in order to remove
any traces of H,O. The porphyrin was then dissolved in THF (10 mL), and a solution of zinc
acetate (0.340 g, 1.85 mmol) in MeOH (10 mL) was added and the mixture was refluxed for 2
h. After cooling the mixture to r.t., the solvent was removed in vacuo, and the crude product
was purified by silica gel chromatography (eluent: CH,Cl,). The residue was dissolved in a
minimum volume of THF, and then pentane was added to precipitate the product. The product
was collected by filtration and was washed with pentane yielding 164 (141 mg, 86%) as a
violet solid. m.p.: > 350°C; '"H NMR (400 MHz, THF-d8): & 10.84/10.47 (2 x s (rotamers),
1H, OH; ), 8.87-8.84 (m, 8H, CHy & CH.), 8.38 (s, 1H, CH,), 8.21 (d, J = 8.0 Hz, 2H, CH,),
8.13 (d, J= 8.2 Hz, 6H, CH,), 7.98 (d, J= 8.0 Hz, 2H, CHy), 7.80 (d, J = 8.2 Hz, 6H, CH,),
1.61 (s, 27H, CH,); "C NMR (100 MHz, THF-d8): & 151.3, 151.2, 151.0, 150.9, 149.1,
149.0, 145.6, 141.8, 135.8, 135.5, 133.9, 132.6, 132.4, 132.0, 125.6, 124.3, 121.8, 121.7,
120.8, 35.7, 32.2 (four peaks corresponding to the tert-butyl groups were expected, however
only two were observed due to overlapping peaks); IR (cm™'): v 3552.2, 3479.7, 3412.3,
3235.1, 2960.3, 2923.9, 2856.3, 1638.3, 1616.1, 1492.3, 1461.5, 1338.0, 1264.0, 1205.3,
1108.5, 1067.4, 998.3, 809.1, 800.3; MS (MALDI-HRMS): Found 887.3524 [M]’,
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Cs7H353NsOZn requires = 887.3542; UV-vis (CH,Cl,, r.t.): Apax [nm] (e [1 mol™! cmfl]): 423
(377838), 552 (14510), 593 (4924).

5,10,15,20-Tetrakis-{[|O-(tert-butyldiphenylsilyl)|phenyl-4-hydroxamate}-21,23H-
porphyrin (168)

Meso-tetrakis-(4-carboxyphenyl) porphyrin (160 mg, 0.20 mmol) was suspended in
anhydrous CH,Cl, (16 mL) under an inert atmosphere of argon. Oxalyl chloride (419 uL, 616
mg, 4.848 mmol) was added followed by a catalytic amount of DMF (2 drops). The mixture
was stirred for 16 h at room temperature. After concentrating the solution in vacuo, traces of
oxalyl chloride were removed under high vacuum. The crude acid chloride was then
redissolved in anhydrous CH,Cl, (10 mL), and was added dropwise to a pre-cooled solution
(0°C) of compound 155 (438 mg, 1.616 mmol) and DIEA (842 pL, 4.848 mmol) in
anhydrous CH,Cl, (5 mL). The resultant mixture was stirred under an inert atmosphere
overnight. The mixture was then concentrated in vacuo, and the residue was purified by silica
gel chromatography (eluent: 1% EtOAc in CH,Cl,). The product from the column was
dissolved in a minimal quantity of CH,Cl, and was precipitated using pentane. The precipitate
was collected by filtration and was washed with pentane, yielding 168 (80 mg, 22%) was
obtained as a violet solid. m.p.: >350°C; 'H NMR (400MHz, CDCl): & 8.83-8.79 (m
(rotamer), 4H, CH,), 8.71-8.68 (m (rotamer), 4H, CH,), 8.55/8.26 (2 x s (rotamers), 4H,
NH.), 8.22-8.11 (m, 12H, CH; [8H] & rotamer of CH, [4H]), 7.95-7.93 (m, 8H, CH,), 7.85-
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7.83 (m (rotamer), 12H, CH,), 7.55-7.43 (m, 24H, CH, & CHy), 1.29 (s, 36H, CH,), NH
protons of the porphyrin core were not observed); >C NMR (100MHz, CDCly/THF-d8 1:1): &
167.2, 135.7, 135.1, 133.9, 131.7, 131.4, 129.7, 129.4, 127.8, 127.3, 125.3, 124.0, 26.5, 19.0;
IR (cm™): v 3391.8, 3317.9, 3071.5, 3047.6, 2931.6, 2892.2, 2857.7, 1680.0, 1624.5, 1607.8,
1472.2, 1428.0, 1392.6, 1115.1, 967.1, 935.6, 909.3, 801.2, 739.6, 700.6, 520.5; MS
(MALDI-HRMS): Found 1802.7223 [M]+, C112H106NgOsgSis requires = 1802.7211; UV-vis
(CH,Cly, 1.t.): Amax [nm] (e [1 mol™' cm™']): 421 (608164), 516 (25735), 551 (13329), 591
(8336), 646 (6501).

5,10,15,20-Tetrakis-{4-[S-(trimethylsilyl)isoxazol-3-yl|phenyl}-21,23H-porphyrin (169)

Compound 168 (25 mg, 0.014 mmol) was dissolved in CHCIl; (2 mL) under an argon
atmosphere. Triethylamine (23 pL, 17 mg, 0.168 mmol) was added and the solution was
cooled to -40°C. A 1M solution of trifluoromethanesulfonic anhydride in CH,Cl, (62 uL,
0.616 mmol) was added dropwise. Once the addition was complete, the reaction mixture was
allowed to stir for 1 h at 0°C, after which, trimethylsilyl acetylene (390 uL, 270 mg, 2.8
mmol) was added. The resultant mixture was stirred for 16 h at room temperature. The
reaction mixture was diluted with CH,Cl, (10 mL) was washed with H;O (2 x 10 mL). The
organic layer was dried (Na,SO,4) and concentrated in vacuo. The residue was purified by
silica gel chromatography (eluent: CH,Cl,), yielding 169 (10 mg, 62%) as a violet solid. m.p.:
>350°C; '"H NMR (400MHz, CDCls): 5 8.91 (s, 8H, CH,), 8.33 (d, J = 8.5, 8H, CH,), 8.22 (d,
J=28.2, 8H, CHy), 7.03 (s, 4H, CH,), 0.49 (s, 36H, CH,), (NH protons of the porphyrin core
were not observed); BC NMR (100MHz, CDCl;): 6 179.4, 161.0, 143.7, 135.2, 131.2, 129.1,
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125.7,123.0, 119.8, 111.1, -1.6; IR (cm™"): v 3550.2, 3476.0, 3414.0, 3320.7, 2956.8, 2899.1,
2854.8, 1615.6, 1416.4, 1252.8, 1098.4, 967.9, 949.9, 847.0, 801.6, 761.0; MS (MALDI-
HRMS): Found 1170.4254 [M]+, CesHesNgO4Si4 requires = 1170.4284; UV-vis (CH,Cly, r.t.):
Amax [Nm] (& [l mol™" ecm™']): 421 (650436), 516 (24374), 551 (12190), 591 (6224), 648 (4893).

5,10,15,20-Tetrakis-{4-[S-(phenyl)isoxazol-3-yl]phenyl}-21,23H-porphyrin (171)

Compound 168 (25 mg, 0.0138 mmol) was dissolved in CHCIl; (2 mL) under an argon
atmosphere. Triethylamine (23 pL, 17 mg, 0.168 mmol) was added and the mixture was
cooled to -40°C. A 1M solution of trifluoromethanesulfonic anhydride in CH,Cl, (62 uL,
0.616 mmol) was added dropwise. Once the addition was complete, ethynylbenzene (16 uL,
14.3 mg, 0.138 mmol) was added in one portion, and the reaction mixture was irradiated in
the microwave at 80°C for 0.5 h. The reaction mixture was diluted with CH,Cl, (10 mL) was
washed with H;O (2 x 10 mL). The organic layer was dried (Na,SO,) and concentrated in
vacuo. The residue was purified by silica gel chromatography (eluent: CH,Cl,), yielding 171
(8.3 mg, 51% or 85% per cycloaddition) as a violet solid. m.p.: >350°C; '"H NMR (400MHz,
CDCL): 6 8.94 (s, 8H, CH,), 8.36 (d, J = 8.0, 8H, CH.), 8.29 (d, J = 8.0, 8H, CHy), 8.29 (d, J
= 6.9, 8H, CH.), 7.60-7.50 (m, 12H, CH, & CHy), 7.12 (s, 4H, CHy), (NH protons of the
porphyrin core were not observed); *C NMR (100MHz, CDCls): & 171.0, 163.1, 144.0,
135.2, 130.6, 129.3, 128.9, 127.7, 126.1, 125.4, 119.8, 97.9 (two signals corresponding to
quaternary carbons were not observed); IR (cmfl): v 3547.3, 3413.3, 3318.5, 3126.2, 3056.8,
3037.0,2929.7, 2855.2, 1810.9, 1614.1, 1560.8, 1492.6, 1446.6, 1425.9, 1384.3, 966.9, 949.2,
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798.9, 762.9, 688.7; MS (MALDI-HRMS): Found 1186.3967 [M]+, CsoHs5oNgOy4 requires =
1186.3955; UV-vis (CH,Cl,, 1.t.): Amax [nm] (€ [I mol™ cm™]): 421 (668758), 516 (26334),
552 (14290), 591 (7696), 647 (6232).

O-(tert-butyldiphenylsilyl)pyrene-1-hydroxamate (173)

1-Pyrenecarboxylic acid (123 mg, 0.5 mmol) was dissolved in anhydrous CH,Cl, (5 mL)
under an inert atmosphere of argon. A catalytic amount of DMF (2 drops) and the mixture
was cooled to 0°C. Oxalyl chloride (262 uL, 3.0 mmol) was added dropwise, after which the
mixture was stirred for 16 h at room temperature. After concentrating the solution in vacuo,
traces of oxalyl chloride were removed under high vacuum. The crude acid chloride was then
redissolved in anhydrous CH,Cl, (3 mL), and was added dropwise to a pre-cooled solution
(0°C) of compound 155 (271 mg, 1.0 mmol) and DIEA (521 pL, 3.0 mmol) in anhydrous
CH,Cl, (2 mL). The resultant mixture was stirred under an inert atmosphere overnight, after
which the mixture was concentrated in vacuo. The residue was dissolved in EtOAc (20 mL)
and was washed with H,O (20 mL) and brine (20 mL). The organic phase was dried (MgSQ,),
filtered and concentrated in vacuo. The residue was purified by silica gel chromatography
(eluent: cyclohexane initially, followed by 10% EtOAc in cyclohexane), yielding 173 (100
mg, 40%) as a pale yellow solid. m.p.: 175-176°C; 'H NMR (400MHz, CDCls): & 8.89 (s
(rotamer), 0.2H, NH,), 8.73 (d (rotamer), J = 9.4 Hz, 0.2H, CHy), 8.37 (d (rotamer), J = 8.0
Hz, 0.2H, CH,), 8.21-7.87 (m, 11.4H, CH;[0.8H], CH,[0.8H], CH,, [1H], CH;[1H], CH\[1H],
CH,, [1H], CH, [1H], CH,4 [4H] & NH. [0.8H]), 7.85-7.82 (m, 1H, CH,), 7.73 (d, J = 7.8 Hz,
1H, CH,), 7.53-7.43 (m, 6H, CH,  CH,), 1.26 (s, 9H, CH,); °C NMR (100MHz, CDCLy): &
167.7, 136.0, 135.7, 133.3, 132.9, 131.4, 131.2, 130.8, 130.7, 130.1, 129.3, 129.1, 128.9,
128.5, 128.2, 127.9, 127.5, 127.4, 127.1, 126.6, 126.5, 126.3, 126.0, 125.9, 125.8, 125.7,
125.6, 125.0, 124.7, 124.5, 124.4, 124.3, 124.2, 27.5, 27.0, 19.7, 19.5 (the presence of
rotamers was observed); IR (cmfl): v 3201.0, 3073.1, 3045.3, 2959.6, 2948.2, 2929.8, 2892.2,
2856.1, 1674.8, 1638.3, 1602.1, 1510.4, 1489.6, 1471.3, 1428.2, 1116.0, 1061.9, 919.6, 844.2,
823.9, 712.5, 707.2, 700.5, 503.8; MS (APCI-HRMS): Found 500.2048 [M+H]’,
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C33H30NO,Si requires = 500.2046; UV-vis (CH,Cly, r.t.): Amax [nm] (e [I mol™ cm™]): 332
(21912), 345 (30865).

5-{[O-(tert-butyldiphenylsilyl)|phenyl-4-hydroxamate}-10,15,20-tris(4-zert-butylphenyl)-
21,23H-porphyrin (174)

Porphyrin 133 (50 mg, 0.057 mmol) was suspended in anhydrous CH,Cl, (4 mL) under an
inert atmosphere of argon. Oxalyl chloride (29 uL, 43 mg, 0.34 mmol) was added followed
by a catalytic amount of DMF (2 drops). The mixture was stirred for 16 h at room
temperature. After concentrating the solution in vacuo, traces of oxalyl chloride were
removed under high vacuum. The crude acid chloride was then redissolved in anhydrous
CH,Cl, (4 mL), and was added dropwise to a pre-cooled solution (0°C) of compound 155 (31
mg, 0.114 mmol) and DIEA (59 uL, 0.34 mmol) in anhydrous CH,Cl, (2 mL). The resultant
mixture was stirred under an inert atmosphere overnight. The mixture was then concentrated
in vacuo, and the residue was purified by silica gel chromatography (eluent: CH,Cl,). The
product from the column was dissolved in a minimal quantity of CH,Cl, and was precipitated
using pentane. The precipitate was collected by filtration and was washed with pentane,
yielding 174 (20 mg, 32%) as a violet solid. m.p.: >350°C; 'H NMR (400MHz, CDCl;): &
8.87 (s, 6H, CHy), 8.81/8.68 (2 x d (rotamers), J = 4.8 Hz, 2H, CH.), 8.56/8.23 (2 x s
(rotamers), 1H, NA,), 8.22-8.11 (m, 9H, CH, [2H], CH. [6H] & rotamer of CH; [1H]), 7.96-
7.93 (m, 2H, CHy), 7.87-7.84 (m (rotamer), 3H, CHj), 7.78-7.75 (m, 6H, CHy), 7.55-7.43 (m,
6H, CH & CH)), 1.61 (s, 27H, CH,), 1.29 (s, 9H, CH,), (NH protons of the porphyrin core
were not observed); BC NMR (100MHz, CDCl;): & 159.3, 150.7, 139.2, 136.0, 135.7, 134.9,
134.6, 133.4, 131.7, 131.5, 130.7, 130.1, 128.3, 128.0, 125.5, 124.4, 123.8, 120.6, 120.5,
118.8, 118.0, 35.0, 31.8, 27.6, 27.0, 19.9, 19.5 (the presence of rotamers was observed); IR
(em™): v 3314.3, 2951.5, 2922.4, 2902.3, 2853.8, 1809.4, 1722.3, 1606.5, 1472.6, 1462.4,
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1397.5, 1348.9, 1270.2, 1108.0, 994.4, 966.4, 802.8; MS (MALDI-HRMS): Found 1079.5576
[M]+, C73H73N50,S1 requires = 1079.5534; UV-vis (CH,Cl,, r.t.): Adpax [nm] (g [1 mol™ cmfl]):
420 (592748), 516 (19667), 552 (15347), 593 (7059), 650 (8553).

4-[3-(3-Azidopropyl)thioureido]benzoic acid (176)

4-Carboxyphenyl isothiocyanate (179 mg, 1.0 mmol) was dissolved in DMF (1.0 mL). 3-
Bromopropylamine hydrobromide (200 mg, 2.0 mmol) was added followed by DIEA (142
mg, 1.1 mmol). The mixture was stirred for 16 h at r.t. before 1M HCI (10 mL) was added to
give a white precipitate. The solid was collected, washed with H,O and dried yielding 176
(263, 94%) as a white solid. m.p.: 178-179°C; '"H NMR (400MHz, DMSO-d6): & 12.74 (s,
1H, COOH,), 9.85 (s, 1H, NHy), 8.12 (s, 1H, NH,), 7.86 (d, /= 8.7 Hz, 2H, CHy), 7.86 (d, J =
9.0 Hz, 2H, CH,), 3.57-3.55 (m, 2H, CHY), 3.42 (t, J = 6.7 Hz, 2H, CH,,), 1.83 (quin, J = 6.7
Hz, 2H, CHy); C NMR (100MHz, DMSO-d6): & 180.3, 167.0, 143.7, 130.1, 125.1, 121.0,
48.5,41.4,27.7; IR (cm™"): v 3569.6, 3342.1, 3260.6, 3180.6, 3062.1, 2973.3, 2937.1, 2881.7,
2544.7, 2108.3, 2090.5, 1689.4, 1671.0, 1606.5, 1671.0, 1428.0, 1335.7, 1315.2, 1296.7,
1264.3, 1181.1, 1017.3, 990.8, 714.5, 647.9, 548.4, 480.0; MS (APCI-HRMS): Found
280.0865 [M+H]", C;;H4N50,S requires = 280.0868.

O-(tert-Butyldiphenylsilyl)-4-[3-(3-azidopropyl)thioureido|phenyl hydroxamate (177)

c b
f Q d@
e
]
N3/\_/\NJJ\N a
i H H

176 (400 mg, 1.43 mmol) was suspended in anhydrous CH,Cl, (15 mL) under an inert
atmosphere of argon. A catalytic amount of DMF (4 drops) and the mixture was cooled to
0°C. Oxalyl chloride (146 uL, 1.72 mmol) was added dropwise, after which the mixture was
stirred for 3 h at room temperature. The solution was then cooled to 0°C and was added

dropwise to a solution of compound 155 (466 mg, 1.72 mmol) and DIEA (897 uL, 5.16

183



Bibliography

mmol) in anhydrous CH,Cl, (5 mL). The resultant mixture was stirred under an inert
atmosphere overnight. The reaction mixture was then diluted with CH,Cl, (30 mL) and was
washed with H,O (50 mL) and brine (50 mL). The organic phase was dried (MgSQO,), filtered
and concentrated in vacuo. The residue was purified by silica gel chromatography (eluent:
25% EtOAc in cyclohexane), yielding 177 (312 mg, 41%) as a yellow solid. m.p.: 71-72°C;
'H NMR (400MHz, CDCL3): & 8.31 (s, 1H, NH,), 7.98 (d (rotamer), J = 8.7 Hz, 1.5H, CHy),
7.81/7.71 (2 x d (rotamers), J = 6.7 Hz, 4H, CH,), 7.60 (d (rotamer), J = 8.2 Hz, 0.5H, CHy),
7.50-7.27 (m, 8H, CH,, CH. & CH,), 4.18-4.14 (m, 2H, CH,), 3.47-3.44 (m, 2H, CH)), 2.07-
2.01 (m, 2H, CH)), 1.19 (s, 9H, CH,); °C NMR (100MHz, CDCls): § 179.5, 157.9, 135.8,
135.5, 133.2, 133.1, 131.1, 130.7, 130.1, 128.3, 128.0, 127.1, 118.9, 49.1, 40.2, 27.4, 27.2,
26.9, 19.7, 18.7 (the presence of rotamers was observed); IR (cmfl): v 3595.0, 3531.7, 3355.3,
2955.9, 2932.3, 2857.8, 2099.5, 1777.5, 1653.6, 1427.8, 1399.1, 1364.1, 1283.5, 1172.0,
1115.1, 1016.7, 910.6, 822.8, 741.1, 701.8, 614.1, 504.6; MS (ESI-MS): [M+H]" was not
observed (C,7H33N60,SSi requires = 533.2155). Fragmentation observed: Found 398.2 [M-
CioHi4]", 298.1 [M-CoH,NsS] .

O-Propargylfluorescein (179)

Propargyl bromide (7.8 g, 9.75 mL of an 80% solution in toluene, 65.6 mmol) was added to a
solution of fluorescein sodium salt (120 mg, 3.125 mmol) in a mixture of anhydrous
THF/MeOH (1:1). The resultant solution was stirred for 16 h at r.t. The crude mixture was
concentrated in vacuo, diluted in H,O (150 mL) and extracted with EtOAc (2 x 150 mL). The
combined organic layers were dried (MgSO,), filtered and concentrated in vacuo. The residue
was then purified by silica gel chromatography (eluent: 1% MeOH in CH,Cl,) yielding 179
(552 mg, 48%) as a yellow solid. Rf = 0.6 (10% MeOH in CH,Cl,); '"H NMR (400MHz,
CDCl;): 6 8.02 (d, J= 7.3 Hz, 1H, CHy), 7.70-7.60 (m, 2H, CH, & CH.), 7.16 (d, J= 7.6 Hz,
1H, CH,), 6.87 (d, J = 2.3 Hz, 1H, CH)), 6.74 (d, J = 2.5 Hz, 1H, CH.), 6.70-6.62 (m, 3H,
CH,, CH, & CH), 6.55-6.52 (m, 1H, CHy), 4.72 (s, 2H, CH,), 2.56 (s, IH, CH)); °C NMR
(100MHz, CDCl;): 6 169.7, 159.3, 157.6, 153.2, 152.6, 152.5, 135.2, 129.9, 129.6, 129.4,
126.9, 125.2, 124.1, 112.3, 112.2, 111.7, 110.7, 103.3, 102.2, 84.4, 77.8, 76.3, 56.2; MS
(APCI-HRMS): Found 371.0920 [M+H]", C,3H,50s requires = 371.0919. Spectral data agrees

with previously reported data.'**”
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O-(tert-Butyldiphenylsilyl)-4-(3-{3-[4-(fluorescein-O-methyl)-1H-1,2,3-triazol-1-
yl]propyl}thioureido)phenyl hydroxamate (180)

179 (37.0 mg, 0.1 mmol) and 177 (53.2 mg, 0.1 mmol) were dissolved in DMF (1 mL) in a
microwave reaction vessel. Copper sulfate pentahydrate (2.5 mg, 0.01 mmol) and sodium
ascorbate (7.9 mg, 0.04 mmol) were added and the resultant mixture was irradiated in the
microwave at 120°C for 10 min. The reaction mixture was then diluted with EtOAc (20 mL)
and was washed with 1M HCl,q) (2 x 20 mL) and brine (20 mL). The organic phase was dried
(MgSQ,), filtered and concentrated in vacuo. The residue was purified by silica gel
chromatography (eluent: 1% MeOH in CH,Cl,). The solid residue obtained was dissolved in a
minimal quantity of CH,Cl, and was added dropwise to an excess of pentane. The resultant
precipitate was collected by filtration and was washed with pentane, yielding 180 (35 mg,
39%) as a yellow solid. m.p.: 170-172°C; '"H NMR (400MHz, DMSO-d6): & 11.33 (s, 1H,
OH,), 11.14/10.88 (2 x s (rotamers), 1H, NH,), 9.91 (s, 1H, NH,), 8.19 (s, 1H, NH;), 7.98 (d,J
= 7.3 Hz, 1H, CH,), 7.90-7.62 (m, 9H, CH,4, CHy, CH,,, CHy, & CHy), 7.48-7.37 (m, 8H, CH,,
CH.& CH,), 7.24 (d, J= 7.1 Hz, 1H, CH,), 7.06 (s, 1H, CH,), 6.80-6.63 (m, 3H, CH,, CH,; &
CH,), 6.58 (s, 2H, CH, & CH,), 5.25 (s, 2H, CH,,), 4.52 (m, 2H, CH)), 3.99 (m, 2H, CH)), 2.31
(m, 2H, CHy), 1.15/0.99 (2 x s (rotamers), 9H, CH,); °C NMR (100MHz, DMSO-d6): &
181.7, 168.7, 163.6, 159.7, 159.6, 155.5, 155.3, 152.5, 151.8, 142.2, 136.4, 135.7, 134.8,
134.5, 133.8, 130.2, 129.2, 129.0, 128.5, 127.8, 127.6, 126.1, 124.9, 124.7, 124.1, 112.8,
112.5, 111.3, 109.5, 102.2, 101.7, 82.7, 61.5, 47.1, 27.8, 26.6, 18.7 (two peaks overlapping);
IR (cm™'): v 3527.3, 2954.6, 2933.1, 2858.1, 2348.5, 2336.4, 1776.8, 1632.5, 1609.1, 1503.3,
1464.2, 1428.5, 1399.1, 1363.2, 1285.0, 1249.4, 1177.9, 1114.7, 1010.4, 998.3, 702.4, 503.1;
MS (APCI-HRMS): [M+H]" was not observed (CsoH4sN¢O-SSi requires = 903.2996).
MALDI-TOF was not attempted; UV-vis (CH,Cl,, 1.t.): Amax [nm] (¢ [I mol™ ecm™]): 425
(1565).
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2-Carboxy-1,10-phenanthroline (182)

A solution of 1,10-phenanthroline (2.5 g, 13.9 mmol) in glacial acetic acid (3 mL) was
prepared. 30% hydrogen peroxide (1.5 mL) was added to the solution and the reaction
mixture was maintained at 70-75°C for 3 h, after which further 30% hydrogen peroxide (1.5
mL) was added and the heating was continued for another 3 h. After cooling to r.t., the pH of
the mixture was adjusted to pH ~10 with saturated aqueous potassium hydroxide and then
was extracted repeatedly (5 times) with CHCl;. The combined organic extracts were dried
(MgSQ,), filtered and concentrated in vacuo to give a yellow solid (2.1 g). The crude solid
was dissolved in H,O (35 mL). KCN (2.5 g) was added, followed by a dropwise addition of
benzoyl chloride (3 mL). The resultant mixture was stirred at r.t. for 30 min. After cooling to
0°C, a tan coloured sticky solid was observed. By careful decantation the supernatant solvent
was removed. All the residual H,O was removed by co-evaporation with anhydrous toluene
(3 times). The resultant solid, the crude 2-cyano-1,10-phenanthroline was dissolved in EtOH
(20 mL) and a solution of NaOH (1.6 g) in HO (10 mL) was added. The mixture was
refluxed for 2 h. The solution was then cooled to r.t. and was acidified to pH 5-6 using
concentrated HCI. The solution was then dried in vacuo. H;O (10 mL) was added to the
residue. The suspension was heated to the boiling point and was filtered whilst hot. The
isolated solid was dried yielding 182 (1.57 g, 50% over 3 steps) as a light tan coloured solid.
No further purification was required. m.p.: 210-211°C; '"H NMR (400MHz, DMSO-d6): &
12.97 (br s, 1H, COOH,), 7.97-7.91 (m, 3H, CH., CH ;& CH,), 7.66-7.58 (m, 1H, CHy), 7.53-
7.45 (m, 3H, CH,, CH, & CH,); "C NMR (100MHz, DMSO-d6): 5 167.4, 132.9, 130.8,
129.3, 128.6 (quaternary carbon signals were not observed). Spectral data agrees with

previously reported data.[?¢'-26%

O-(tert-butyldiphenylsilyl)-1,10-phenanthroline-2-hydroxamate (183)
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2-Carboxy-1,10-phenanthrolinem, 182 (224 mg, 1.0 mmol) was dissolved in thionyl chloride
(10 mL) under an inert atmosphere of argon, and the mixture was refluxed for 4 h. The
mixture was cooled to room temperature before the excess thionyl chloride was removed in
vacuo. The compound was also dried under high vacuum to remove any residual thionyl
chloride. The crude acid chloride was then dissolved in anhydrous CH,Cl, (3 mL), and was
added dropwise to a pre-cooled solution (0°C) of compound 155 (542 mg, 2.0 mmol) and
DIEA (1043 pL, 6.0 mmol) in anhydrous CH,Cl, (2 mL). The resultant mixture was stirred
under an inert atmosphere overnight, after which the mixture was concentrated in vacuo. The
residue was dissolved in EtOAc (20 mL) and was washed with HO (20 mL) and brine (20
mL). The organic phase was dried (MgSQ,), filtered and concentrated in vacuo. The residue
was purified by chromatography on basic alumina (eluent: EtOAc), yielding 183 (164 mg,
34%) as a colourless crystalline solid. m.p.: 115-117°C; 'H NMR (400MHz, CDCl;): &
8.31/7.93 (2 x s (rotamers), 1H, NH,), 7.83-7.80 (m, 3H, CH,, CH; & CH,), 7.74-7.71 (m
(rotamer), 2H, CH,), 7.51-7.27 (m, 12H, rotamer of CHy [2H], CH, [2H], CH.[4H], CH;[1H],
CHy, [1H], CH; [1H] & CH, [1H]), 1.18 (s, 9H, CH,); '"H NMR (100MHz, CDCLy): & 167.1,
159.0, 135.9, 135.5, 133.3, 132.4, 131.9, 131.4, 130.7, 130.6, 130.0, 129.1, 128.8, 128.4,
128.2,127.8, 127.1, 126.1, 27.4, 26.9, 19.8, 19.4 (the presence of rotamers was observed); IR
(em™): v 3439.9, 3206.0, 3074.2, 3047.9, 2957.5, 2857.7, 2892.3, 2857.7, 1653.7, 1514.9,
1485.5, 1470.2, 1428.0, 1313.6, 1163.4, 1116.7, 902.9, 822.5, 764.3, 738.1, 712.6, 702.1,
693.3, 614.8, 505.2; MS (ESI-MS): [M+H]+ was not observed (CyoH,sN30,Si requires =
478.1951). Fragmentation observed: Found 398.2 [M—C6H5]+, 264.1 [M—C16H19]+.

5.3.3 SoLID PHASE PNA SYNTHESIS

5.3.3.1 Initial trials utilising Tentagel resin

6-((4-Methoxyphenyl)-diphenylmethylamino)-hex-1-yl succinylamido-Tentagel (113)

9]
Mmt\N/\/\/\/ONN Tentagel
H o H | solid support

Amino-Tentagel (0.25 g) was swollen for 10 min with a solution of NEM (0.05 mL) and
DMF (2.5 mL), then filtered. A solution of 112 (48.7 mg, 0.082 mmol), NEM (8.7uL, 0.069
mmol) and TBTU (26.5 mg, 0.082 mmol) in DMF (1.5 mL) was prepared and immediately
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added to the Tentagel-NH,. The resulting suspension was shaken for 16 h at room
temperature. The derivatised Tentagel was filtered off and washed with DMF (3 x 3 mL),
CH,Cl, (3 x 1 mL) and Et,0 (3 x 1 mL), then dried in vacuo. A qualitative Kaiser test was
applied to a sample of the resin at this stage and it indicated that there was an absence of free
amines. The resin was then capped by treatment with a solution of 0.5 M acetic anhydride, 0.5
M lutidine and 0.5 M 1-methyl imidazole in THF (1 mL) for 1 h. The derivatised and capped
Tentagel was filtered off and washed with CH,Cl, (3 x 1 mL), followed by Et,O (3 x 1 mL),

and was then dried in vacuo. Another Kaiser test was applied. No free amines were detected.

6-aminohex-1-yl succinylamido-Tentagel (114)

(0]
/\/\/\/ON Tentagel
H2N o H solid support

113 (250mg, 0.0625 mmol of active sites) was suspended in a 3% solution of TFA in CH,Cl,
(2 mL). The mixture was shaken for 5 min at r.t. after which the resin was filtered. This was
repeated a further two times. After the third treatment, the resin was washed with DMF (3 x 2
mL), CH,Cl, (3 x 2 mL) and Et,O (3 x 2 mL). Each wash was shaken for 5s before draining.
A qualitative Kaiser test was then applied to a sample of the resin to determine if the
deprotection had been successful. If a positive test was observed, then the procedure to
synthesize 40 was performed. If a negative or partial positive test was observed, the whole
deprotection procedure was repeated.

Result: The Kaiser test was positive (the resin beads changed from colourless to blue)

indicating free amine groups were present, therefore the deprotection was successful.

6-(V-(2-(V-9-Fluorenylmethoxycarbonyl)aminoethyl)- V-((thymin-1-yl)acetyl)glycine
amido)-hex-1-yl succinylamido-Tentagel (115)

(0]
\fLNH
N/J*o
Kfo o) o)
Fmoc\N/\/N\)]\N/\/\/\/ONN Tentagel
H H o H | solid support
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Refer to the monomer coupling procedure in the general solid phase synthesis procedures
(section 5.3.3.5).
Result: The Kaiser test was negative (the resin beads remained colourless) indicating free

amine groups were absent, therefore the coupling was successful.

6-(V-(2-(IV-9-Acetyl)aminoethyl)-V-((thymin-1-yl)acetyl)glycine amido)-hex-1-yl
succinylamido-Tentagel (116)

O
| NH
NAO

O

Kfo o] o]
)J\N/\/N\)J\N/\/\/\/ONN Tentagel
H H o H | solid support

Refer to the FMOC deprotection and capping procedures in the general solid phase synthesis
procedures (section 5.3.3.5). Both procedures were carried out starting from the deprotection
and followed by the capping.

Result: The Kaiser test following the deprotection was positive (the resin beads changed from
colourless to blue) indicating free amine groups were present, therefore the deprotection was
successful. The Kaiser test following the capping was negative (the resin beads remained

colourless) indicating free amine groups were absent, therefore the capping was successful.

5.3.3.2 Microwave solid phase PNA synthesis procedures (Biotage

microwave)

Swelling — The resin (200 mg) was placed in a MacroKan™ vessel (obtained from IRORI, a
subsidiary of Discovery Partners International Inc.) and was immersed in CH,Cl,. After
allowing the suspension to stand at r.t. for 1 h, the resin was filtered and washed with DMF (5

x 4 mL).

Deprotection of the N-terminal FMOC protecting group — 20% piperidine in DMF (4 mL for
200 mg resin) was added to the resin. The mixture was irradiated in the microwave for 30s at
60°C (pre-stirring: 15s, stirring rate: 900rpm, heating mode: very high, FHT: on). The resin
was filtered in vacuo and washed with DMF (2 x 4 mL). Another 4 mL of 20% piperidine in

DMF was added to the resin. The mixture was irradiated for 150s at 60°C (pre-stirring: 15s,
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stirring rate: 900rpm, heating mode: very high, FHT: on). The resin was filtered in vacuo and
washed with DMF (5 x 4 mL). A qualitative Kaiser test was then applied to a small sample of
the resin to determine if the deprotection had been successful. If a positive test was observed,
then the monomer coupling procedure was performed. If a negative or partial positive test was

observed, the second irradiation was repeated.

Monomer coupling — The rink amide resin had a loading of 0.64 mmol/g. 200 mg were used
i.e. 0.128 mmol. 4 equivalents of the appropriate monomer (0.512 mmol, lysine: 257 mg,
thymine: 259 mg, adenine: 332 mg) and 4 equivalents of HBTU (0.512 mmol, 194 mg) were
dissolved in 270 equivalents of anhydrous DMF (35 mol, 2.7 mL) and 8 equivalents of NEM
(1.024 mmol, 130 pL). The mixture was stirred for 2 min at r.t. before the resin in the
macrokan was added to the solution. The mixture was then irradiated for 5 min at 60°C (pre-
stirring: 15s, stirring rate: 900rpm, heating mode: very high, FHT: on). The resin was filtered
in vacuo and washed with DMF (5 x 4 mL). A qualitative Kaiser test was then applied to a
sample of the resin to determine if the coupling had been successful. If a negative test was
observed, then the next deprotection was performed. If a positive or partial positive test was

observed, the whole coupling procedure was repeated.

Storage — Following any coupling reaction, i.e. when the N-terminal of the growing oligomer
was protected, the process could be stopped for a brief period e.g. overnight. The derivatised

resin was stored suspended in 1:1 CH,Cl,/DMF at 4°C.

Resin cleavage — The derivatised resin was shaken in TFA/m-cresol 4:1 (2 mL) for 1 h. The
colour of the resin was observed to change from its original clear/yellowish colour to red. The
resin was filtered and the filtrate was collected. An excess of ice-cold Et,O (5-fold or more)
was added to the filtrate yielding a precipitate. The suspension was centrifuged to give a
white pellet. The supernatant solution was decanted carefully. To the pellet was added further
ice-cold Et,0, and after vortexing to resuspend the pellet, the centrifugation and decantation

was repeated. This was repeated once more (3 centrifugations in total) to give the crude PNA.

PNA analysis — Refer to the procedures described in section 5.3.3.5.
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5.3.3.3 Microwave solid phase PNA synthesis procedures (CEM

Discover microwave)

Swelling — The resin (200 mg) was placed in a CEM reaction vessel and was immersed in
CH,Cl,. After allowing the suspension to stand at r.t. for 1 h, the resin was filtered and

washed with DMF (5 x 4 mL).

Deprotection of the N-terminal FMOC protecting group — 20% piperidine in DMF (4 mL for
200 mg resin) was added to the resin. The mixture was irradiated in the microwave for 2min
at 60°C (power: 20W, AT: 3°C). The resin was filtered in vacuo and washed with DMF (2 x 4
mL). Another 4 mL of 20% piperidine in DMF was added to the resin. The mixture was
irradiated for 4min at 60°C (power: 20W, AT: 3°C). The resin was filtered in vacuo and
washed with DMF (5 x 4 mL). During all the reactions, nitrogen was bubbled through the
mixture for agitation purposes. A qualitative Kaiser test was then applied to a small sample of
the resin to determine if the deprotection had been successful. If a positive test was observed,
then the monomer coupling procedure was performed. If a negative or partial positive test was

observed, the second irradiation was repeated.

Monomer coupling — The rink amide resin had a loading of 0.64 mmol/g. 200 mg were used
i.e. 0.128 mmol. 4 equivalents of the appropriate monomer (0.512 mmol, lysine: 257 mg,
thymine: 259 mg, adenine: 332 mg) and 4 equivalents of HBTU (0.512 mmol, 194 mg) were
dissolved in 270 equivalents of anhydrous DMF (35 mol, 2.7 mL) and 8 equivalents of NEM
(1.024 mmol, 130 pL). The mixture was then irradiated for 12min at 60°C (power: 10W, AT:
3°C). During all the reactions, nitrogen was bubbled through the mixture for agitation
purposes. The resin was filtered in vacuo and washed with DMF (5 x 4 mL). A qualitative
Kaiser test was then applied to a sample of the resin to determine if the coupling had been
successful. If a negative test was observed, then the next deprotection was performed. If a

positive or partial positive test was observed, the whole coupling procedure was repeated.

Storage — Following any coupling reaction, i.e. when the N-terminal of the growing oligomer
is protected, the process can be stopped for a brief period e.g. overnight. The derivatised resin

is stored suspended in 1:1 CH,Cl,/DMF at 4°C.

Resin cleavage — The derivatised resin was shaken in TFA/m-cresol 4:1 (2 mL) for 1 h. The
colour of the resin was observed to change from its original clear/yellowish colour to red. The

resin was filtered and the filtrate was collected. An excess of ice-cold Et,O (5-fold or more)
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was added to the filtrate yielding a precipitate. The suspension was centrifuged to give a
white pellet. The supernatant solution was decanted carefully. To the pellet was added further
ice-cold Et,0, and after vortexing to resuspend the pellet, the centrifugation and decantation

was repeated. This was repeated once more (3 centrifugations in total) to give the crude PNA.

PNA analysis — Refer to the procedures described in section 5.3.3.5.

5.3.3.4 Microwave solid phase PNA synthesis procedures (CEM

Liberty microwave)

Swelling — The resin (156 mg) was placed in a CEM reaction vessel and was immersed in
CH,Cl,. After allowing the suspension to stand at r.t. for 1 h, the resin was filtered and

washed with DMF (5 x 4 mL).

The following solutions were prepared and set up on the liberty machine:
- Deprotection solution: 20% piperidine in DMF
- 0.2M of Fmoc-Lys-Z-OH in DMF
- 0.2M of thymine monomer in DMF
- 0.2M of adenine monomer in DMF
- 0.5M of HBTU in DMF
- 2.0M of NEM in DMF
- Capping solution: 20% acetic anhydride in DMF
- Washing solvent: DMF

Deprotection of the N-terminal FMOC protecting group — During each cycle, the resin (156
mg) was irradiated twice in the presence of 20% piperidine in DMF in the microwave as
follows:

i) 30sat75°C (power: 35W).

ii) 3 min at 75°C (power: 44W).

The resin was then subjected to the washing sequence (see below).

Monomer coupling — The rink amide resin had a loading of 0.64 mmol/g. 156 mg were used
i.e. 0.1 mmol. During each cycle the following quantities of solutions were added:
a) 2.5 mL of the appropriate 0.2M amino acid solution

b) 1.0 mL of the HBTU solution

192



Chapter 5 — Experimental Part

c) 0.5 mL of the NEM solution
The mixture was then irradiated for 7 min at 75°C (power: 25W). The resin was then

subjected to the washing sequence (see below).

Capping — The resin was capped following every coupling reaction. 2.5 mL of the capping
solution was added to the resin and following microwave irradiation sequence was applied
maintaining the same solution:

i) 30sat 65°C (power: 40W).

ii) 30 s at 65°C (power: OW).

iii) 30 s at 65°C (power: 40W).

iv) 30 s at 65°C (power: OW).
Once the sequence was complete, the resin was then subjected to the washing sequence (see

below).

Washing — The resin was filtered and washed 6 times with DMF (4 mL) alternating the
between top and bottom washes i.e. the washing solvent was either sprayed into the reaction

vessel from the top or bottom.

Resin cleavage — The derivatised resin was shaken in TFA/m-cresol 4:1 (2 mL) for 1 h. The
colour of the resin was observed to change from its original clear/yellowish colour to red. The
resin was filtered and the filtrate was collected. An excess of ice-cold Et,O (5-fold or more)
was added to the filtrate yielding a precipitate. The suspension was centrifuged to give a
white pellet. The supernatant solution was decanted carefully. To the pellet was added further
ice-cold Et,0, and after vortexing to resuspend the pellet, the centrifugation and decantation

was repeated. This was repeated once more (3 centrifugations in total) to give the crude PNA.

PNA analysis — Refer to the procedures described in section 5.3.3.5.
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5.3.3.5 Manual solid phase PNA synthesis procedures

RESIN PREPARATION

Resin — Rink amide resin (250 mg, 0.52 mmol/g loading).

Swelling — The resin was immersed in CH,Cl,, and after allowing the suspension to stand at

r.t. for 16 h, the resin was filtered.

Deprotection of the N-terminal FMOC protecting group — 20% piperidine in DMF (4 mL)
was added to the resin. After 5 min of shaking, the resin was filtered. Once again, 20%
piperidine in DMF (4 mL) was added to the resin. After 10 min of shaking, the resin was
filtered. The resin was then washed (2 x DMF, 2 x CH,Cl,, 1 x DMF). Each wash was
agitated for 5s before draining. A qualitative Kaiser test was then applied to a sample of the
resin to determine if the deprotection had been successful. If a positive test was observed,
then the monomer coupling procedure was performed. If a negative or partial positive test was

observed, the whole deprotection procedure was repeated.

Lysine coupling and control of the resin loading — The desired loading of the resin in this
oligomerisation was 0.4 mmol/g. In order to achieve this loading the following reagent

quantities were used in this first coupling.

Reagent/solvent | Equivalents | Molecular Moles Mass Volume
weight (mmol) (mg) (nL)
(gmol™)

Rink amide resin | 1.00 0.52 mmol/g | 0.13 250 -

Fmoc-Lys(Z)-OH | 0.92 503 0.12 60 -

HBTU 0.77 379 0.10 38 -

DIEA 9.20 129 1.20 155 198

NMP - - - - 1704

Fmoc-Lys(Z)-OH and HBTU were dissolved in NMP. DIEA was added and the mixture was
stirred at 45°C for 5 min before being added to the deprotected resin. The resultant resin
suspension was agitated using argon bubbling for 1 h at r.t. The solution was then filtered and

the resin was washed (5 x DMF). Each wash was agitated for 5s before draining.

194




Chapter 5 — Experimental Part

The remaining unreacted terminal amino groups on the resin were then capped by exposing
the resin to 10% acetic anhydride in NMP (2.5 mL) for 30 min at r.t. The solution was then
filtered and the resin was washed (5 x DMF). At this point the resin was assumed to have a
loading of 0.4 mmol/g. Therefore, since 250 mg of resin were used, the scale of the PNA
oligomerisation was 0.1 mmol.

At this point, a qualitative Kaiser test was then applied to a sample of the resin to determine if
the coupling and capping procedures had been successful. If a positive test was observed, then
the capping procedure was performed once again. If a negative test was observed, the PNA

oligomerisation could be started.

PNA OLIGOMERISATION CYCLES

Weighing — Before starting the oligomerisation, the solids (PNA monomer and HBTU) were
pre-weighed and mixed into vials labeled according to their position in the sequence i.e. in
this case 1-12. The vials were closed and stored in the fridge until approximately 1 h before

their use.

Deprotection of the N-terminal FMOC protecting group — 20% piperidine in DMF (4 mL)
was added to the resin. After 2 min of shaking, the resin was filtered. Once again, 20%
piperidine in DMF (4 mL) was added to the resin. After 10 min of shaking, the resin was
filtered. (Note: the coupling solution was prepared during these 10 minutes!) The resin was
then washed (2 x DMF, 1 x CH,Cl,, 1 x DMF). Each wash was agitated for 5s before
draining. A qualitative Kaiser test was then applied to a sample of the resin to determine if the
deprotection had been successful. If a positive test was observed, then the monomer coupling
procedure was performed. If a negative or partial positive test was observed, the whole

deprotection procedure was repeated.

Monomer coupling — The monomer coupling were performed with the following reagent

quantities.
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Reagent/solvent | Equivalents | Molecular Moles Mass Volume
weight (mmol) (mg) (nL)
(gmol™)

Rink amide resin | 1.0 0.4 mmol/g 0.10 250 -

bearing lysine

PNA monomer:

Thymine 5.0 506 0.50 253 -
Adenine 5.0 650 0.50 325 -
HBTU 4.5 379 0.45 171 -
DIEA 12.0 129 1.20 155 198
NMP - - - - 1800

When 5 min were remaining in the final deprotection with 20% piperidine, the coupling
solution was prepared. The pre-weighed mixture of PNA monomer and HBTU was dissolved
in NMP. DIEA was added and the resultant solution was stirred at 45°C for 5 min before
being added to the deprotected resin. (Note: the addition to the resin should be done as soon
as the resin deprotection is complete to prevent side reactions from occurring). The resultant
resin suspension was agitated using argon bubbling for 30 min at r.t. The solution was then
filtered and the resin was washed (5 x DMF). Each wash was agitated for 5s before draining.

A qualitative Kaiser test was then applied to a sample of the resin to determine if the coupling
had been successful. If a negative test was observed, then the capping procedure was
performed. If a positive or partially positive test was observed, the whole coupling procedure

was repeated with a fresh coupling solution.

Capping — The resin was exposed to 10% acetic anhydride in NMP (2.5 mL). The resultant
resin suspension was agitated using argon bubbling for 5 min at r.t. The solution was then
filtered and the resin was washed (5 x DMF). Each wash was agitated for 5s before draining.
The deprotection, coupling, capping cycle was repeated until the desired oligomer sequence
was complete. If the process was not continuous, or upon completing the sequence, then the

resin was stored as follows:

Storage — Derivatised resins were always stored suspended in 1:1 CH,Cl,/DMF at 4°C.

196




Chapter 5 — Experimental Part

PNA ISOLATION

Resin cleavage — The derivatised resin (25 mg) was stirred in TFA/m-cresol 4:1 (250 uL) for
1 h. The colour of the resin was observed to change from its original clear/yellowish colour to
red. The resin was filtered and the filtrate was collected. The flask and resin were washed
with TFA. The washing were added to the filtrate. The filtrate was concentrated using a
stream of nitrogen until all volatiles were removed. Then, an excess of ice-cold Et,O (5-fold
or more) was added to the filtrate yielding a precipitate. The suspension was centrifuged to
give a white pellet. The supernatant solution was decanted carefully. To the pellet was added
further ice-cold Et,O, and after vortexing to resuspend the pellet, the centrifugation and
decantation was repeated. This was repeated once more (3 centrifugations in total) to give the

crude PNA, which was dried under vacuo.

PNA HPLC analysis — The crude PNA oligomers that were isolated, as well as purified PNA
oligomers were analysed by analytical reverse phase HPLC using 0.1% TFA in H,O (A) and
0.1% TFA in CH;CN (B) as eluents. The flow rate was 1 mL per min. The gradient of the

eluents is described in the table below.

Time (min) Gradient
From To

0-5 100% A 65% A :35% B
5-15 65% A :35% B 65% A :35% B
15-40 65% A :35% B 15% A : 85% B
40-41 15% A : 85% B 100% B

41-46 100% B 100% B

46-48 100% B 100% A

PNA purification — The crude PNA oligomers that were isolated were purified by semi-
preparative reverse phase HPLC using 0.1% TFA in H,O (A) and 0.1% TFA in CH;CN (B) as
eluents. The flow rate was 18 mL per min. The gradient of the eluents is described in the table

below.
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Time (min) Gradient
From To

0-5 100% A 65% A :35% B
5-15 65% A :35% B 65% A :35% B
15-50 65% A :35% B 15% A : 85% B
50-51 15% A : 85% B 100% B

51-56 100% B 100% B

56-60 100% B 100% A

PNA identification — Analysis of the purified PNA oligomers was carried out by MALDI-
TOF MS or ESI MS.

PNA DEPROTECTION IN SOLUTION

Fmoc deprotection — 20% piperidine in DMF (1 mL) was added to PNA oligomer (2.5 mg)
and was stirred for 20 min at r.t. Et;O (45 mL) was added to precipitate the PNA. The
suspension was centrifuged (5 min at 5000 rpm) and then the supernatant was decanted. The
whole procedure was repeated once more on the residue that was obtained, however the
precipitation and decantation was performed three times instead of once. The residue that was
obtained was dried in vacuo.

Cbz deprotection — The dried residue was dissolved in anhydrous DMF (30 pL) and was
cannulated into a 1 mL flask (microwave tube). Trimethylsilyl iodide (TMSI, 12 uL, 0.084
mmol) was added using a dry microliter syringe. The mixture was stirred for 16 h at 50°C,
after which anhydrous MeOH (14 pL, 0.336 mmol) was added. The resultant mixture was
stirred for 30 min at r.t. The volatile components were then removed under high vacuum
leaving an oily residue, which was then precipitated with Et,O (45 mL). The suspension was
centrifuged (5 min at 5000 rpm) and then the supernatant was decanted. The precipitation,
centrifugation and decantation was repeated twice more. The residue was then dried in vacuo,

and was analysed and purified by HPLC.

Deprotected PNA HPLC analysis — The crude PNA oligomers that were isolated, as well as
purified PNA oligomers were analysed by analytical reverse phase HPLC using 0.1% TFA in
H,O (A) and 0.1% TFA in CH;CN (B) as eluents. The flow rate was 1 mL per min. The

gradient of the eluents is described in the table below.
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Time (min) Gradient
From To
0-25 100% A 40% A : 60% B
25-35 40% A : 60% B 100% B
35-45 100% B 100% B
45-47 100% B 100% A
47-50 100% A 100% A

Deprotected PNA purification — The crude PNA oligomers that were isolated were purified by
semi-preparative reverse phase HPLC using 0.1% TFA in H,O (A) and 0.1% TFA in CH;CN

(B) as eluents. The flow rate was 15 mL per min. The gradient of the eluents is described in

the table below.

Time (min) Gradient

From
0-30 100% A 0-25
30-40 40% A : 60% B 25-35
40-50 100% B 35-45
50-55 100% B 45-47
55-60 100% A 47-50

PNA identification — Analysis
TOF MS or ESI MS.

5.3.4

of the purified PNA oligomers

ISOLATED PNA OLIGOMERS

PNA dimer - sequence: lys-TT (122)

o Y=o
N N HN
o)\N OZ\N

Oiu/\j&\iu/\i‘f\iu NH,
O

was carried out by MALDI-
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122 was synthesized according to the procedures described in section 5.3.3.5. HPLC retention

time: 26.6 min. MS (MALDI-HRMS): Found 1056.3824 [M+Na]+, Cs1HsoN;013Na requires

=1056.4192.
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HPLC chromatogram of 122 (crude product). Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient:
0.1% TFA in H,O to 0.1% TFA in CH3;CN, flow: 1 mL/min, r.t.

1009003734
Q
P
[ N
»«3 A,
4 o I
[M+Na]* @,,\Oiuﬁ\,m,‘ﬂN\,N‘vij -
i :
9]
1056.3834
901.3752
1057.3860
=
[992:3718 1058.3945
922.3494
923.3511 ggo'f;;44175
. 1072.3545
9243400  P83MU 1073.3595 1138.4521 1268.4607 13224818
l j 9924258 | L/ : i pliecuiesdl1ssias]) _1270.4722 | 1324 4534
[ TP ; o I /1‘01"9512‘ ) . dehiasss . el e ; 125‘3-4957wa e Hf e
900 925 950 975 1000 1025 1050 1075 1100 1125 1150 1175 1200 1225 1250 1275 1300 1325

200

MALDI-TOF MS of 122



Chapter 5 — Experimental Part

PNA tetramer — sequence: lys-TTAA (123)

@oiw (Poim o o O>:O
= z HN
AL e e
. o)

Au/\/N\)kN/\/N\)ku/\/N\)KN/\/N\)Lu NH,
O o}
123 was synthesized according to the procedures described in section 5.3.3.5. HPLC retention
time: 30.3 min. MS (MALDI-HRMS): Found 1852.81 [M+H]+, CsoHogN,sOy; requires =

1852.73, Found 1744.75 [M-F1]", Cg;HooN25O,0 requires = 1744.68; Found 1656.65 [M-F2]",
C75HggN2sOy requires = 1656.64. Refer to Figure 81 (Page 104) for structures of F1 and F2.
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HPLC chromatogram of 123 (crude product). Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient:
0.1% TFA in H,O to 0.1% TFA in CH3CN, flow: 1 mL/min, r.t.
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HPLC chromatogram of 123 (purified product). Agilent Zorbax SB-C18, 5 pum, 4.6 x 250 mm,
gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.
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PNA octamer — sequence: lys-TTAATTAA (125)

o o Q
(P (Po NH a @J\ (POJ\NH o o 0):0
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125 was synthesized according to the procedures described in section 5.3.3.5. HPLC retention
time: 30.3 min. MS (MALDI-HRMS): Found 3203.32 [M+H]+, C1490H 164N 47037 requires =
3203.24, Found 2793.09 [M -2F1 —F2]+, Cs2HgoN25Oy0 requires = 2793.05. Refer to Figure 81
(Page 104) for structures of F1 and F2.
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HPLC chromatograms of 125 ( crude and purified product). Agilent Zorbax SB-C18, 5 um, 4.6 x 250
mm, gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.
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PNA dodecamer — sequence: lys-TTAATTAATTAA (126)
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126 was synthesized according to the procedures described in section 5.3.3.5. HPLC retention
time: 30.5 min. MS (MALDI-HRMS): Found 4143.63 [M -2F1 —F2]+, Ci31H204N69O50
requires = 4143.55, Found 4036.53 [M —3F1 —F2]+, C174H197Ng9QO49 requires = 4036.50;
Found 3927.46 [M —4F1 —F2]+, C167H190N69QO4s requires = 3929.45. Refer to Figure 81 (Page
104) for structures of F1 and F2.
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HPLC chromatogram of 126 (crude product). Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient:
0.1% TFA in H,O to 0.1% TFA in CH3CN, flow: 1 mL/min, r.t.

0.40

20267

0.357

0.307]

0.257]

0.20]

AU

0.157]

0.107]
0.057
0.007

L B B B LA B B B B B B B B Sy By S B B B
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

Minutes

HPLC chromatogram of 126 (purified product). Agilent Zorbax SB-C18, 5 pm, 4.6 x 250 mm,
gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.
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Deprotected PNA dodecamer — sequence: lys-TTAATTAATTAA (127)

NH; NH; 2 NH, NH,

L;|“\> L|N\> ZK)/ N|\> kN\N\> e %)YU‘> U\> ;\J\J/ i
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20% piperidine in DMF (1 mL) was added to 126 (2.5 mg, 0.55 pmol) and was stirred for 20
min at r.t. Et,O (45 mL) was added to precipitate the PNA. The suspension was centrifuged (5
min at 5000 rpm) and then the supernatant was decanted. The whole procedure was repeated
once more on the residue that was obtained, however the precipitation and decantation was
performed three times instead of once. The residue that was obtained was dried in vacuo. The
dried residue was dissolved in anhydrous DMF (30 pL) and was cannulated into a 1 mL flask
(microwave tube). Trimethylsilyl iodide (TMSI, 12 pL, 0.084 mmol) was added using a dry
microliter syringe. The mixture was stirred for 16 h at 50°C, after which anhydrous MeOH
(14 pL, 0.336 mmol) was added. The resultant mixture was stirred for 30 min at r.t. The
volatile components were then removed under high vacuum leaving an oily residue, which
was then precipitated with Et,O (45 mL). The suspension was centrifuged (5 min at 5000

rpm) and then the supernatant was decanted. The precipitation, centrifugation and decantation
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was repeated twice more. The residue was then dried in vacuo, and was analysed and purified

by HPLC according to the procedures described in section 5.3.3.5. Following lyophilisation
of the HPLC fractions, 127 was isolated as a white solid, which was soluble in H,O. HPLC
retention time: 15.1 min. MS (ESI-MS), multiple ionization observed: Found 1697.3651
[M+2H]*, 1131.6075 [M+3H]*", 848.9363 [M+4H]"", 679.3599 [M+5H]>",which resolved to
3392.73 £0.03 [M]+, Ci33H177N69037 requires = 3392.4090.
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HPLC chromatogram of 127 (crude product). Agilent Zorbax SB-C18, 5 um, 4.6 x 250 mm, gradient:
0.1% TFA in H,O to 0.1% TFA in CH3;CN, flow: 1 mL/min, r.t.
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PNA dodecamer (sequence: lys-TTAATTAATTAA) with azide linker (146)
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Compound 146 was synthesized using the protocols described in section 5.3.3.5. The
attachment of the azide linker was performed on 40 mg of resin bearing the dodecamer using
the following steps: (i) Deprotection of the FMOC protecting group — the same procedure as
described (section 5.3.3.5) was used. (ii) Coupling of the azide linker (138) — the same
procedure as described (section 5.3.3.5) was used, however in place of the PNA monomer, 5
equivalents of 138 was used. The reaction mixture was shaken for 4 h instead of 2 h. (iii)
Cleavage from the resin — a small sample (5 mg) was subjected to the described cleavage
procedure (section 5.3.3.5). (iv) HPLC analysis of the crude — the crude product was analysed
by HPLC using the conditions described in section 5.3.3.5. The retention time of the product
was 28.3 minutes. (v) Purification — the product was purified by semi-preparative scale HPLC
using the conditions described in section 5.3.3.5. (vi) Mass analysis — both MALDI and ESI-
MS were attempted, however, a mass spectrum of the product was not obtained due to the

lack of ionisable functional groups in the compound.

§’ PNA Dodecamer bearing an
0.35 & azide linker (RT: 28.336 min)

AU

11.625

3.653

D D W

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00
Minutes

HPLC chromatogram of 146 (purified product). Agilent Zorbax SB-C18, 5 pum, 4.6 x 250 mm,
gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.
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PNA dodecamer (sequence: lys-TTAATTAATTAA) with acetylene linker (158)

0 0 0 0 0 0 Q
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Compound 158 was synthesized using the protocols described in section 5.3.3.5. The
attachment of the acetylene linker was performed on 50 mg of resin bearing the dodecamer
using the following steps: (i) Deprotection of the FMOC protecting group — the same
procedure as described (section 5.3.3.5) was used. (ii) Coupling of the acetylene linker — the
same procedure as described (section 5.3.3.5) was used, however in place of the PNA
monomer, 5 equivalents of 5-hexynoic acid (14.3 mg, 0.128 mmol) was used. (iii) Cleavage
from the resin — a small sample (5 mg) was subjected to the described cleavage procedure
(section 5.3.3.5). (iv) HPLC analysis of the crude — the crude product was analysed by HPLC
using the conditions described in section 5.3.3.5. The retention time of the product was 28.1
minutes. (v) Purification — the product was purified by semi-preparative scale HPLC using
the conditions described in section 5.3.3.5. (vi) Mass analysis — both MALDI and ESI-MS
were attempted, however, a mass spectrum of the product was not obtained due to the lack of

ionisable functional groups in the compound.

¥ PNA-acetylene product
. (RT: 28.147 min)
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I S

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
Minutes

HPLC chromatogram of 158 (purified product). Agilent Zorbax SB-C18, 5 pum, 4.6 x 250 mm,
gradient: 0.1% TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, r.t.
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PNA dodecamer (sequence: lys-TTAATTAATTAA) with acetylene linker (159)
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The nucleobases of 158 were deprotected from the Cbz-protecting groups using the

procedures described in section 5.3.3.5. Following HPLC analysis, purification and

lyophilisation, 159 was obtained as a white solid. MS (MALDI-MS): Found 3487.5 [M+H]",
C44H,34NgOsg requires = 3487.46, Found 3509.5 [M+Na]
3509.44.

, C144H183N69N3038 requires =

10
o Deprotected PNA-acetylene product
o (RT: 11.40 min)
7
6
25
E 4
3
;% ' P - :
o} d o~ L y R )
-1 I B
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Min

HPLC chromatogram of 159 (purified product). Varian Pursuit C18, 5 um, 4.6 x 250 mm, gradient:
0.1% TFA in H,0 to 0.1% TFA in CH;CN, flow: 1 mL/min, 65°C

NH,

NH, i i
kJI\> k)i\> A)‘j/ ﬁI\> kt\> )\)ﬁ/ %)ﬁ/ KI\> KI> H//’f NN RN

0P
Lo e e, §
i N~¢NN~JNN~¢ NN¢ NNJL il N~¢ NNx A AT T I T TS e sins

34895
ik 3488.5
3489.5
[M+H]*
[M+NaJ*
3510.5
3510.5 |
Gkt :‘ 34905
| -
3487. 51‘ |3512.5
\Rr
[ E
3487.5 i g Ml
2 j3512.5 |
=
[3513.5
3526.4
3527.5
1342.3
3314.4
1744.5 1994.6
13643 /1799-5/ 2332.8 3312.4.

. mm . u“ Alu

R S Al A S Sm - - miz
1400 1600 1800 2000 22‘00 2400 , 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400 4600 4800

MALDI-TOF MS of 159
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PNA dodecamer (sequence: lys-TTAATTAATTAA) with anthracene adduct (160)

Cs, s Py s 2 9
OJLNH O)LNH o o O)LNH OJLNH O)LNH Q

o
o o OJkNH o o o
A Jes e n gt fuviie R g nge s osgii S gl fy
- o} 0 e} 0 (o) (o] (o] (o} o] 0 0 (o]
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Synthesis according to scheme 25: The resin-attached acetylene bearing dodecamer (resin
attached 158, 10mg, equivalent to 0.0064 mmol) was suspended in DMF (250 pL). 148 (6.5
mg, 0.0256 mmol) was added, followed by triethylamine (3.6 pL, 0.0256 mmol). The mixture
was shaken for 16 h at 50°C. The resin was then filtered and washed with DMF (5 x 2 mL)
and CH,Cl, (3 x 2 mL). The resin was then subjected to the cleavage, HPLC analysis and
purification procedures as described in section 5.3.3.5. The HPLC retention time was 30.4
minutes. A mass spectrum could not be obtained for this compound due to the lack of
ionisable groups in the molecule.

Synthesis according to scheme 26: Under an argon atmosphere, 156 (30.4 mg, 0.064 mmol)
was dissolved in anhydrous CH,Cl, (50 pL). Triethylamine (28 pL, 0.192 mmol) was added
and the mixture was cooled to -40°C. A 1M solution of trifluoromethanesulfonic anhydride in
CH,Cl, (68 pL, 0.068 mmol) was added dropwise. Once the addition was complete, the
reaction mixture was allowed to stir for 1 h at 0°C, after which, it was added to a suspension
of the resin-attached acetylene bearing dodecamer (resin attached 158, 10mg, equivalent to
0.0064 mmol) in DMF (200 uL). The resultant mixture was shaken for 16 h at 50°C. The
resin was then filtered and washed with DMF (5 x 2 mL) and CH,Cl, (3 x 2 mL). The resin
was then subjected to the cleavage procedure. The isolated crude product was subjected to
HPLC analysis and purification as described in section 5.3.3.5. The HPLC retention time was
30.2 minutes. A mass spectrum could not be obtained for this compound due to the lack of

ionisable groups in the molecule.

90
| PNA-anthracene adduct

80 (RT: 30.24 min)
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Min

HPLC chromatogram of 160 (purified product). Varian Pursuit C18, 5 um, 4.6 x 250 mm, gradient:
0.1% TFA in H,0 to 0.1% TFA in CH;CN, flow: 1 mL/min, 65°C
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Deprotected PNA-anthracene adduct (sequence: lys-TTAATTAATTAA) (161)

NH, NHZ NH,

L L 2y wrde Ay S A al ale
o™ g™ oo Lo o P " Lo Lo P
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H

The nucleobases of 160 were deprotected from the Cbz-protecting groups using the
procedures described in section 5.3.3.5. Following HPLC analysis (retention time: 17.2 min),
purification and lyophilisation, 161 was obtained as a white solid which was H,O soluble. MS
(MALDI-HRMS): Found 3706.5244 [M+H]+, Cs50H193N70039 requires = 3706.5271, Found
3728.7 [M+Na]", C;s0H;9;N7(NaOso requires = 3728.5.

Deprotected PNA-anthracene adduct
(RT: 17.22 min)

o}

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Min

HPLC chromatogram of 161 (crude product). Varian Pursuit C18, 5 pm, 4.6 x 250 mm, gradient: 0.1%
TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, 65°C
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PNA dodecamer (sequence: lys-TTAATTAATTAA) with pyrene adduct (184)

@5, s, @5, s 4
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Under an argon atmosphere, 173 (20 mg, 0.04 mmol) was dissolved in anhydrous CH,Cl, (50
pL). Triethylamine (16.6 pL, 0.12 mmol) was added and the mixture was cooled to -40°C. A
IM solution of trifluoromethanesulfonic anhydride in CH,Cl, (44 nL, 0.044 mmol) was
added dropwise. Once the addition was complete, the reaction mixture was allowed to stir for
1 h at 0°C, after which, it was added to a suspension of the resin-attached acetylene bearing
dodecamer (resin attached 158, 10mg, equivalent to 0.004 mmol) in DMF (200 uL). The
resultant mixture was shaken for 16 h at 50°C. The resin was then filtered and washed with
DMF (5 x 2 mL) and CH,Cl, (3 x 2 mL). The resin was then subjected to the cleavage
procedure. The isolated crude product was subjected to HPLC analysis and purification as
described in section 5.3.3.5. The HPLC retention time was 30.1 minutes. A mass spectrum

could not be obtained for this compound due to the lack of ionisable groups in the molecule.

| PNA-pyrene adduct
(RT: 30.16 min)
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HPLC chromatogram of 184 (crude product). Varian Pursuit C18, 5 pm, 4.6 x 250 mm, gradient: 0.1%
TFA in H,O to 0.1% TFA in CH;CN, flow: 1 mL/min, 65°C

Deprotected PNA-pyrene adduct (sequence: lys-TTAATTAATTAA) (191)
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The nucleobases of 184 were deprotected from the Cbz-protecting groups using the

procedures described in section 5.3.3.5. Following HPLC analysis, purification and
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lyophilisation, 191 was obtained as a white solid, which was H,O soluble. MS (MALDI-
HRMS): Found 3730.5161 [M+H]+, Ci61H193N 70039 requires = 3730.5271.
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5.3.5 PROCEDURES FOR AFM EXPERIMENTS
A solution (0.6 mM) of deprotected dodecamer PNA (127, 1 mg) in H,O (0.5 mL) was

prepared and used in the following experiments.

Preparation of the mica surface — The mica surface (Bayville chemical supply company Inc.)
was cleaned by attaching a piece a sticky tape and gently removing it along with a layer of

mica. This process was repeated three times in total.

Spin coating — One or more drops (depending on the experiment) of the solution of 127 were

added to the clean mica surface using spin coating (3000 rpm for 3 min).
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AFM imaging - All the data was collected in air at 298 K, using a Nanoscope Illa (Digital
Instruments Metrology Group, USA) instrument, model: MMAFMLN. The images were
collected in tapping-mode AFM, with a single 1-10 Ohm phosphorous-doped silicon
cantilever (T: 3.5 — 4.5 um, L: 115 -135 um, W: 30 — 40 pm, f; ranging from 301.5 to 301.9
kHz and k: 20 -80 N'm™', VEECO, USA). The images in the power point have been obtained
after the flattening (WsXm software) of the collected data. Roughness analysis and flooding

has been performed with the same software.

Annealing — The solution was placed in an NMR tube, and using the NMR’s temperature
control, the solution was heated to 80°C for 10 minutes, after which the solution was cooled
in a controlled manner as follows: 80°C to 70°C at 2°C per minute; 70°C to 60°C at 1°C per
minute; and 60°C to 30°C at 2°C per minute.

Deposition and imaging experiments performed (Figures 95-97):
i) One drop of solution (pre-annealing) — aggregates of PNA observed
ii) Three drops of solution (pre-annealing) — larger aggregates observed
iii) Clean mica — as a control for comparison purposes
iv) One drop of solution (post-annealing) — mica surface was completely covered
in fibres.
v) One drop of a 10-fold diluted solution (post-annealing) — PNA duplexes

observed with an average height corresponding to approximately 1 nm.
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