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Introduction Générale

La vie, telle que nous la connaissons, est basée sur les polymeéres. Les biopolyméres—comme les
protéines—gouvernent tous les processus d’un organisme tandis qu’une grande proportion des
matériaux créés par I’'Homme sont construits a partir de polyméres. lls facilitent la vie quotidienne
depuis le commencement de I’Age du plastique, il y a environ un siécle. Les nouvelles générations de
polymeéres sont actuellement concues et il sera montré dans cette thése que la chimie
macromoléculaire applique des concepts et techniques issus d’'une grande variété de domaines
scientifiques voisins.

La diversité des biopolymeres est riche. Certains montrent une complexité exceptionnelle et semblent
parfaitement congus pour leur fonction, malgré la variété limitée des monomeres a partir desquels ils
sont fabriqués. Une de leurs caractéristiques importante est la régulation de la séquence des
monomeres dans la chaine. Certains biopolyméres, comme I’ARN et I’ADN, possedent des monomeres
précisément ordonnés dans leur structure primaire. Cette derniére controle la structure secondaire—
qui fait référence a I'appariement des bases formant des arrangements en hélices et en boucles—de
méme qu’elle régit la structure tertiaire. Par conséquent, les hélices et boucles de I’ARNt sont
positionnées les unes par rapport aux autres d’'une maniere définie. En plus de la conception des
monomeres, leur séquence détermine intrinsequement la fonction du polymere : ’ARNt transporte
les acides aminés jusqu’au ribosome pour la synthése de peptides, alors que ’ADN, composé de deux
brins complémentaires, stocke I'information permettant la synthése d’un peptide en particulier.

Il est évident que le contrdle des séquences de monomeéres a suscité une attention croissante dans la
science des polymeres en tant qu’outils majeur pour la conception de systémes et matériaux artificiels
complexes.™™ Des procédés permettant d’atteindre des degrés élevés de contrdle des séquences ont
été développés pour les polyméres synthétiques. De nombreuses approches régulent la
microstructure des polymeres obtenus avec un mécanisme par étapes. Des structures de copolymeéres
périodiques ou a blocs peuvent étre synthétisées par des polymérisations en chaine. En particulier, les
polymérisations radicalaires contrélées comme I’ATRP, la NMP et la RAFT sont des techniques
importantes qui permettent un contréle assez fin du degré de polymérisation et ménent par exemple
au positionnement précis d’unités monomeres le long de chaines polystyrene présentant une faible
dispersité.[

Le but principal-les séquences définies—peut étre atteint par des mécanismes de polymérisations
multi-étapes, qui reposent le plus souvent sur des synthéses supportées.! Le concept sous-jacent est
I'interruption de la polymérisation par étapes aprés chaque addition de monomere et le contréle des
conditions d’addition du monomeére suivant. Cela peut étre réalisé par des approches orthogonales ou
en ayant recours a des groupement protecteurs. Récemment, les outils nécessaires a la synthése de
polymeéres avec une structure primaire précise se sont rapidement étendus./” Congue originellement
par Caruthers pour la synthése d’oligonucléotides (des courts fragments d’ADN), la chimie des
phosphoramidites est une stratégie de synthése déja bien établie.’® Comme décrit sur la Figure 1B, elle
n’en est pas moins une approche a la fois tres efficace et faconnable a souhait grace a une grande
variété de monomeéres qui peuvent étre imaginés pour accéder a des poly(phosphodiester)s sur
mesure avec une procédure automatisée.®
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A) Stockage de données
au niveau moléculaire

B) Chimie des phosphoramidites étapes itératives:
CE*O\Pio oomT exemple: Q R=H i):  couplage
UPr)zN’mon?:m%re 0 R =CH, ii): - oxydation
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Figure 1:  A) Stockage de données au niveau moléculaire par écriture de données binaires sur des polymeres et leurs

lecture ; B) Chimie des phosphoramidites pour la synthése de poly(phosphodiester)s numériques (montré : code

binaire).
De maniére analogue aux macromolécules contenant de I'information biologique comme I'ADN, le
stockage de données a I'échelle moléculaire est une application prometteuse pour les polymeres a
séquences définies synthétiques : différents comonomeéres peuvent étre définis comme les bits 0 ou
1, et la structure primaire régule leurs positions afin de produire I'information binaire encodée.!”’
Comme présenté par la Figure 1A, un fichier d’ordinateur pourrait ainsi étre traduit en un flux de
données binaires, consistant en une suite de bits 0 ou 1, et directement encodé dans une bibliotheque
de polymeéres par un procédé de polymérisation multi-étapes automatisé. Ces polymeres numériques
doivent étre pensés de sorte que des protocoles automatiques et contrélés par des logiciels puissent
encoder I'information puis la convertir 8 nouveau en son fichier d’origine. Etant donné le nombre
d’outils biotechnologiques a disposition, le stockage d’information sur des brins d’ADN artificiels a
récemment beaucoup évolué.®®! Cependant, il peut étre imaginé que I'orientation vers les exemples
biologiques pourrait également limiter les développements et applications futurs. La recherche sur les
polymeéres contenant de l'information synthétiques est donc logiquement nécessaire pour prouver
leurs capacités et démontrer que des possibilités chimiques infinies sont a disposition pour la
conception de systemes de stockage d’information aux attributs supérieurs.

Les travaux de recherche de cette thése se situent a cette nouvelle frontiére. La chimie des
phosphoramidites est utilisée pour la synthése efficace de nouveaux poly(phosphodiester)s a
séquences définies. Leur design devrait permettre d’accéder a de nouveaux systémes de stockage
d’information au niveau moléculaire artificiels présentant des propriétés avantageuses.

Ce manuscrit est organisé en différentes sections. En premier lieu, une introduction détaillée de
plusieurs aspects du domaine de recherche est donnée. Les chapitres qui suivent sont indépendants
les uns des autres et couvrent les activités de recherche qui ont été réalisées dans le cadre du doctorat.
Toutes les informations concernant les détails expérimentaux des projets de recherche peuvent étre
trouvées dans la partie expérimentale qui est elle-méme organisée selon la structure des chapitres.



Enfin, les annexes contiennent les données additionnelles et discussions qui n‘ont pas pu étre
incorporées au texte principal.

Le Chapitre | fournit au lecteur un résumé de I'état de I’art de la chimie macromoléculaire de précision
et des disciplines avoisinantes. Le controle des séquences est discuté dans le contexte des systemes
biologiques, de méme que les chimies synthétiques. Le parcours débute par une présentation des
biopolymeéres a séquences définies, leur biosynthése et leur acces synthétique. Ensuite, les progres
dans les polymérisations de séquences controlées pour obtenir des polyméres de précision abiotiques
sont couverts. Une attention particuliére est portée sur les synthéses multi-étapes qui peuvent mener
a des polymeres a séquences définies abiotiques. Un résumé du développement historique de Ia
chimie des phosphoramidites—la stratégie chimique sophistiquée pour la synthese de
poly(phosphodiester)s a séquences définies—et de ses variations et applications modernes est ensuite
offert. Enfin, I'état de I'art des technologies de stockage d’information au niveau moléculaire est
récapitulé afin de décrire les applications des polymeres a séquences définies ayant de I'impact.

Le Chapitre Il couvre un projet de recherche dont I'objectif est de permettre I'analyse de molécules
uniques de poly(phosphodiester)s a séquences définies spécialement adaptés. Alors que la synthese
de poly(phosphodiester)s contenant de I'information avait déja été établie,®® ce n’est que trés
récemment que le déchiffrage de l'information encodée moléculairement a connu ses premiers
balbutiements. Le séquencage en spectrométrie de masse en tandem a énormément évolué.'*1?
Néanmoins, la spectrométrie de masse est une technique d’analyse destructive et d’autres techniques
de séquencage de polymeéres synthétiques sont développées en parallele. Un de ces outils prometteurs
est le séquencgage par les nanopores, qui est basé sur le passage de I'analyte a travers une cavité de
taille nanométrique. En bref, les variations de courant au cours de la translocation sont observées et
peuvent étre reliées a la structure primaire de I'analyte.l*3 Une meilleure précision de la mesure est
atteinte en utilisant un jeu de monomeres qui montrent des interactions différenciables avec le pore.
Pour la découverte d’une nouvelle classe de poly(phosphodiester)s séquencables, un grand nombre
de monomeres avec différentes chaines latérales doivent étre analysées selon leurs interactions avec
un dispositif contenant un nanopore. C'est pourquoi un protocole de modification binaire se devait
d’étre développé dans une premiéere phase, afin de permettre un controle des chaines latérales post-
polymérisation par des cycloadditions alcyne-azoture catalysées par le cuivre(l) successives. Ce
concept est présenté sur la Figure 2A.

Dans le Chapitre Ill, le développement d’une voie de synthése photocontrélée des
oligo(phosphodiester)s a séquences définies abiotiques est décrit. Le concept reposant sur un support
soluble est dévoilé sur la Figure 2B. Afin de faire progresser les polyméres numériques, les méthodes
de synthese et de séquencage efficaces sont cruciales, mais la maniere dont I'information est organisée
est tout aussi importante. Dans ce contexte, la miniaturisation des systemes de stockage a I'échelle
moléculaire est un aspect clé. Des capacités de stockage tres élevées peuvent étre atteintes en
organisant la bibliothéque de chaines polymeéres sur un microréseau. Par exemple, des biopuces d’ADN
sont obtenues en synthétisant des centaines de milliers d’oligonucléotides différents en parallele sur
une lame de microscope en verre, en utilisant un protocole de chimie des phosphoramidites
photocontrélée.[** Dans ce cas, des miroirs guident le stimulus lumineux sur des points prédéfinis de
la surface, activant un controle spatial des cycles de réactions itératifs. Tandis que la chimie des
phosphoramidites standard repose sur un groupement protecteur DMT clivable en conditions acides
qui permet le couplage phosphoramidite suivant par la libération d’une fonction hydroxy, la fabrication
des microréseaux d’ADN repose sur le groupement nitrophénylpropoxycarbonyle (NPPOC) qui protége
la fonction alcool et peut étre clivé par irradiation a A = 365 nm. Ainsi, la démonstration de I'utilisation
de protocoles phosphoramidites basés sur le groupement NPPOC pour la synthése de microréseaux de
polyméres numériques a été visée.
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A) Modification Binaire des Poly(phosphodiester)s Numériques par des CuAAC Successives
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Figure 2: A) Concept de la modification successive binaire pour contréler le caractére des chaines latérales ; B)
Concept de la synthése phocontrélée d’oligo(phosphodiester)s abiotiques pour la fabrication de microréseaux
numeériques ; C) Concept du stockage de données sur différentes couches et déchiffrage grdce a un stimulus.

Le Chapitre IV montre qu’il est facile de fagconner les systémes de stockage moléculaire abiotiques
pour obtenir des propriétés difficilement atteignables avec des systémes biologiques. Des possibilités
chimiques pratiquement infinies sont disponibles pour les chimistes des polymeres pour moduler les
systemes de stockage de données au niveau moléculaire et insérer des attributs additionnels. Une
demande potentielle pour de tels systémes est de stocker de I'information sur différentes couches.



Celles-ci seraient atteintes apres traitement du systeme par des stimuli prédéfinis. Un tel exemple est
connu dans les systémes basés sur 'ADN qui reposent sur des monoméres artificiels.'> Une
polymérase reconnait ces derniers comme des monomeéres naturels et, apres traitement par un agent
chimique, les monomeéres modifiés sont reconnus comme d’autres monomeres naturels. Dans un
systéme basé sur la reconnaissance par une polymérase, les possibilités sont certainement limitées.
C’est pourquoi un polymeére contenant de I'information d’un genre nouveau devait étre imaginé pour
démontrer que I'emploi du séquencage par spectrométrie de masse en tandem pouvait donner acces
a plusieurs niveaux d’information avec des systémes répondant aux stimuli. Dans un premier exemple,
I'information binaire a été encodée sur un niveau moléculaire caché qui ne pouvait étre déchiffré
gu’apres traitement de la macromolécule dans certaines conditions. Un stimulus lumineux a été choisi
pour induire une modification quantitative de I'une des deux fonctionnalités structurellement tres
proches. Les groupements ortho-nitrobenzyles sont des groupements protecteurs pour les alcools,
amines, amides et acides carboxyliques.™® Lorsque l'une des fonctionnalités est protégée par ce
groupement ortho-nitrobenzyle sur un monomere qui est copolymérisé avec son monomere analogue
protégé par un groupement para-nitrobenzyle, le séquencage par spectrométrie de masse en tandem—
qui est sensible aux différences de masses—ne peut pas extraire I'information puisque les monoméres
ortho et para sont détectées comme des espéces identiques. En revanche, aprés irradiation avec la
lumiére, seuls les monomeéres avec le groupe ortho sont déprotégés et les unités monomeres peuvent
étre distinguées en spectrométrie de masse. Le séquencage donne alors accés a I'information encodée
binairement comme montré sur la Figure 2C.






General Introduction

Life as we know it is based on polymers. Biopolymers like proteins govern all processes in an organism
and a large share of man-made materials are composed of engineered polymers. They facilitate
everyday life since the plastic age has begun a hundred years ago. Next-generation polymers are
currently designed and it will be shown that the discipline within macromolecular chemistry applies
concepts and techniques from a variety of neighboring scientific domains.

The diversity of biopolymers is rich. Some of them show exceptional complexity and seem to be
perfectly designed for their very purpose — despite the modest diversity of available building blocks
they are made of. An important feature is sequence definition. Some biopolymers, like RNA and DNA,
have (four) building blocks precisely ordered in their primary structure. The latter governs the
secondary structure—which refers to base paring, helix formation and loop arrangement—as well as
it defines the tertiary structure. Accordingly, in tRNA helices and loops are positioned to another in a
particular way. Besides monomer design, their sequence inherently determines the function of the
polymer: tRNA transports amino acids to the ribosome for peptide synthesis while DNA, composed of
two complimentary strands, stores the information of how to synthesize a particular peptide.

It is obvious that sequence control has attained growing attention in polymer science as a key tool to
design artificial complex materials and systems.!* Procedures that yield high degrees of sequence
control were developed for synthetic polymers. Numerous approaches regulate the microstructure of
polymers obtained by a step-growth mechanism. Periodic microstructures or block copolymers can be
synthesized by chain-growth polymerizations. Especially controlled radical polymerizations like ATRP,
NMP, and RAFT are important techniques that enable an additional fine control over the degree of
polymerization that allow for example the rather precise positioning of single monomers along a low-
dispersity polystyrene chain.?

A) Molecular Data Storage
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Figure 1: A) Data storage on the molecular level by writing binary information on polymers and reading them.
B) Phosphoramidite chemistry to obtain information-containing poly(phosphodiester)s (shown: binary code).
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The ultimate goal—sequence definition—can be accomplished by multistep-growth polymerization,
often relying on support-assisted syntheses.®! The underlying concept is to interrupt a step-growth
polymerization after each monomer addition and to define under which conditions the next monomer
addition is to follow. This can be achieved by orthogonal approaches or by using protective groups.
Recently, the tool box for the synthesis of polymers with a precise primary structure has rapidly
grown.™ Originally conceived by Caruthers for the synthesis of oligonucleotides (short DNA fragments)
phosphoramidite chemistry is an already established synthetic strategy.® Nevertheless, as depicted in
Figure 1B, it is a very efficient approach and a broad variety of phosphoramidite monomers can be
envisioned to access tailor-made sequence-defined poly(phosphodiester)s in an automated
procedure.®

Analogous to the biological information storing macromolecule DNA, molecular data storage is a
promising application of sequence-defined synthetic polymers: different comonomers can be defined
as bit-0 and bit-1, the primary structure organizing their order is thus exhibiting encrypted binary
information.”! Visualized in Figure 1A, a computer file could be translated into a bitstream. The
bitstream consists of binary data, a stream of 0-bits and 1-bits that is directly encrypted in a polymer
library by automated multi-step growth polymerization. The digital polymers have to be designed in a
way that automated and software-driven protocols could encrypt the information and convert it back
to the original file. Given the number of biotechnological tools, artificial DNA-based data storage has
recently considerably evolved.®?! Yet, it can be hypothesized that the close orientation on the
biological example can limit future applicability as well. Research on synthetic information-containing
polymers is hence needed to proof their conceptual capability and demonstrate that almost limitless
chemical space is available to design molecular data storage systems with superior attributes.

The doctoral research is situated at this new frontier. Phosphoramidite chemistry is used to efficiently
synthesize new sequence-defined poly(phosphodiester)s. Their design should give access to new
artificial molecular data storages having advantageous features.

The present manuscript is organized in several sections. First, an in-depth introduction to various
aspects of the research field is given. The following chapters are independently from another and cover
the research activities that had been executed in the frame of the doctoral research. All information
regarding experimental details of the research projects can be found in the experimental part that
itself is organized according to the structure of the chapters. Finally, the annex contains additional
details and discussions that could not be covered in the main document.

Chapter | supplies the reader with a summary of the state-of-the-art in precision macromolecular
chemistry and neighboring disciplines. Sequence control is discussed in the context of biological
systems as well as synthetic chemistry. The journey starts with the presentation of sequence-defined
biopolymers, their biosynthesis and their synthetic access. Followingly, progress in sequence-
controlled polymerizations to obtain precise abiotic polymers is covered. A focus is thereby set on
multi-step growth synthesis that can lead to sequence-defined abiotic polymers. A summary of the
historical development of phosphoramidite chemistry—the sophisticated chemical strategy for
sequence-defined poly(phosphodiester) synthesis—is further given and its modern variations and
applications are summarized. Finally, the state-of-the-art in molecular data storage technologies is
summarized to describe an impactful application of sequence-defined polymers.

Chapter Il covers a research project whose ultimate goal it is to enable single-molecule analysis of
particularly designed sequence-defined poly(phosphodiester)s. While the synthesis of information-
containing poly(phosphodiester)s had already been established,!® 1! it was not until very recently that
the deciphering of molecularly encoded information was still in its infancy. Sequencing by tandem mass
spectrometry has dramatically evolved.[**? Yet, mass spectrometry is a destructive analysis technique
and other sequencing techniques should be developed for synthetic polymers in parallel. One such
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Figure 2:  A) Concept of binary sequential post-polymerization modification of a digital poly(phosphodiester) to
control side chain information; B) Concept of a photocontrolled synthesis of abiotic oligo(phosphodiester)s to access
digital microarrays; C) Concept of coding in different layers and stimuli-dependent MS-readability.

promising tool is nanopore sequencing that is based on the threading of the analyte through a
nanosized hole. In brief, current variations are observed during translocation and can be traced back
to the primary structure of the analyte.™™3! Accuracy is achieved by use of a set of monomers that show
distinguishable interactions with the pore. If a new sequencable poly(phosphodiester) is to be found,
many monomers with different side chains have to analyzed for their interaction in a nanopore set-up.



| GENERAL INTRODUCTION

Hence, a binary modification protocol had to be developed in a first phase allowing an efficient post-
polymerization side chain control by a sequential copper(l)-catalyzed alkyne-azide cycloaddition. The
design is depicted in Figure 2A.

In Chapter Il the development of a photocontrolled synthesis of defined abiotic
oligo(phosphodiester)s is described. The concept benefitting from a soluble support is depicted in
Figure 2B. To progress digital polymers, efficient synthesis and sequencing techniques are pivotal, but
it is equally important how information is organized. Miniaturization of molecular data storages is a
key aspect in this context. Very high storage capacities could be achieved when organizing a polymer
library on a microarray. For example, DNA biochips are obtained by synthesizing some hundred
thousands of different oligonucleotides in parallel on a glass microscope slide making use of a
photocontrolled phosphoramidite protocol.¥ Here, micromirrors guide a light stimulus to predefined
spots on the surface enabling a spatial control over iterative phosphoramidite reaction cycles. While
standard phosphoramidite chemistry is relying on an acid-cleavable DMT protective group enabling
the following phosphoramidite coupling by the liberation of a hydroxy group, DNA microarray
fabrication is relying on the 2-(2-nitrophenyl)propoxycarbonyl (NPPOC) alcohol protecting group that
can be cleaved iv) by irradiation at A = 365 nm. It was thus aimed for a demonstration that NPPOC-
based phosphoramidite protocols could also be employed for the synthesis of digital polymer
microarrays.

In Chapter IV it is shown that abiotic molecular data storages can be easily designed showing features
that are difficult to obtain in biological systems. An almost limitless chemical space is available for
polymer chemists to tune molecular data storage systems and insert additional attributes. A potential
demand to such systems is to store information in several logic layers. The latter would be accessed
after treating the molecular data storage to predefined stimuli. One such example is known from a
DNA-based system relying on artificial monomers.™*>! A polymerase recognizes the latter as a sort of
natural monomer and upon stimuli with a chemical reagent, the modified monomer is recognized as
another natural monomer. The possibilities are certainly limited in a polymerase-based recognition
system, hence a completely new information-containing polymer should be designed to demonstrate
that using tandem mass spectrometry sequencing, stimuli response-systems could easily give access
to different information layers. In a first example binary information should be encoded on the
molecular level that could only be read-out when treating the macromolecule with certain conditions.
It was concluded that a light stimulus could be used to elegantly induce a quantitative modification of
one of two structurally closely related moieties. ortho-nitrobenzyl groups (like NPPOC) are protective
groups for alcohols, amines, amides, and carboxylic acids.!**) When such moiety is ortho-nitrobenzyl-
protected in one monomer and it is copolymerized with an analogue para-nitrobenzyl monomer,
tandem mass spectrometry sequencing — that is sensitive towards mass differences — could not extract
information because the ortho- and para-monomers are detected as the same species. Upon
irradiation with light only the ortho-monomer would be modified and the monomeric units of the
sequence can be distinguished by mass spectrometry. Sequencing will give access to binary coded
information as it is depicted in Figure 2C.
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Chapter I:

Sequence Control in Polymer Chemistry
& Poly(phosphodiester)s as Digital Polymers







1 Introduction

Polymers are everywhere. Life as we know it is based on polymers. We eat them, we metabolize them
and we create new ones. Biopolymers like proteins govern all processes in an organism. Also a large
share of man-made materials are composed of engineered polymers facilitating everyday life since the
plastic age has begun a hundred years ago. Yet, when comparing biopolymers with plastic commodity
polymers, we obviously realize a vast difference in the degree of their complexity. However, this
difference is about to decrease because strategies can be employed for a more precise polymer design
gaining control of a polymer’s microstructure as it is known from biological systems.

The following subchapters are dedicated to some recent development in the field of polymer science
whose goal it is to investigate sequence control in synthetic polymers and its observable consequences.
At first, sequence-defined biopolymers are presented in full detail including their biosynthesis and
synthetic accessibility. Biopolymers are interesting because concepts employed in living matter can
also be inspiring for polymer chemists. The progress and state-of-the-art of sequence control in
synthetic polymers is presented afterwards, emphasizing strategies to obtain synthetic sequence-
defined polymers. Phosphoramidite chemistry is a convenient tool to synthetically access DNA which
is a sequence-defined poly(phosphodiester). A whole subchapter is revealing the strategy’s chemical
evolution during 30 years of steady improvements and how phosphoramidite chemistry is used
nowadays. Finally, a promising application of synthetic sequence-defined polymers is presented.
Absolute control of a polymer’s sequence allows storing information on them. Thus, an overview of
different molecular data storage systems is provided.

2 Polymers and Sequence Control

Polymers are macromolecules composed of repeating subunits. Consistently, the term polymer
originates from the ancient Greek words moAU¢ (polus, English: many or much) and pépog (meros,
English: parts). The subunits forming the macromolecule during the process of polymerization are
called monomers (ancient Greek: uévog; monos, English: one or sole). Synthetic as well as biopolymers
play a vital role in everyday life. Their diverse properties govern material characteristics of Teflon
coatings and wood. They do also enable highly specific catalytic activity of proteins or facile decoding
of synthetic digital polymers. While for some application in biology and synthetic chemistry a rough
control over polymer length and the choice of (co)monomers and their ratio readily satisfies the
demands on microscopic and macroscopic properties, there are requirements in more complex
systems that call for higher levels of sequence control.

Being subject to evolution and thus relentless optimization during millions of years on our planet, living
matter developed the chemical means for synthesis of polymers characterized by absolute sequence
control. These biomolecules set a high yardstick when tailor-made properties or complex interaction
are required. However, our growing understanding of the molecular machinery in living systems
enables exploiting and manipulating the latter to obtain e.g. synthetic sequence-defined biomolecules.
Moreover, fully synthetic protocols have been developed for the same purpose. Humankind
furthermore asks for polymer properties that never before had to be challenged by nature. Research
on chemical tools for diverse controlled polymerizations and the analysis of new engineered sequence-
controlled abiotic macromolecules can offer us new interesting features.!

The multidisciplinary field of polymer chemistry in the context of sequence control is followingly
described discussing relevant examples of biopolymers and modern synthetic polymers.
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2.1 Sequence Definition in Biological Systems

Deoxyribonucleic acids (DNA), ribonucleic acids (RNA), proteins and certain oligosaccharides are
biomolecules characterized by strict sequence control. Their functioning relies—at least in parts—on
their exact primary structure and derivations from the original sequence can cause fatal malfunction.
DNA, RNA, proteins and defined oligosaccharides are closely interacting in living matter as depicted in
Figure I-1. Employing optimized molecular machinery, DNA can replicate itself as it can be transcribed
into RNA. Messenger RNA (mRNA), in turn, can be translated into an amino acid sequence. After folding
to a specialized protein, it can eventually be glycosylated with a defined oligosaccharide to e.g.
demonstrate a sugar code as an identification tag. The whole building plan of living matter is encoded
into DNA and information can be replicated and transcribed on the nucleic acid level. During protein
synthesis this building plan is translated from mRNA unidirectionally into the amino acid sequence.
The concept for this flow of genetic information is visualized with bold arrows in Figure I-1 and was
phrased by Francis Crick:*”

The central dogma of molecular biology deals with the detailed residue-by-residue transfer
of sequential information. It states that such information cannot be transferred back from
protein to either protein or nucleic acid.

Polyamide Oligoacetal

Poly(phosphodiester)

Polypeptide Oligosaccharide

Polynucleotide

Glycoprotein

Figure I-1: Overview of sequence-defined biomolecules and their relation in molecular biology.

While DNA, RNA and proteins are made of long and linear macromolecules, sequence-defined
oligosaccharides are in contrast short and often branched structures. For the sake of completeness, all
representative classes of sequence definition in biological systems will be described. The focus is set
on polymerizations leading efficiently to long sequence-defined polymers highlighting chemical
processes from a polymer chemist’s point of view rather than that of a biochemist.

2.1.1 Proteins

o o
Ho)KrNHz HO)KrNHZ
o o . R o , R O
NH, R N_ - R N - NH,
HO HO jﬁNHz HO jﬁN
R R O R o M =&

a-amino acid dipeptide tripeptide

Scheme I-1: Schematic representation of a tripeptide synthesis by stepwise condensation of a-amino acids.

Proteins are polypeptides whose amide bonds are formed by condensation of a-amino acids as shown
schematically for a tripeptide in Scheme I-1. The primary structure is defined by the sequence of the
22 proteinogenic building blocks (two of them not covered by the standard genetic code). Local regular
structures such as a-helices or B-sheets are stabilized by hydrogen bonding of the amide backbone and
are called secondary structure. The packing of such structure elements in domains localizes all atoms
of the sequence and defines the tertiary structure whereas the quaternary structure is the eventual
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local arrangement with other proteins. It is noteworthy that the primary structure of a protein
inherently contains all information for its three-dimensional structure and complex interaction, yet, in
silico prediction of folding is so far unaccomplished.*®

2.1.1.1 Biosynthesis

Biosynthesis of proteins is characterized by the cooperation of almost 300 different macromolecules,
many of these organized into the complex architecture of the ribosome. In brief, a mRNA molecule is
delivering the sequential information that is then translated by the molecular machinery into the
amino acid sequence of a protein; translation speed at 37 °C is about twenty residues per second.
Figure I-2 (left) shows charged transport RNA (tRNA) that organizes the specific amino acid monomers
at the ribosome in the order that is prescribed by the mRNA chain (shown in Figure I-2, right). mRNA
serves thereby as a template containing the genetic information in trimer codes—termed codons—
which are recognized by the anticodon of the specific tRNA. Amide formation during polymerization is
further facilitated due to the activation of the carboxylic acid as an ester at the 3-OH of the tRNA’s
adenosyl 3’-end.[*%

Monomer in Peptide Biosynthesis Genetic Code 5“-3’mRNA Codon
charged amicoacyl-tRNA
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Figure I-2: Charged amicoacyl-tRNA, the active monomer for peptide biosynthesis (left) and genetic code
assignment for mRNA-to-protein translation.

In sum, peptide biosynthesis requires a template (mRNA), guiding molecular machinery (ribosome)
and amino acid specific macromolecules that read out the template and activate the monomeric units
(tRNA). Two approaches are described below, mastering the challenges of sequence definition in
different manners.

2.1.1.2 Solid-phase Peptide Synthesis

Synthesis of a tripeptide (e.g. Gly-Gly-Gly; see Scheme I-1, all R = H) in solution was first reported by
Emil Fischer in 1903.129 Longer peptides were synthesized by stepwise activation of the carboxy
terminus to an acid halogenide and reaction with the next added amino acid.’??? Further
development of protective group and activation strategies®® led to the synthesis of bioactive
peptides.[?*28 However, peptide synthesis in solution remained rather difficult and time-consuming.
R. Bruce Merrifield who revolutionized the field commented during his Nobel lecture in 1984:1°!
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It soon became clear [...] that such syntheses were difficult and time-consuming and that
a new approach was needed if large numbers of peptides were required or if larger and
more complex peptides were to be made.

In 1963 he reported on the new approach termed solid-phase peptide synthesis (SPPS).B% It takes
advantage of attaching the growing polymer chain on an insoluble solid particle which allows for
washing it free of reagents and by-products instead of recrystallizing the growing peptide after each
step. A schematic representation of an example reactor used during the approach is depicted in Figure
I-3 on the left. A filter ensures the solid support particles stay inside the reactor while diverse solutions
can pass through.

Reactor for Solid State Syntheses Iterative:ReactioniGycles:
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(+ wash)
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ii) coupling

(e }— e
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Figure I-3: Reactor for manual SPPS (left) and description of iterative reaction cycles on a solid polystyrene (PS)
support (right).

The first employed solid support was a chloromethylated copolymer of styrene and divinylbenzene
(200 — 400 mesh beads) immobilizing the carboxybenzyl (Cbz) N-protected amino acid via a benzyl
ester on the resin. Nitration or bromination of the solid support further improves hydrolysis resistance
of the linkage. Addition of a monomeric unit is described in Figure 1-3 on the right and comprises at
first Cbz-deprotection i) to obtain a terminal amine followed by condensation ii) with the added amine-
protected amino acid upon activation with N,N'-dicyclohexylcarbodiimide (DCC). Cleavage from the
support iii) yields the desired peptide sequence.% Envisioned since SPPS’ inception, automation of the
process®® soon resulted in the synthesis of longer peptides like bovine pancreatic ribonuclease A (a
124-mer).132

Automated SPPS, pioneered by R. Bruce Merrifield, is commonplace today and a standard method for
synthesizing peptides and proteins. It further enables the synthesis of artificial peptide sequences as
well as the synthesis of other peptides which are difficult to express in bacteria.?3! The efficiency of
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SPPS has continued to improve. The amino acid monomer enters the reaction cycles with a protected
amine. The temporary protective group is commonly the acid-sensitive tert-butoxycarbonyl (Boc)
group® or the base-sensitive 9-fluorenylmethyloxycarbonyl (Fmoc) group®®! which both can be
removed efficiently. The condensation reaction has been optimized further. While initially employed
carbodiimides like DCC have shown to be too reactive and can lead to epimerization, new activator
generations of the benzotriazole family allow an efficient coupling under mild conditions.?%3! New
solid supports were developed to increase the length of accessible peptides“*” and linkers are available
that allow for efficient liberation of the peptide sequence under various (orthogonal) conditions.*!!
Progress in protective group chemistry gives furthermore the tools and strategies needed to reliably
block amino acid side chains’ functional groups from unwanted side reactions.% 42

The development of native chemical ligation (NCL) further facilitates the access of long peptide
sequences.!*® Here, a SPPS-made sequence with a thioester at the a-carboxyl group is connected via
the formation of a native peptide bond to the cysteine residue of the amino terminus of another SPPS-
made sequence. The ligation reaction is enabled by a transthioesterification i) that leads to a thioester
intermediate that undergoes in a second step ii) a S,N-acyl shift/*? ji) as depicted in Figure I-4. Relying
on a similar concept, other more recently developed ligation strategies allow cysteine-independent
peptide couplings.!"!
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Figure I-4: Native chemical ligation of a C-terminal thioester with a N-terminal cysteine peptide.

2.1.1.3 A Supramolecular Peptide Synthesizer

In 2013 Leigh’s group first reported on the design of a ribosome-inspired supramolecular peptide
synthesizer that is shown in Figure I-5.1¢*"] The artificial system presents the amino acid monomers as
phenolic esters preordered along an axis. When activated, a macrocycle that is linked to a tripeptide
and that can move freely between the end stopper and the first amino acid residue, reacts with its
cysteine thiol in a transesterification reaction i) with the first amino acid. Subsequently, native
chemical ligation transfers the amino acid to the N-terminus of the immobilized cysteine-glycine-
glycine tripeptide ii). This S,N-acyl shift regenerates the catalytic cysteine thiol and grows the tripeptide
to a tetrapeptide. Moreover, the amino acid barrier has been removed, allowing the macrocycle to
reach until the second amino acid that is presented on the axis. Transesterification i) and S,N-acyl shift
ii) are repeated until the macrocycle is liberated from the axis iii) and after hydrolysis iv) the desired
oligopeptide can be detected. Tandem mass spectrometry (MS/MS) confirms the defined sequence.
The machine is rather slow compared to a ribosome and an amide formation takes approximately
twelve hours while the oligomer’s length is limited by the efficiency of long-range S,N-acyl shifts and
the increasing migration range along the axis restricts the reactivity of the macrocycle additionally.
However, it convincingly shows that humankind can mimic biological machinery and the conceptional
design is generally applicable and can be adapted to synthesize e.g. oligoamides based on B-amino acid
monomers.*8 Very recently it was additionally shown that the artificial ribosome can synthesize short
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oligopeptides using a chain-growth-made axis.[*! By definition the dispersity of the axis is thereby
translated into the dispersity of the attained oligopeptide sequence. Yet, the progress that has been
made in controlled chain-growth polymerization and that is presented in subchapter Chain-growth
Polymerization (pp. 26ff.) should theoretically enable the translation of very precise encoded synthetic
sequences into precise oligopeptides using a man-made molecular machine.

Leigh‘s Peptide Synthesizer Synthesizer Design
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Figure I-5: Design of Leigh’s supramolecular peptide synthesizer. Definition of abbreviation for amino acids:
cysteine (C), glycine (G), phenylalanine (F), leucine (L), alanine (A).

2.1.2 Sequence-defined Oligosaccharides

In living matter, monosaccharides serve as building blocks in several forms and applications. Hexose
sugars are polymerized to structural polysaccharides like cellulose by forming B-1,4 glycosidic bonds
resulting in a rather stiff, rod-like conformation. Energy and carbon storage polymers as starch (a-1,4
glycosidic linkage) and branched glycogen (a-1,4 and o-1,6 glycosidic linkage) show a coiled
architecture.® Moreover, oligosaccharides are used as informational molecules. While a hexapeptide
that is built from the 20 common amino acids allows for (20° =) some million different primary
structures and a hexanucleotide assembled with four nucleotide subuntis allows for (4® =) 4096
different structures, a hexameric oligosaccharide has a variability of many billions of different shapes.
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20 different monosaccharide subunits are available that can be linked (1->2), (1-=>3), (1->4), (1->6),
(2-=>3) and (2->6) each with either a or B configuration (see Figure 1-6). These sequence-defined
oligosaccharides are covalently linked to lipids or proteins and bind in intra- and intercellular
recognition processes highly specific to proteins with process-dependent optimized affinity.”

2.1.2.1 Biosynthesis

Biosynthesis of sequence-defined oligosaccharides is supported by a complex molecular machinery.
For example, during the synthesis of the core oligosaccharide that is to be linked to an asparagin side
chain of a peptide forming a N-glycan, monosaccharides activated as phosphodiesters are added
stepwise to a dolicholphosphate-immobilized structure on the cytosolic membrane side of the
endoplasmatic reticulum (ER). Later, the synthesis switches to the ER lumen where dolicholphosphate-
immobilized monomers are further added in a stepwise manner.!

2.1.2.2 Ongoing Development of Synthetic Access

Tools for the synthetic production of sequence-defined oligosaccharides are needed for the
development of vaccines and antagonists. The monomeric building blocks are polyalcohols (see Figure
I-6) and when forming an interglycosidic bond, regio- as well as stereoselectivity has to be considered.
Development of protective group strategies and careful synthesis planning is therefore required.>?
Next to persistent protective groups, orthogonal temporary protective groups have to be used to allow
the synthesis of branches. Participating neighboring protecting groups can, moreover, help to define
the trans-stereospecific formation of a glycosidic bond as depicted in Figure I-6.
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Figure I-6: Activation and protective group strategy for monosaccharide addition to a growing saccharide.
(adapted from [54])

Yet, methods are available to stereoselectively generate glycosidic linkages. The yield and
stereospecifity of the process depend on the steric and electronic nature of the monomer as it depends
on the nucleophile and has to be reflected by the choice of reaction conditions.”*>* Much effort was
spent to synthesize sequence-defined oligosaccharides in solution.®™>”! Remarkably, in depth
reactivity studies allowed the design of programmable one-pot oligosaccharide assembly strategies
whose targets remain, however, relatively small oligosaccharides.!®®% Automated synthesis on a solid
support means certainly a break-through for the research field and advances have recently been
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achieved.®%* Contrary to the introductory discussion concerning the immense theoretical structural
variability, mammalian sequence-defined oligosaccharides occupy only a fraction of the available
glycospace and a huge share of 75 % of the latter could be synthesized using a set of 36 monomers.[®°!
The first glycan synthesizer is commercially available and a routine synthesis of selected but complex
sequence-defined polysaccharides is feasible.®®!

213 Nucleic Acids

From a polymer chemist’s point of view, DNA and RNA are particular classes of sequence-defined
poly(phosphodiester)s, whose monomeric units and their precise sequence induce manifold
supramolecular properties intermolecularly as well as intramolecularly.

The carrier of genetic information, DNA, was first isolated and identified by Avery and coworkers®” in
1944; its conformation was deduced nine years later by Watson and Crick®® in 1953, relying not least
on works by Franklin®® and Wilkins:"® DNA is found in biological systems as a double stranded helix
as schematically represented in Figure I-7 on the left. Mother (in red) and daughter (in blue) strands
interact via hydrogen bonding between the nucleobase pairs A=T (two bonds) and G=C (three bonds)
as indicated in Figure |-7 (center); the phosphodiester-linked ribose backbones show thereby a
different sense of direction. In agueous medium, the double helix between a strand and its anti-strand
is guided by base recognition and held together not only by hydrogen bonding but also due to the
hydrophobic effect in the non-polar DNA core and -t interactions between the nucleobases that are
arranged - contrary to the representation in Figure |I-7 — in a plane perpendicular to the backbone.
Ribonucleic acid (RNA) consists of the same building blocks, solely the pyrimidine base thymine (T) is
replaced by its non-methylated analogue uracil (U) and the 2-hydroxy function on the ribose moieties
is present. RNA single strands can fold to complex structures and are known to have catalytic function
far beyond the already introduced mRNA and tRNA and are thus considered an important species in a
world before today’s Protein World.[*% 7]

DNA Double Helix Base Pairing in Double Helix Building Blocks
H N adenosine (A)
-HN =
/ >//A\$/N thymine (T)
/ T NH™ N\;-N y
cytosine (C)
N
H ,
m guanine (G)

2-deoxy ribose

daughter strand phosphodiester

Figure I-7: Building principle of double stranded DNA helix.

2.1.3.1 Biosynthesis

In rare cases, DNA is synthesized RNA-dependent.’* Usually, DNA is obtained by replication in a
semiconservative manner, which means that each DNA strand serves as a template for the synthesis
of a new strand, leading to two new DNA helices — each composed of a newly synthesized and its old
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complementary strand’? as it is schematically described in Figure I-8 on the left. The double helix is
unwound by specific enzymes and a polymerase uses the single strands as templates for the catalyzed
polymerization of the complementary strand. The activated monomer is the specific deoxynucleoside
5’-triphosphate providing pyrophosphate (diphosphate) as an attractive leaving group upon the
nucleophilic attack of the 3’-hydroxy group of the growing chain as depicted in Figure I-8 on the right.
The DNA polymerization occurs strictly in 5’3’ direction, thus along the lagging strand DNA is
synthesized discontinuously in Okazaki fragments that are later interconnected./’®

SemEi;clonservative DNA Replication Polymerization Reaction
11‘ \ 3 5 5“end of growing chain
NAN !
movement “0- P (0]
nucleobase

W' °ﬁ5' °
L/
3l
3l
5 \
leading strand
\ ing 5 (0] (I? —~ (0]

3 _O—IIDI—O—P—O—P—O 5 nucleobase
| | |
Okazaki . 5 -0 _0 lo (o)
fragments 5° / 3¢ leaving group

V lagging strand 3 OH
5 activated monomer:

deoxynucleoside 5‘-triphosphate

Figure I-8: Semiconservative DNA replication (left) and polymerization with an activated monomer (right)

2.1.3.2 Synthetic Access

Fully synthetic access of DNA and RNA is commonly achieved using phosphoramidite chemistry. Being
a key tool of the present work in obtaining sequence-defined poly(phosphodiester)s, the approach is
devoted the whole subchapter Chemical Synthesis of Poly(phosphodiester)s (pp. 33ff.).

2.2 Synthetic Polymers

Research on sequence-controlled polymers has become an emerging field in polymer chemistry. Called
embryonic’¥ and associated with the next Holy Grail in polymer sciencel’ earlier this decade, the
development of synthetic polymers with a controlled monomer sequence has recently gained rising
attention.[-3 7681

Synthetic polymers are all polymers intentionally synthesized by humans. To date living matter
demonstrates the most achieved strategies for the synthesis of sequence-controlled polymers. As
presented in the preceding subchapter Sequence Definition in Biological Systems (pp. 16ff.), sequence
control in biological systems reaches the ultimate goal of sequence definition where needed. Research
on the synthetic access to sequence-defined biopolymers and the related development of universal
strategies and tools were fueled by the impact of life sciences. From a polymer chemist’s perspective
these are early and very important contributions to the research area sequence-controlled polymers —
even if the key players where not primarily considering themselves polymer chemists. The
development of polymer chemistry and the development of polymers for life sciences, consequently,
occurred mostly independently from each other during the 20t century due to the fact that they did
not ask the same questions.l’”!

It has been found that already a rough control over polymer microstructure results in polymer
materials with unprecedented properties.'®” And it can indeed be expected that further research and
development of techniques does not only deepen our understanding of global structure-property
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relationships, it will rather lead to tailored properties beyond today’s imagination as synthetic
polymers and resulting properties will be much more diverse than those of today’s yardstick,
biopolymers which are limited by a confined availability of building blocks.?

There are three main classes of polymerization mechanisms that serve polymer chemists for
synthesizing sequence-controlled polymers. According to a recently suggested terminology,!
approaches in step-growth polymerization, chain-growth polymerization, and multistep-growth
synthesis can be used to control the microstructure of resulting polymers as indicated in Figure I-9.

Step-growth Polymerizatio. hain-growth polymerization Multistep-growth Synthesis

@Y x@Y x@Y x@Y @+ @ — 1@y O.XYOXlYij

n+l

x@-@Y 1 QY | _(5
QAP ‘0000000« X9+ D@V~

! ! !

bifunctional multi- uncontrolled living/controlled linear iterative dendrimers
functional e | | |
[ 1 living ionic radical ROMP ROP convergent divergent
conventional others: step-growth
I | ‘ liquid phase
[ T 1 [ | T I solid phase
ester amide urethane anionic cationic NMP ATRP RAFT single —
insertion ortho-
ADMET CuAAC ARGET SARA ICAR protected gonal

Figure 1-9: Overview (non-exhaustive) of classes of mechanisms leading to sequence-controlled synthetic
polymers. (adapted from literaturel? suggesting the terminology multistep-growth). Definition of
abbreviations: Step-growth polymerization: acyclic diene metathesis (ADMET), copper-catalyzed alkyne-azide
cycloaddition (CuAAC); chain-growth polymerization: ring-opening metathesis polymerization (ROMP), ring-
opening polymerization (ROP), nitroxide-mediated polymerization (NMP), atom transfer radical
polymerization (ATRP), reversible addition-fragmentation chain-transfer polymerization (RAFT), activators
regenerated by electron transfer (ARGET), supplemental activator and reducing agent (SARA), initiators for
continuous activator regeneration (ICAR). Multistep-growth synthesis is shown with functional groups X and Y
for clarity. Yet, more complex strategies require utilization of another letter code when presented in depth.

The degree of sequence control during a polymer synthesis is reflected by the product’s dispersity, b.
Different macromolecules are usually attained during a polymerization and the resulting polymer
(mixture) is non-uniform. The dispersity can be based on the degree of polymerization (polymer length)
or the molar mass. For a homopolymer or a long alternating copolymer these are proportional to each
other; thus Dx and Dy are equal and simply referred to as . Sequence-defined polymers are uniform
and characterized by a defined degree of polymerization as well as a particular primary structure,
hence a defined molecular weight. For their dispersity holds theoretically, £ = 1.3

Depicted in Figure 1I-9, the different strategies for the synthesis of sequence-controlled polymers
characterized by different degrees of microstructure control are described in the following
subchapters and relevant examples are briefly described. In order to present sequence control for
synthetic polymers lucidly, polymerization reactions relying on a template polymer (e.g. in protein
engineering)—although a very promising and advanced strategy—will not be covered. The focus is set
explicitly on initial sequence control.
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2.2.1 Step-growth Polymerization

As depicted in Figure 1-9 bifunctional monomers (XY) can randomly react with each other forming
dimers and oligomers characterized by the same reactive end-groups as the initial monomers. In a
stepwise fashion smaller fragments fuse and the length of chains is hence growing. The same principle
is at work when copolymerizing monomers XX and YY. Multifunctional monomers do analogously form
branched structures. The emergence of the first synthetic polymer bakelite® developed by Baekeland
until 1907 was starting the plastic age. It was synthesized as other early materials like polyesters, !
polyamides,®”! polyurethanes,'®® etc. during a step-growth polymerization. It can be derived from
Carothers’ equation'®! that such polymers show a rather high level of dispersity with £~ 2. However,
sequence control is easily obtained with respect to the arrangement of monomers. Copolymerization
of XX and YY monomers leads imperatively to an alternating polymer (AB), that, nevertheless, could
be interpreted as a homopolymer, too. When telechelic polymers (and oligomers) or di-end-functional
(heterotelechelic) analogues are prepared by other techniques, step-growth polymerization
represents a convenient tool to access high molecular weight polymers with a periodic microstructure,
e.g. (ABC).. Important studies performing the step-growth polymerization of precursors by means of
ADMET,*%2 carboxy-alcohol condensation,®® metal-catalyzed step-growth radical polymerization,®*
CuAAC,? radical addition-coupling polymerization (RACP),°*°”! thiol-yne,®® and thiol-ene coupling!®*
1001 yield sequence-controlled copolymers. In an elegant approach, You and coworkers report a one pot
sequential monomer addition synthesis by primarily forming a telechelic DCBABCD (dithiomaleimide)
oligomer that yields after polymerization with a diamine a (DCBABCDE), polymer with a number-

average molar mass, MN, of 25600 and a dispersity, Py, of 1.24.°0 |n all these examples the
microstructure is precisely controlled regarding the interdistance of functional sites on a polymer
chain. If reported, features differ severely from their more random analogues.

Step-growth polymerization is relying on the prerequisite that growing polymer chains have the same
end-group reactivity as the monomers. Depending on the strength of particular effects, the chain end
of an oligomer can have a higher reactivity than the monomer and thus a higher probability to be
elongated. By tuning the applied conditions, a typical step-growth polymerization can thus be shifted
to a chain-growth polymerization. This exotic strategy may exceptionally be treated in this subchapter
as it historically developed when step-growth polymerization should be performed but a reduced
monomer reactivity as compared to the growing chain was observed, either by a substituents effect!**?
favoring the polymer-end to react or a specific catalyst transfer’®! to the chain-end after each
monomer addition. The latter is particularly interesting because biosynthesis of sequence-defined
polymers like ribonucleotides (compare Chapter |: 2.1.3.1 DNA Biosynthesis, p. 22) and peptides
(compare Chapter I: 2.1.1.1 Protein Biosynthesis, pp. 17f.) is depending on a catalyst (here: enzyme)
transfer to the growing chain’s end activating the condensation reaction that is under catalyst-free
conditions not occurring between the monomers.!*%4 |t has to be added that the sequence-definition
is in both cases derived from a template, however, the transformation of a random step-growth
process to a controlled chain-growth polymerization is the key achievement. A man-made example of
the very strategy was reported by the groups of Yokozawa*%1%! and McCullough:[**7-%] Kumada-
Tamao catalyst-transfer condensation polymerization occurs when a Ni(0) catalyst is added to a
bromothiophene Grignard monomer. The reaction starts with an oxidative addition of Ni(0) to the C-
Br bond. After reaction with a Grignard monomer in a transmetalation i) trans-cis isomerization (not
shown) and subsequently reductive elimination occurs ii) resulting in a C-C bond formation and a -
bound Ni(0) species at the chain end that closes the reaction cycle with an oxidative addition jii).[**°!
The initiation, propagation and termination with hydrochloric acid is depicted on top while the full
catalytic cycle is shown on the buttom of Scheme I-2 including the crucial Ni(0) complex that is formed
at the chain end after reductive elimination ji). It has further been found that only when an initiator
ArNi(dppp)X (X = Br or Cl) complex is used, unidirectional chain growth is ensured.*10-112]
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Scheme [-2: Catalytic cycle of a Kumada-Tamao catalyst-transfer condensation polymerization of a Grignard
monomer. Abbreviation ligand Ly: 1,3-bis(diphenylphosphino)propane (dppp).

2.2.2 Chain-growth Polymerization

As shown in Figure I-9, a chain-growth polymerization starts with an initiation reaction, the reactive
transient species at the chain end—usually a radical, anion or cation—reacts repeatedly with a
monomer transmitting the reactivity to the growing chain end during the propagation. Manifold
termination reactions finally yield the polymer. The sequence control during a common
copolymerization process is based on the reactivity ratios of the monomers present in the reaction
mixture. Depicted in Figure I-10, mainly random, block and alternating copolymers are hence
accessible.”> 1131 particular differences in monomer reactivity ratios can lead to alternating primary
structures**¥ using e.g. donor monomer styrene and acceptor monomer maleic anhydride to
synthesize a (AB), copolymer®*® or tetrahydrofuran, epichlorohydrin and phthalic anhydride to
synthesize a (ABC), terpolymer.*'®! The group of Sawamoto reported the use of template-prearranged
monomer dyads and triads leading to alternating (AB),!**”! and (ABA),**® copolymers, respectively.

terminal model: homo-/crosspropagation chain-growth copolymerization €) + €
r
’V\/G*+0$”Vv00*}v ) A)r,=r,=~1
ry=rily
WO+ @ 2 10D
B)r,>1;r,>1
e+ € 21, 1)/ block copolymer
ry =y
"0+ ﬁawoe*} Qri=r,=0

Figure I-10: Reactivity ratio-based copolymer sequence control. Non-exhaustive cases: A) no preference for
homo- or crosspropagation; B) homopropagation favored; C) crosspropagation favored.

random copolymer

alternating copolymer

However valuable monomer reactivity-based and statistical concepts proof for copolymerization, an
uncontrolled polymerization inherently implies chain termination and chain transfer reactions that
lead to a high degree-of-polymerization dispersity, Dx. This is overcome by controlled/living
polymerizations first reported by Szwarc in 1956*** for anionic polymerization following mechanisms
where the ...
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... process does not involve a termination step. [...] The polymeric molecules then “live” for
an indefinite period of time [however] [...] any growth requires food. And the food for a
growing polymer is the monomer. Consequently, if the supply of monomer is exhausted
the growth is interrupted, although the living ends are potentially able to grow further if
an additional amount of monomer is available.**!

Moreover, the rate of chain initiation is fast compared with the rate of chain propagation and the
number of growing chains stays constant.[*?! The polymer chains grow with the same rate and the
chain lengths thereby stay similar resulting in a relatively low degree-of-polymerization dispersity, Dx.
Theoretically, it is approaching Hx = 1.1'2Y Next to different generations of anionic polymerization!***
1221 the concept was reported for cationic polymerization[!?*12l and for ring-opening metathesis
polymerization (ROMP)(*?%61271 and a broad range of living polymer systems for synthesis of high
molecular weight and low dispersity were known until the 1990’s.[128-129]

ATRP — Atom-transfer Radical Polymerization
reversible deactivation:

P-X + M"L, — P+ XML,

dormant species: P-X

NMP - Nitroxide-mediated Polymerization
reversible deactivation:

P-O-NR, -~ P’ + O-NR;

dormant species: P-O-NR,
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Figure 1-11: Mechanisms of controlled/living polymerizations or reversible-deactivation polymerizations. A
type of metal-catalyzed ATRP is shown.

Eagerly awaited!*?®! development of analogous controlled/living radical polymerization gave polymer
chemists the tools to obtain sequence-controlled polymers in a process that is more tolerant toward a
variety of functional groups und thus, the diversity and means to tune the polymer properties were
greatly enhanced.!*3132) Namely ATRP, 133134 NMP,[135) gnd RAFT(%®! are processes that make radical
polymerizations controlled and living by intermediately capping the growing polymer chain as a
dormant species thereby reducing the overall concentration of the propagating radical chain end
significantly. Dormant species and the reversible reactions leading to activated chain ends are depicted
in Figure I-11. It is obvious that the initiator and the terminus of the dormant species are retained and
sequence-control as well as control over chain end functionalities are obtained. This is a particularly
important aspect for already above mentioned usage as (hetero)telechelic entries in a subsequent
step-growth polymerization to access periodic polymers.

Thanks to particular differences in monomer reactivity ratios referred to already above, it is not only
possible to control chain length distribution during living polymerizations. Hawker’s group reported
the one-step synthesis of functionalized block copolymers. During NMP of a 9 : 1 mixture of styrene
and maleic anhydride at first preferential incorporation of maleic anhydride is observed leading to an
initial styrene-r-maleic anhydride block. After reaching rather low maleic anhydride concentrations in
the monomer feed, a terminal quasi homopolystyrene block accrues.*3”! An elegant strategy pushing
the conceptually related aforementioned approach to its limits yields tailor-made microstructures and
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was recently reported by Lutz.!**® |t was demonstrated that a variety of N-substituted maleimides
could be precisely positioned on a (homo)polystyrene chain by time-controlled addition to an ATRP
styrene feed.[** As in Hawker’s one-step synthesis, it is the acceptor monomer maleimide that has a
low tendency of homopolymerization and shows a favored cross-propagation even if the comonomer
is present in large excess.'*® Conceptually depicted in Figure 1-12, ultra-precise insertion of one
acceptor monomer per chain can be attained in situations when the donor-to-acceptor comonomer
ratio is very low. Here, consecutive feeds of donor and acceptor comonomers are used in a NMP and
other living polymerizations (activator regenerated by electron transfer (ARGET) ATRP and single
electron transfer living radical polymerization (SET-LRP)).[?! With this strategy in hand, heterotelechelic
copolymers for further CuUAAC step-growth polymerization were attained.!® Moreover, it could be
shown that moieties can be inserted that result in a predefined functionality***¥! and precise
architecture***1#71 of the polymer chains. The predefined order of particular maleimide monomers
along a polystyrene chain was apart from its impact in material science also discussed as a system for
coding information on the molecular level.[}48!

donor acceptor
monomer monomer(s) T NMP —
’—/ R controlled/living polymerization
|
N -
0 0 l t1 tz l t3 l t4 n 1
N-substituted | (N ( [ | [(:-]x X
maleimide 1 ultra-precise
| styrene \__multiblock copolymer )

Figure I-12: Concept of ultra-precise N-substituted maleimide insertion (colors, black) into a controlled growing
polystyrene chain (grey).

Conceptually related, it was shown by Perrier that sequence-controlled multiblock copolymers are
accessible thanks to the high retention of livingness during RAFT polymerization. Acrylamido
monomers were polymerized by RAFT until almost complete conversion was reached to establish the
first homopolymer block. Subsequent reinitiation with another monomer feed—that again was
consumed until almost complete conversion—added thereby one block after another in a sequence-
controlled fashion.[***% The concept was further applied to RAFT polymerization of acrylamido and
acrylate monomers at 25 °C yielding e.g. a dispersity of Dy = 1.15 for an acrylate-based heptablock
copolymer®™l and to ultrafast polymerizations without protection from air where multiblock
acrylamidocopolymers were obtained within minutes with satisfying dispersities.[*>?! Very promising,
the RAFT multiblock copolymerization process was performed in a looped flow process that can be
scaled and that ensured reproducibly 99 % monomer conversion per feed and so-formed hexablock
acrylamidocopolymers were characterized by a low dispersity (Pw = 1.11) at a moderate molecular
weight (M, = 8100 g-mol?).[*53]

223 Multistep-growth Synthesis

Multistep-growth synthesis is to-date the only available strategy granting the initial access to
sequence-defined polymers. Other strategies are relying on sequence-defined templates (or—in the
case of the supramolecular peptide synthesizer—on a sequence-defined axis) that had to be
synthesized in a multistep-growth synthesis in advance. As depicted in Figure I-9, multistep-growth
indicates that monomers are added stepwise during chain elongation enabling the definition of an
exact primary sequence composed of a freely selectable number of monomers. Sequence definition
comes with the price of additional purification steps that need to be added at least once per monomer
addition cycle. Several examples from the recently progressing discipline!® are discussed in the
following sections.
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2.2.3.1 Monomer Design and Stepwise Purification Strategy

Linear polymers can be synthesized using (AB) monomers. To prevent homopolymerization the B
function enters the reaction as a protected species and only the growing chain’s terminal B group can
react with a monomer. An analogous orthogonal approach would employ (AA) and (BB) monomers
that are alternatingly added. In both examples A can only react with B and vice versa. Called AB+AB
and AA+BB approach, respectively, resulting polymers are formed by one repeating intermonomer
linkage. The AB+CD approach relies on (AB) and (CD) monomers that are alternatingly added where
functional group B reacts solely with C, and D with A, respectively. A derivation is represented by the
AA+BC approach where the selected conditions (or chemoselectivities) result in a reaction between A
and B or C and A. So-built polymers can but do not need to comprise different intermonomer linkages.
Furthermore, a few examples exist using more than two monomer classes to construct a sequence-
defined polymer chain.

The iterative steps in multistep-growth syntheses have to be separated from each other. E.g. before
another (AB)Y monomer can be added, all remaining (AB)* from a previous step has to be removed.
That is the reason why—apart from approaches in which no support is used—the majority of strategies
relies on solid or soluble support materials® that immobilize the growing polymer chain and facilitate
the necessary purification steps dramatically. Recent examples that do not rely on supports have the
advantage of possible scale-up. In terms of applying the strategies to obtain longer sequences and
subsequently tuning the properties, some strategies remain at this stage questionable when
reasonable yields and global applicability is wanted.[*** Nevertheless, promising support-free
strategies are reported using stepwise chromatographic purification,!**>¢! semi-automatic flow
synthesis with in-line purification,!*>” stepwise precipitation,!**® and preparative size-exclusion
chromatography (SEC).[*5!

The vast majority of reported multistep-growth syntheses benefits from fast purification by making
use of supports. The general concept is explained in detail in subchapter Solid-phase Peptide Synthesis
(pp. 17ff.): briefly, the solid support particles immobilize the growing chain and washing steps are
employed to purify the growing sequence from excess reagents or soluble side products. Soluble
supports, on the other hand, allow isolation of the supported growing chain by e.g precipitation in a
non-solvent for linear polystyrene supports,*®® or by means of fluorous solid-phase extraction (F-SPE)
when a fluorous purification tag!'® is used.

The range of reactions that can be employed in multistep-growth syntheses is infinite, yet, coupling
times and yields are to be considered. The theoretical overall time t,, needed for the synthesis of a
polymer with chain length n is the sum of n-1 repeated cycle durations t. consisting of x steps with
reaction times of t;, and is expressed in (1).

tpor = m-Dt.=n- 1)2 t; (1)

1 A much criticized downside of such support-assisted approaches is the limited synthesis scale related to the fact that
material properties are an important subject to the polymer chemists’ community. Justification usually points to the fact that
the field is young and a new generation of polymer chemists is developing chemical methods and general strategies that can
be used as a toolbox to find new polymer properties related to the defined primary structure. The here presented vision
should convince the reader that it is indeed not anticipated to replace PET with sequence-defined polymers. Also living matter
does still rely on roughly micro-controlled polymers like cellulose. As only a handful of DNA molecules governs the reader’s
retina bipolar cells’ activity in this moment, very few tailor-made sequence-defined molecules are needed for already
elaborated applications, such as data storage that is presented in chapter Sequence-defined Polymers for Information Storage
(pp. 32-33). However, it can be kept in mind that scale-up is still a future option if needed.
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The theoretical overall yield y,o of the synthesis of a polymer with chain length n is the product of n-1
repeated cycle yields y. consisting of x steps with stepwise yields y;, and is expressed in (2).

X n-1
Ypoi = ycn_l = (H}’k) (2)
k=1

The corresponding values for the cleavage from the support and, importantly if applicable, final or
repeated purification steps have to be added to (1) and (2). Hence it is advantageous to choose
reactions that are known to be fast and efficient in terms of product selectivity and hence their yield.
E. g. if a special monomer to be inserted only a few times requires prolonged reaction times it will be
tolerated in case of a satisfying yield. If long polymers are aimed for, reactions have to be performed
near-quantitatively due to the exponential influence of polymer length on the synthesis yield, ypor.
Moreover, if non-quantitative reactions are employed, strategies should be designed precedingly that
allow a purification of the desired sequence from missing-step sequences or other side products.

Phosphoramidite chemistry is a strategy for AB+AB multistep-growth synthesis that meets all the listed
criteria. Its exceptional speed and efficiency make it the strategy of choice for the synthesis of
sequence-defined poly(phosphodiester)s, the title polymer class of the present thesis. The strategy is
covered in detail in the following subchapter Chemical Synthesis of Poly(phosphodiester)s (pp. 33ff.) to
avoid repetition. The interested reader is furthermore kindly directed to the subchapter Sequence-
defined Polymers for Information Storage (pp. 46ff.) for a more detailed report on multistep-growth
synthesis of oligo(triazole amide)s (p. 48), oligo(alkoxyamine amide)s (pp. 49f.), oligocarbamates
(pp.51f.), and poly(alkoxyamine phosphodiester)s (pp. 52f.).

2.2.3.2 Coupling Strategies for the AB+AB Approach

During the AB+AB approach, protective groups are used. It is thus important that the coupling
conditions, the deblocking conditions and—if used—the cleavage of the linkage to the support
material are orthogonal to each other. An early example of such system not targeting a biopolymer
but a biomimetic polymer was reported by Schultz and coworkers in 1993. Using a solid Rink support
an oligocarbamate backbone was build comprising side chains equal to those of the canonic amino
acids because the interaction with biomolecules was under investigation. Activated by HOBt, the
synthesis begins with the carbonate ester coupling by a nucleophilic attack on the carbonyl carbon by
the amine producing para-nitrophenol as leaving group. The next step is the deprotection of the
terminal amine with a weak base. The coupling i) and deprotection ii) steps are repeated until the
desired sequence is attained. Yields of 99 % per cycle are reported. Finally the amine terminus is
acetylated and cleaved from the resin iii) under acidic conditions as shown in in Scheme [-3.1162

i) ' j\ Ir:llF nitrophenyl carbonate ester monomer
moc O.N
()JQHZ_> UH O/\r 2 i 4
R o NFmoc

Rink support first carbamate linkage 0/\r
"

Lo Kl o 2N

H,N” S0 ~ON

R (O
sequence-defined oligocarbamate

Scheme I-3: Early multistep-growth synthesis of sequence defined oligocarbamate by Schultz and coworkers.
Carbamate coupling i): monomer, HOBt, diisopropylethylamine, N-methyl-2-pyrrolidon; deprotection ii):
piperidine, N-methyl-2-pyrrolidon; cleavage from Rink resin iii) a. acetic anhydride, N-methyl-2-pyrrolidon, b.
TFA, triethylsilane. Abbreviations: 2,2°,2”-trifluoroacetic acid (TFA).
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The strategy was also used with the photolabile protective group nitroveratryloxycarbonyl (NVOC) to
synthesize an oligocarbamate library. The underlying principle is covered in subchapter

Phosphoramidite Chemistry for Microarray Production (pp. 44f.). Structurally related to carbamates,
sequence-defined oligoureas are synthesized. The analogue monomers are N-protected carbamates
with a good leaving group!*®31%% or e.g. in situ generated isocyanates.!**® Other classes of sequence-
defined oligomers use the AB+AB approach to build non-peptidic oligoamides!**’-*’% ysing the SPPS

strategies, oligoamines by various strategies,!*’% oligostesters,!*’>173 and conjugated oligoarylenes.!*’*
178]

2.2.3.3 Coupling Strategies for Orthogonal Approaches

Orthogonal approaches are protective group-free in the sense that at least during the repeated steps
of polymer backbone formation no protective group is employed. That can reduce the overall reaction
time and is economically beneficial. Some strategies that rely on protective groups can be transformed
to an approach using latent groups. E.g. amines and azides can be transformed into each other. Instead
of protecting the amines in a polyurea synthesis, an azide monomer can be used that is efficiently
converted to an amine in the following step.[”>'8! QOligo(1,3-triazole)s would be accessible when
monomers exhibiting an azide and a protected alkyne moiety are used. Here, an amine monomer can
be used that is convertible to the azide upon demand.8%

An interesting submonomer strategy was introduced to the field of peptoid polymers which are
peptidomimetic poly(N-substituted glycine)s. Before, it was the state-of-the-art to synthesize
polyglycine by means of SPPS (AB+AB approach) and N-substitute the formed amide after each
coupling cycle. Zuckerman proposed to perform the amidification with bromoacetic acid. The formed
bromide can be reacted with a primary amine of choice to regenerate a terminal amine. This protocol
that follows an AA+BC approach results in cycle yields above 99 % and can be performed on an adapted
peptide synthesizer.[*82]

AA+BB, AA+BC and AB+CD approaches are particularly interesting to the field of sequence-controlled
polymers because they enable polymer growth in every step. If the monomers have at least three of
the functional groups A, B, C, and D locally separated from each other it is possible to easily introduce
two different chemical linkages into a polymer chain. Some examples of these approaches are
presented in detail in subchapter Sequence-defined Polymers for Information Storage (pp. 46ff.). At
present a large variety of examples are reported that combine two fast and ideally quantitative
reaction steps to yield sequence-defined polymers.[”®

An automated AB+CD approach was reported by the group of Du Prez. The same monomers are
repeatedly coupling. Tailored functionalization was achieved by adding a thiol modifier to the (AB)
monomer coupling mixture. The immobilized thiolactone ring is opened i) chemoselectively with the
amine function of the (AB) monomer. The resulting thiol immediately reacts with the acrylic double
bond of the modifier in a thiol-ene reaction ii). This step allows sequence definition by addition of
several different thiol modifiers in following cycles. A thiolactone is retrieved by conversion of the
terminal alcohol with a-isothiocyanato-y-thiolactone via a carbamate linkage. The cycles can be
repeated—adding the thiol modifier of choice during the ring-opening reaction—until the desired
sequence is attained. In the automated approach that is shown in Scheme 1-4, each reaction cycle lasts
for about 90 minutes to yield highly pure oligomers.*®3! In general, several reactions can be performed
at the same time without intermediate reactions steps. The important condition for that is perfect
chemoselectivity.'® Du Prez exploited this feature of the multicomponent amine-thiol-ene
conjugation to introduce a side chain modification. Furthermore, the concept can be used to rapidly
construct a sequence-defined backbone. This was shown by Meier and colleagues employing the
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Scheme I-4: Synthesis of sequence-defined oligo(carbamate amide)s including a amine-thiol-ene conjugation
in one step. Amine-thiol-ene conjugation i) + ii): chloroform, (AB) monomer, thiol modifier (ratio amine to acryl
compound: 1 to 2); iii) chloroform, (CD) monomer, DBTL, cleavage from resin iv): TFA, DCM. Abbreviations:
dibutyltin dilaurate (DBTL).

Passerini three-component reaction (P-3CR). The latter is the reaction of an aldehyde or ketone with a
carboxylic acid and an isocyanide, forming an a-acyloxy carboxamide as it is shown in Scheme [|-5.A.
The indicated substituents have to be chosen in a way that P-3CR can be incorporated into a multistep-
growth approach. E.g. if the aldehyde (R® = H) comprises a terminal double bond at the substituent
(R2), the P-3CR can be followed by a thiol-ene reaction that introduces a carboxy end to the growing
chain. The reaction cycle would be terminated by adding the aldehyde and an isocyanate of choice for
the next P-3CR. The so-attained sequences vary by the different substituents R* from the isocyanate
insertions. %]

A) 2 p3
0 o - ﬁ\ R2 R H
+ + 4_N= — ~
R1JJ\OH RZJJ\R3 HoN=C R! o&( R¢
(0]
carboxylic acid aldehyde / ketone isocyanide a-acyloxy carboxamide
7 RS
B o o ﬁ\ R'R® Y
I+ ReNH; + | + RO-NEC — RS N&(N\Rg
R “OH R” "R® RS O
carboxylic acid amine  aldehyde / ketone isocyanide bis-amide

Scheme I-5: Overview A) Passerini three-component reaction (P-3CR); B) Ugi four-component reaction (U-4CR).

A modification of the strategy employed different aldehydes for sequence-coding and an isocyanate
was used that comprises a benzyl-protected carboxylic acid on the chain end. Thus, each P-3CR was
followed by carboxylic acid deprotection to regenerate the acid before the coding aldehyde and the
terminating isocyanate were added again.'>* A mixed multicomponent AB+AB approach is then
realized. Interestingly, higher yields were obtained compared to P-3CR/thiol-ene strategy. As the P-
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3CR is tolerant towards several functional groups, it can be employed together with other orthogonal
protective group-free chemistries to yield sequence-defined polymers.!186-187]

Depicted in Scheme I-5.B, an aldehyde (R” = H) or ketone can condense together with a carboxylic acid,
an amine and an isocyanide during the Ugi four-component reaction (U-4CR) to form a bis-amide. The
reaction was applied to precision macromolecular chemistry as described before connecting the multi-
component reaction steps by a thiol-ene coupling (R> = CH,CH,SH and R’ = H; R® = (CH,)sCH=CH,). It is
just feasible to incorporate two coding monomers—namely amine and isocyanate components,
varying R® and R®, respectively—per U-4CR step.!*®¥! The straight-forward access to a bis-amide motif
is particularly interesting for peptidomimetics. Consequently, the groups of Meier!*®®! and Becer!**"!
combined different U-4CRs with iterative peptide synthesis.

3 Chemical Synthesis of Poly(phosphodiester)s

After the understanding of DNA structure, 30 years of intensive research had to pass until a commodity
approach for synthetic access to sequence-defined poly(phosphodiester)s was developed:
Phosphoramidite Chemistry.[*®* The development was fueled by parallel progress in other scientific
areas and while early synthetic protocols already allowed important breakthroughs in chemical
biology, it was not until the 1980’s that phosphoramidite chemistry was available.[**?! |t meant such an
immense improvement of the state-of-the-art that benefited biologists, biochemists, and molecular
biologists for their research that the contributors called their common achievement a Gift to
Science.**! The evolution of phosphoramidite chemistry is described below covering the historic
development of relevant chemical approaches and incorporation of neighboring disciplines’ findings.
Then, phosphoramidite chemistry is described in detail and modern variations and applications are
presented.

3.1 Historical Development and Progress

Taking into account the chemical structure of DNA (see Figure |-7), the formation of the
phosphodiester bond between the 3’-hydroxy function of one monomer and the 5’-hydroxy function
of the other is identified as the most promising reaction for polynucleotide formation. Nature, too,
employs an activated 5’-triphosphate monomer and guides the phosphodiester formation by a
nucleophilic attack by the 3’-hydroxy function on a P(V) center as described in subchapter DNA
Biosynthesis (p. 22; see also Figure I-8).

3.1.1 First Dinucleotide

Cl) + NH i) Bn-protected ii) (I) NH
Bn—0-P=0 | By dT-dT HO-P=0 | By
Cl HO (o) o

5¢ N~ 0
kﬁ
5-0Ac- 3

3‘-OP chloride OAc OH
dT 3“-0OAcdT dT-dT

Scheme I-6: Synthesis of the first dinucleotide by Todd. coupling i): 2,6-lutidine; cleavage ii): hydrolysis.
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In 1955 Michelson and Todd reported on the first successful dinucleotide synthesis. Dideoxythymidine
dinucleotide was obtained by condensing 3’-OAc-protected deoxythymidine with 5’-OAc-protected
deoxythymidine exhibiting phosphorochloridate at the 3’-position. As depicted in Scheme I-6, the
obtained phosphodiester after coupling i) could be deprotected ii) to yield the first man-made
dinucleotide. The experiment was a historic milestone because the dT-dT product was found to show
the same characteristics as dideoxythymidine dinucleotide isolated from natural product digestion
experiments and, thus, ultimately confirmed the structure of the 3’-5’-internucleotide phosphodiester
linkage in DNA.[4

3.1.2 Phosphodiester Method

Being a former member of the Todd research group, Khorana was investigating carbodiimides and their
impact for synthesizing biologically relevant pyrophosphates.[**! By chance he found a new method
for linking two deoxynucleotides in 1956,/*°® later termed the phosphodiester method. A
phosphomonoester, 5’-phosphorylated deoxythymidine can be activated with p-toluenesulfonic acid
(TsOH)!*°®! or DCC**”'—the latter method resulting in higher yields—for esterification with the 3’-
hydroxy group of another dT monomer. Subsequently, the Khorana group developed a strategy to
access DNA and RNA oligonucleotides using the approach. Contrary to the initial discovery, synthesis
is then performed in 3’-5’-direction enabling the more active primary 5’-hydroxy group to perform a

‘“hydroxy protection:
Tr: R‘=R“=H
MMT: R‘=H;R“=0Me
DMT: R’‘=R‘=0Me

DNA monomer:
R=H
A, T, G, C nucleobase

35
synthesis direction HN RNA monomer:
R =0Ac
DCC-activated A, U, G, C nucleobase
monomer monomer

Scheme I-7: Monomer activation with DCC for phosphodiester method.

nucleophilic attack on the DCC activated 3’-phosphate monoester. The acid activation with DCC that is
usually performed in situ is shown below in Scheme I-7. The leaving group is (insoluble) N,N'-
dicyclohexylurea.

The 2’-hydroxy functions of RNA monomers are protected as semi-permanent acetic esters. Also the
particular nucleobase is protected with a base-labile protective group while, importantly, the 5'-
hydroxy function is temporarily protected with an acid-labile (substituted) trityl group.*®® Trityl (Tr),
4-methoxytrityl (MMT), and 4,4’-dimethoxytrityl (DMT) groups can be efficiently cleaved from the
alcohol with acid. The latter DMT group shows a characteristic absorbance when cleaved that allows
for a quantitative determination of the cleavage process.'® But also does the DMT group allow for
fast and complete cleavage under mild acidic conditions (pH 4-5) which is crucial due to nucleobase
lability under more acidic conditions.

The first monomer with the 3’-terminus exhibits the 3’-hydroxy function (and the 2’ hydroxy function
for the synthesis of RNA analogues) permanently protected as a benzoyl ester. The primary 5’-alcohol
can react with an incoming monomer in step i) upon activation with DCC. In step ii) DMT-deprotection
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with acid regenerates the primary alcohol at the 5’-terminus. Monomer addition i) and alcohol
deprotection ji) are repeated with different RNA or DNA monomers until the desired sequence is
attained and finally, the oligonucleotide is obtained after deprotection iii) in base.[*% 200201l The
concept is shown in Scheme [-8.

DMTO Q
(o)
n cycles
@ OAc i) bCC
HO-P=0 -
OH HO ii) [H°]
(0]

OBz OBz OBz OBz OH OH
monomer + 3‘-end monomer protected oligonucleotide oligonucleotide

Scheme I-8: Oligonucleotide synthesis using the phosphodiester method.

Synthesis of oligonucleotides employing the phosphodiester method is time-consuming and
characterized by an inherent shortcoming. During iterative synthesis the growing amount of phosphate
groups leads to an increasing tendency of hyperbranching as the phosphodiester moieties can react
with the monomer in a competing reaction, too. For that reason each iterative cycle (step i) + step ii))
includes a chromatographic purification of the oligonucleotide. With increasing chain length the
purification effort becomes laborious.

The very long-lasting benefit of Khorana’s contribution was the elaboration of useful protective groups,
in particular nucleobase protective groups. (Subhapter Appropriate Protective Groups (pp. 42ff.)
summarizes the state-of-the-art.) It was, thus, possible to employ the phosphodiester method for the
synthesis of any desired RNA or DNA oligomer as protective group strategies for all nucleotide
monomers were developed and orthogonal 5’-hydroxy deprotection was optimized. These impressive
achievements were paving the way for Khorana and colleagues to contribute to the complete
deciphering of the genetic code,?®? the full assighment of codons in mRNA (see Figure I-2 in
subchapter Protein Biosynthesis, pp. 17f.) and the group used the tool to first synthesize full genes
artificially.[203-204]

3.13 Advent of Solid Supports in Oligonucleotide Synthesis

The second player who next to Khorana moved the synthesis of oligonucleotides tremendously
forward was Letsinger. Independently from Merrifield, he was interested in synthesizing peptides on
solid supports.l?®! His findings were published in 1963, few months later than his competitor’s. He
consequently left the field of condensing amino acids as he envisioned the impact that his laboratory’s
experience in solid phase syntheses could have on the synthesis of oligonucleotides.!?627! Letsinger’s
group reported the first internucleotide linkage performed on a solid support that is shown on the left
in Figure I-13. The protective group strategy was inspired by Khorana’s findings. The first monomeric
unit, 5'-O-trityldeoxycytidine, is here immobilized by amidification of the nucleobase’s amine function.
Cleavage from the support could later be achieved by amide hydrolysis with sodium hydroxide.[2%8-20%
Also Khorana contributed with an acid-cleavable support, where the 5’-O-trityl group is attached to
the soluble polymer support.'?!% The analogous solid support?** was reported by others and is shown
in the middle of Figure I-13. Interestingly, another major player in the field, Caruthers, contributed
during his early years as Letsinger’s PhD student with an optimized support that immobilizes any 5'-
OMMT-protected deoxynucleotide on the 3’-terminus (see Figure I-13 on the right).[?*?
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Figure I-13: First generation of solid supports for oligonucleotide synthesis.

The 3’-ester support was shown to tolerate the conditions of the phosphodiester approach (see
Scheme I-8) and a deoxythymidine trimer could be synthesized. DCC activation of the monophosphate
(see Scheme |-7) was presumably not beneficial because the N,N'-dicyclohexylurea leaving group
would precipitate with the support and a reagent that can be washed out is more beneficial. Thus, the
activator 2,4,6-triisopropylbenzenesulfonyl chloride was used and it turned out that the synthesis was
faster and more efficient compared to the outcome when using the cytidine support or the MMT-
support (compare Figure 1-13). Still, performing the same synthesis with Khorana’s soluble MMT-
support in the solution phase resulted in better yields compared with employing any of the solid
supports.2*?

The advent of solid supports in oligonucleotide synthesis facilitated the synthesis of short sequences
but it was neither a tool against the hyperbranching side reaction, nor did it result in higher synthesis
yields. More potent protocols had to be developed to make the process on the solid phase convenient
and efficient.

3.14 Phosphotriester Method

When Letsinger entered the field of oligonucleotide synthesis, he came up with a new approach to
avoid hyperbranching. The phosphodiester backbone that is formed during the phosphodiester
method preserves a certain reactivity. Implementation of a phosphate protective group, e.g. the 2-
cyanoethyl group, can avert the side reaction. Thus, instead of a ribosyl monophosphate, the analogue
protected diester gets activated to react with another ribosyl alcohol as shown in Scheme I-9. The so-
formed unreactive phosphotriester backbone intermediate is the eponym for the approach.

The phosphotriester method was first executed in a stepwise fashion that is shown in Scheme I-9. Here,
the 3’-OH terminus of a sequence is phosphorylated in step i) using e.g. 2-cyanoethyl phosphate and
DCC as an activator. The intermediate phosphodiester is then activated in step ii) with
mesitylenesulfonyl chloride (MsCl) to convert a hydroxy function into a good leaving group. The
iterative reaction cycle is completed by addition of the desired nucleotide to form the phosphotriester
in step iii).12%! Cycles of steps i), ii), and iii) can be repeated with different nucleotides until the desired
sequence is obtained.!?* Treatment with a weak base releases the 2-cyanoethyl phosphate protective
group to convert the backbone motif into a phosphodiester; subsequent treatment with strong base
cleaves the sequence from the support. The phosphotriester method successfully suppresses side
reaction during oligonucleotide synthesis and renders very difficult purification steps unnecessary, yet
the early method as pioneered by Letsinger suffered from low reactivities and—especially on solid
polystyrene supports—reaction times were days to weeks for each step.?%2%! Transferring the system
to the solution phase increased cycle yields (from 44 %2%! to 64 %?*3 in selected examples) and
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reduced the reaction time per cycle to less than two days. However, the choice of 2,4,6-
triisopropylbenzenesulfonyl chloride as activator?¥ and the development of 2’-hydroxy and 3’-
hydroxy protective groups®?*® was granting the access to DNA as well as RNA oligonucleotides?'! at
the end of the 1960’s.

o o : o
NH NH NH
Tr0 S . Tr0 P ) Tr0 DS
N~ 0 i) N” o i) N~ 0
(o) _— 0 —)> (0]
iii
OH o NH2
0-P=0 0-P=0 | >N
/—/ OH /—/ o o
/ / (o)
Z N 7
3“-OH 3“-0-(2-cyanoethyl)-phos- OH
cytidine-support phorylated intermediate immobilized phosphotriester dimer

Scheme I-9: Phosphotriester method using a solid support. Phosphorylation i): 2-cyanoethyl phosphate, DCC;
phosphate activation ii): MsCl; phosphotriester formation iii): nucleoside (3’-OH and 5’-OH, non-protected).

Further chemical and technical perfection led to the charged-compound coupling method developed
mainly by Itakura and Gait until 1980. As depicted in Scheme I-10, the protected monomer enters the
reaction cycle as a triethylammonium salt of the phosphodiester, the condensing agent 1-
(mesitylenesulfonyl) 3-nitrotriazole (MSNT) allows a very efficient coupling to the 5’-hydroxy end of
the growing chain, even when immobilized on polystyrene or polyamide supports.[?*”-218I The activation
process is depicted in Scheme [-10 and was employed in a semiautomatic oligonucleotide
synthesizer.’?*®! The duration of a coupling cycle was shifted to the minute time-scale and yields of 95 %

for each monomer elongation were feasible.?”!
N= g

I
A\ /N\// lo)
‘ ()
- MSNT ., —0O (I)
Cl O—FI’:O (o 0—I|9:0
O~ [HNEt;]* @ Oo. //O
b
(o}
monomer (charged compound) Ms-activated monomer

Scheme I-10: Monomer activation with MSNT for phosphotriester method (charged-compound coupling).

3.15 Phosphite Triester Method

It was again Letsinger’s group that after experimenting with aryl phosphorodichloridates,?%"
pioneered an important step forward. When using instead the P(lll) analogue, an aryl
phosphorodichloridite, remarkable reactivity was observed, leading to an internucleotide phosphite
triester linkage that could be oxidized to the corresponding P(V) phosphotriester within seconds using
iodine and water.??!! The repeating reaction cycles of the phosphite triester method comprise thus
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phosphite triester formation i), oxidation to the phosphotriester ii), and terminal alcohol deprotection
iii). By repeating the cycles it proved to be a robust new method.???) What Letsinger demonstrated in
solution was further improved by his former student Caruthers. The latter understood that slow
diffusion rates, irreversible reagent absorption, etc. were limiting the scope of various polymeric
supports. Overcoming some of these obstacles, he proposed a new macroporous silica support that
proved compatible with Letsinger’s phosphite triester method.??*! The synthetic approach is described
below in Scheme I-11. The support material is discussed in subchapter Solid Support Material (pp. 39f.)

(o]
X =Cl, tetrazole (o)
i) 0.0
tetrazole: '}l/\\N é
N:N’
SiO,-support phosphite triester phosphate triester

Scheme I-11: Oligonucleotide synthesis using the phosphite triester method on a novel silica support. Coupling
i): monomer, -78 °C; oxidation ii): iodine, water, base, RT; deprotection iii): TsOH or ZnBr;, RT.

When using the phosphitechloridite monomer (X = Cl in Scheme I-11), cycle yields above 90 % were
obtained and a cycle took about four hours.??®! The chemistry was compatible with all protected
nucleobases and a simple methyl group was used as phosphate protective group. When tetrazole
analogues were employed as monomers under the same conditions (X = tetrazole in Scheme I-11) the
coupling reaction i) was found to be complete after 60 min, a cycle lasted less than two hours, while
the coupling yield per cycle was above 95 %. The phosphate protective group could be removed with
triethylammonium thiophenoxide at reduced temperature, followed by oligonucleotide cleavage from
the support by treatment with concentrated ammonia at ambient temperature.**? In the latter
described approach from 1981, an apparatus was designed performing automated synthesis by passing
the reagents through a column that is filled with the silica support. The approach was nevertheless not
convenient for non-chemists because the phosphite chloride or phosphite tetrazolide monomers had
to be stored at low temperatures due to their enhanced reactivity. Moreover, the extreme conditions
during couplings that were performed at -78 °C rendered the commercialization of the method at this
stage unsuccessful.

3.1.6 Development of the Phosphoramidite Method

Inspired by the discovery of reactive phosphite tetrazolides, Caruthers’ group drew fruitful conclusions
in the same year. They found that analogue N,N-dimethylaminophosphoramidites are stable enough
to be stored at ambient temperature but can readily be activated by treatment with a weak acid
(making dimethylamine a leaving group). They could show that a N,N-dimethylaminophosphoramidite
is transformed into the corresponding and very reactive phosphitechloride when treated with N,N-
dimethylaniline hydrochloride (DMAP-HCI). A screening for the most suitable weak acid for activating
a phosphoramidite monomer identified the activator 1H-tetrazole. The phosphoramidite method
allows the activatable monomer to be stored at room temperature and to be used during the chemical
conversion at the same temperature. The in situ activation with a weak base reduced side reactions
and as the activated intermediate species is present at room temperature, the chemical conversion
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completes even faster.™ The process was hereinafter optimized for the use of more sterically hindered
dialkylamine residues at the phosphite center identifying diisopropylamine useful at this place to
increase stability in solution.??42?°! The 2-cyanoethyl phosphate protective group furthermore
experienced a renaissance. Compatible with the phosphoramidite method it can readily be cleaved
with weak base.??! Together with a new silica support with a longer linker,!??°! mild conditions were
generating near-quantitative coupling yields within minutes. The optimized protocol is presented in
Scheme I-12.

Successful commercialization of automated synthesizers relying on the phosphoramidite method in
following years made convenient bench-top oligonucleotide synthesis available to non-chemists.
Phosphoramidite chemistry was consequently established as a complete concept. The following
subchapter describes relevant aspects in detail.

3.2 Phosphoramidite Chemistry

Developed in the 1980’s phosphoramidite chemistry is today’s first choice when synthesizing DNA
fragments. Being such a relevant technique to non-chemists, modern oligonucleotide synthesizers can
basically be used as a black box tool and all reagents are commercially available. The following
paragraphs provide a brief summary of support materials, the robust underlying chemistry, relevant
compatible protective groups used during the protocol, and further variation and application of
phosphoramidite chemistry.

3.2.1 Solid Support Material

Inorganic silica has early been identified to be a suitable support matrix.’??”? With the availability of
high performance liquid chromatography (HPLC) grade controlled pore glass (CPG) that was designed
to be a uniform stationary phase, the advantages of silica supports were tremendous.[*°> 228! Due to
the rigid network, the material is incompressible and optimized for this sake. High flow rates of solvents
and reagents are tolerated. Rigidity also means that there is no support swelling and surface
accessibility is independent from the solvent selection. The narrow pore size distribution implies
similar conditions for all surface-immobilized chains. And finally the chemical nature of the silica entails
the support’s chemical stability over a large range of conditions as well as no unintended interactions
between the support and the growing chain.[??®) CPG’s are available with different average pore sizes.
For oligonucleotide synthesis pore diameter sizes from some ten nanometers to some hundred
nanometers are used. The bigger the pore size, the longer is the oligonucleotide length that can be
efficiently synthesized. It has been shown that immobilization on long chain alkylamine (lcaa) CPG
allows an efficient accessibility of reagents.?? Lcaa CPG is depicted below in Figure I-14.

DMTO ( )
\ko DMTO
amorphous glassy long chain stable ©
silica phase of CPG alkylamine (Icaa) succinidyl amide 4
—~ : 1 é
-= OAc )
H \_  cartoon )
(o) O _N_~_~_~ (o)
Ao R -
\ o) H o first monomer immobilized via
j:/Si standard dT Icaa CPG support base-labile succinidyl ester

Figure I-14: Standard Icaa CPG support with immobilized deoxynucleotide.
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It is noteworthy that also modern polystyrene supports are in use in oligonucleotide synthesis that
have overcome initial shortcomings. Aminomethylated macroporous polystyrene (MPPS) is a low-
swellable and highly crosslinked support whose macropores are generated by use of a porogeneous
agent during polymerization. Containing anhydrous conditions is the material’s main advantage due to
its hydrophobicity.?3"

3.2.2 Iterative Reaction Cycles in Detail

Phosphoramidite chemistry is usually performed using an oligonucleotide synthesizer. The machine
delivers reagents in optimal amounts and in precisely controlled time intervals to a column with the
support material. Among others protocols can be adapted to the synthesis scale and a software allows
typing in a primary sequence and the machine does then automatically perform polymer synthesis
according to the phosphoramidite monomers charged in the machine’s reservoirs.

Iterative reaction cycles are performed and comprise the following steps (compare Scheme 1-12):

e Phosphoramidite coupling i): The growing chain comprises a 5’-hydroxy terminus that reacts
with the particular 1H-tetrazole activated phosphoramidite monomer. Activator and
monomer thereby come in contact by mixing inside the reaction column. An activated
monomer reacts immediately and the approximately tenfold monomer excess ensures a yield
above 98 %. Coupling time including the subsequent washing step does usually not take longer
than 2 min.

e Oxidation ji): The so-formed phosphite triesters are transformed to the more stable P(V)
species, the phosphotriester, by oxidation with iodine and water. The oxidizer solution is
flushed through the support matrix at maximum speed. The oxidation and subsequent washing
step takes around 30 sec.

e Capping step: Phosphoramidite coupling is near-quantitative. Yet, the non-reacted chains
comprise reactive 5’-OH ends that should not enter the next phosphoramidite coupling steps.
By capping them, only the desired sequences reach the full length—a feature that plays an
important role in purification protocols. Acetic anhydride activated by DMAP or N-
methylimidazole is usually used during the capping step that can be performed both before
and after oxidation.

e Deprotection step iii): The growing chain end comprises a DMT-protected alcohol that is
unblocked with trichloroacetic acid (TCA). The cleaved protective group is characterized by
strong absorption of visible light around 500 nm wavelength. That can serve for a quantitative
yield determination after each iterative reaction cycle. Deprotection and extensive washing
take less than a minute.

Each monomer is added to the growing chain following the above described steps of the cycle. The
reaction cycles are repeated until the desired sequence-defined poly(phosphotriester) is attained.
Steps to finally obtain the desired sequence are:

e Backbone deprotection iv): The phosphate protective group, 2-cyanoethyl, can be cleaved
from the backbone with a weak base and is then washed away while the sequence is still
immobilized. The same can be done for potential nucleobase protective groups. Procedures
differ here depending on strategies and purification protocols employed.

e (Cleavage from the support v): The succinic ester connecting the 3’-terminus of the sequence
with the support material is cleaved with ammonia and the sequence is washed from the
support.
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DMTO DMTO

deprotection iii)

phosphate deprotection iv)

cleavage from support v)

Scheme 1-12: Phosphoramidite Chemistry. Iterative reaction cycle comprises phosphoramidite coupling i):
MeCN, phosphoramidite monomer, 1H-tetrazole; oxidation ii): THF, iodine, water, 2,6-lutidine; deprotection
iii): TCA, DCM. Desired sequence attained after phosphate deprotection (and nucleobase deprotection) iv):
MeCN, piperidine; and cleavage from support v): (methylamine) ammonia.

Different purification protocols are used to separate the desired sequence from the capped fractions.
DMT-ON purification requires stopping the iterative reaction cycles after the last oxidation step and
retaining the last added monomer DMT-protected. This feature renders the desired sequences
particularly different from the unwanted truncated sequences and allows for an efficient separation
by chromatography. The truncated oligonucleotides (also called capped fractions or shortmers) are
polar and can be washed through a reverse phase column. Also protective groups eventually just
removed during sequence’s cleavage from the support are washed away. The terminal DMT-group of
the desired oligonucleotide is less polar and its interactions with the column material result in a much
slower movement of the whole molecule. Separation is thus possible by a preparative HPLC using an
appropriate solvent gradient from polar to less polar. In another elegant manner, the oligonucleotide
support cleavage solution is applied manually to a disposable reverse phase purification kit, polar
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contaminants are washed out and the remaining desired oligonucleotide is treated with acid when still
being on the column and after DMT-deprotection the desired and fully deprotected oligonucleotide
can be isolated.

3.2.3 Appropriate Protective Groups

A DMT-based protection strategy has proven most beneficial in combination with phosphoramidite
chemistry on a solid support system.?! Protection group strategies are thus presented relying on a
DMT-protected 5’-hydroxy function. Exocyclic amine functions of the nucleobases as well as 2’-
alcohols in the case of RNA monomers would react with phosphoramidites and are hence protected
orthogonally to the 5’-hydroxy function. The choice of protective group is delicate because it changes
other chemical properties of the compound. In the case of RNA monomers’ 2’-hydroxy protection
sterics next to the coupling site and thus coupling times are strongly affected. Protection of exocyclic
nucleobase amine functions has a tremendous impact on the electronic structure and depurination
rates under e.g. the acidic conditions used for DMT-removal have to be taken into account. Considering
the protective groups’ stability during and the influence on oligonucleotide synthesis using
phosphoramidite chemistry, their quantitative and fast removal after synthesis of sequences is another
pivotal feature.

In Table I-1 relevant protective groups are presented. Protective groups for a standard and robust
strategy are presented in light grey fields. They can be removed within minutes using an aqueous
ammonia/methylamine (AMA) cleavage solution.!?3? For specialty applications, when base-labile non-
natural monomers (e.g. dyes) are added during oligonucleotide synthesis, a less harsh deprotection
strategy has to be performed. A standard protocol termed ultra-mild cleavage requires exocyclic amine
protective groups that cleave at reasonable rates using potassium carbonate in methanol.33 The
adequate protective groups for this protection strategy are highlighted in dark grey. Thymine and uracil
do not exhibit an exocyclic amine function and are thus not included in the list.

Table I-1: Relevant protective groups for phosphoramidite chemistry

Protected Species Protective Group Comment

The DMT protective group!*®® can be efficiently
cleaved with a weak acid like 3 w% TCA in DCM.
Cleavage is facilitated by stabilization of the
central carbocation by the methoxy electron-
donating groups. Tr is thus too stable for an

RO B

5’-hydroxy group

DMT group

efficient cleavage under mild conditions whereas
4,4’ 4”-trimethoxytrityl (TMT) is already too
unstable. The DMT cation’s strong absorption
serves to spectroscopically evaluate the yield
after each reaction cycle.[?3!

I
|
RO-P£0)
X
phosphite
(phosphate)

R =
\\\/\\\

CE group

N

The 2-cyanoethyl (CE) phosphate protective
group was first used?®® and then identified as
stable during phosphoramidite chemistry.[??! |t
can be selectively cleaved using a weak base like
20 v% piperidine in acetonitrile or it is removed
during cleavage from support. The leaving group
acrylonitrile is volatile.
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Protected Species

Protective Group

Comment

W B
-
o

. OR
|

2’-hydroxy group

__Si A

TBDMS group

R= G
-~

The tert-butyldimethylsilyl (TBDMS) protective
group!?+2¥! is orthogonal to DMT and base-
labile nucleobase protective groups as it is
cleaved with fluoride ions by using e.g.
tetrabutylammonium fluoride (TBAF). The 2’-
alcohol is the last to be unblocked because it is
responsible for phosphodiester bond (3'>2’)
migration and cleavage under basic conditions.

The tri-iso-propylsilyloxymethyl (TOM)
protective group!?*¢23”!js as TBDMS orthogonally
cleaved with fluoride ions. The smaller sterical
hindrance close to the phosphoramidite moiety,
however, allows a fast coupling step (approx.
tenfold faster compared to TBDMS analogues).

.R
HN

N N
¢
NN

adenosine amine

Amines can be protected with the benzoyl (Bz)
group.*®® This protective group is removed at
the same time when performing the cleavage
from the support with methylamine/ammonia.

The phenoxyacetyl (Pac) is a fast-cleaving amine
protective group suitable for adenosine
protection. 23

0
N NH
2l
<".l N/)\ N’} R
! )

(H)

guanosine amine

TOM group
R= O
Bz group
(0]
/,K/O
R =
Pac group
R= ﬁ\(
isb group
R= \\ﬁo
Eo}
iPr-Pac group
R= //‘:\N/
|
dmf group

The iso-butyryl (isb) protective group is a robust
protective group of the guanosine exocyclic
amine group.!?

The 4-iso-propylphenoxyacetyl (iPr-Pac) amine
protective group can be cleaved under mild
conditions. When used to protect the amine
function of guanosine, care has to be taken
during the capping step. Use of acetic anhydride
leads to a substitution and the resulting
acetamide would need less mild conditions for
cleavage. It is hence suggested to use
trimethylacetic anhydride as a milder capping
agent.[?3!

The dimethylformamidyl (dmf) amine protective
group can be cleaved under mild conditions and,
advantageously, is stable enough to not require
an adapted capping protocol.?%%
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Protected Species Protective Group Comment
R= O Historically, the cytosine amine was protected
g with the benzoyl (Bz) group.[**®! However, base
modification occurs during ultrafast
HN’R deprotection/cleavage when methylamine is
Bz group added.[z"”z]
~N
| /§ Using the acetyl (Ac) protective group
N o overcomes the above described side product
: o formation. Compared to the Bz group, the
cytosine amine R= /”\ increased electropositivity of the carbonyl

carbon also increases the rate of deprotection
and the attack on the pyrimidine ring is
prevented.[?3?

Ac group

3.24 Phosphoramidite Chemistry for Microarray Production

Phosphoramidite chemistry can be applied to a more complex task, the production of an
oligonucleotide microarray. Such a microarray consists of a number of microspots each immobilizing
one particular oligonucleotide species that is characterized by its primary structure. Also called DNA
chips, these oligonucleotide-presenting surfaces reconstruct (artificial) genes and e.g. unknown
analytes can be characterized by their interaction with oligonucleotide sequences at specific sets of
microspots. Hybridization can be spotted by fluorescence with high accuracy. Research in genomics
and molecular biology as well as pharmacogenomic research, infectious and genetic disease and
cancer diagnostics among other disciplines are benefitting from this technology.?*" However, the
scope of the present work is to describe the chemistry of in situ DNA microarray production.

For the production of efficient DNA microarrays it is the key challenge to have a maximum number of
spots with a reasonable oligonucleotide density on the smallest possible surface area. The
oligonucleotide’s primary sequence has to be guaranteed as well as the grid of microspots is to be
precisely localized. Historically, the challenge was met using an adapted version of phosphoramidite
chemistry allowing for photolithographic massive parallel in situ oligonucleotide synthesis on a two-
dimensional surface.?*? Standard phosphoramidite chemistry relies on an acid-labile DMT protective
group that regenerates a reactive hydroxy group at the terminus of the growing chain prior to coupling
a new phosphoramidite monomer as it is depicted in Scheme 1-12. By changing the 5’-OH protective
group to a photolabile moiety, light can be employed as a spatially addressable chemical stimulus in
the deprotection step. The high resolution of photolithography enables miniaturization of the
synthesis scale and thousands of sequences can be synthesized in parallel in a compact design. Masks
can be used to define which spot is to be activated for the following coupling step. Microspots in the
shade of the mask contain the fraction of oligonucleotides that are prevented from elongation during
the following phosphoramidite coupling step. The position of holes in the mask defines which
microspots contain the oligonucleotides that are determined to react during the next phosphoramidite
monomer addition. The parallel oligonucleotide synthesis relying on four different nucleotide
monomers requires four phosphoramidite reaction cycles per monomer addition in this way. A
maximum of 4" oligonucleotides with the length n is synthesized in 4n cycles.?*® E.g. more than a
million decamers can be synthesized with a defined sequence allocated to a defined spot applying only
40 phosphoramidite reaction cycles. The development of maskless array synthesis?** where software-
controlled micromirrors automatically and precisely guide the irradiation stimulus resulted in further
miniaturization of DNA microarrays. Optimization of the crucial photodeprotection step by using the
(2-nitrophenyl)propoxycarbonyl?4>24! (NPPOC) alcohol protective group rendered the synthetic
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protocol highly efficient.?*”? The NPPOC deprotection is schematically described in Figure I-15. Besides
spatial control of the deprotection reaction by means of photolithography with pre-made masks or
dynamic micromirror devices, other technologies are also used relying classically on an acid-labile
alcohol protective DMT group (shown in Figure I-15). Inkjet printing technologies allow the spatial
reagent delivery as well.?*® Electrochemical stimuli on microelectrode arrays do allow spatially
controlled generation of acid to control a parallel in situ array synthesis.[249-250]

Acid-induced Alcohol Deprotection

(1o o -
/ o acid o) o ¢
g - Y
! ; -
o) | |

I
~N o—
5-ODMT terminus 5-OH terminus DMT cation

Light-controlled Alcohol Deprotection

NO,
@on\ﬂ/o o h " NO.
v (o)
o —_— + + CO,
A=365nm
0 0

I I
5-ONPPOC terminus 5‘-OH terminus 2-isopropenylnitrobenzene

Figure 1-15: Acid-induced alcohol deprotection used in standard phosphoramidite chemistry and for DNA
microarray fabrication by inkjet printing reagent delivery or by acid generation at microelectrodes (top) and
light-controlled alcohol deprotection used in photolithographic DNA microarray fabrication (bottom).

3.2.5 Phosphoramidite Chemistry for Synthesis of Abiotic Poly(phosphodiester)s

In 1987, Seela and coworkers found that the insertion of an abiotic monomeric unit—namely a propan-
1,3-diol moiety—into an oligonucleotide’s sequence would stabilize a hairpin motif in its secondary
structure.?>Y Other abiotic spacer monomers comprising different length hydrocarbon?°*2°3! and
oligo(ethyleneglycol) chains!®**?>*! were developed that result in a finely controlled hairpin
stabilization. A design including two insertions of such spacers would even stabilize a triple helix.[?¢
Similarly, rigid spacers can predefine angles in DNA nano-assemblies to form polygons!?*”! or defined
assemblies on the micrometer scale.”®® Numerous examples confirm that the insertion of abiotic
monomeric units at distinct locations within an oligonucleotide’s sequence is an important tool in DNA-
related biotechnology. DNA-hybrids are further of scientific interest because they are well-defined
systems that give access to tunable architectures, e. g. distinct distances between moieties to
investigate photochemical processes.?>"

By increasing the ratio of abiotic monomer content, Sleiman and coworkers designed triblock DNA
hybrids. The middle block of such duplex is hybridized DNA, the terminal blocks are composed of an
oligoethylene glycol dendron resulting in a macromolecular amphiphilic structure. These triblock
duplexes assembled in MeCN/water to fibers.?® When the abiotic part of the DNA amphiphiles was
given a more apolar character, micelles were formed in water.?®! By using dodecyl and hexaethylene
glycol phosphoramidite monomers, a series of abiotic blocks was added to an oligonucleotide block.
These precision diblock DNA-hybride copolymers were investigated for the influence of the abiotic
block’s sequence (of hydrophilic/hydrophobic monomers) on the micelle formation in water.[?62l As
phosphoramidite chemistry—employed for the automated precision synthesis of such DNA hybrides—
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tolerates “many functional groups, such as amides, aryl halides, ethers, disulfides, maleimides, alkenes,
alkynes, and protected amines”,??l the core structure of such almost uniform micelles could further
be varied for tuning particular properties.[263-264]

Fully abiotic defined sequences were investigated by Haner and coworkers. They showed that driven
by a hydrophobic effect and rt-it stacking, oligopyrenotides hybridize in water similar to DNA forming
helices with axial chirality and several self-assembled structures could be designed.!?5>26”1 Amphiphilic
pyrenotide trimers could further be assembled as sheet-like two-dimensional supramolecular
polymeric networks.!?%82%°] The directionality of the latter was thereby governed by temperature
gradients or the sense of stirring during the supramolecular polymerization process.?’” Changes in
positioning of the linker unit on the central pyrene moiety enabled the supramolecular trimer assembly
in form of tubes.?”!! When the central moiety was in majority replaced by phenanthrene and a doping
with pyrene units was achieved, the resulting supramolecular nanotubes showed light-harvesting
properties.l?’?

Abiotic sequence-defined poly(phosphodiester)s were recently investigated for their information
storage potential by Lutz and coworkers. By defining two comonomers as 0-bit and 1-bit, respectively,
a binary code could be written along the polymer chain.’® Relying on a polystyrene support, the
manual synthesis of a sequence-defined oligomer is shown below in Scheme 1-13.

o i) i) . )
i) coding unit:
OYODMT —* ncycles /) e 0-bit:
R R . OM R=H
modified support i) ) |5 /}@
v) N~ "o ODMT  1-bit:
oH OH k L RR R =CH,
HO/?i\O—I:—O K R O—I:—O/?g OH DMT-protected alcohol
o o °n phosphoramidite (AB) monomer
information-containing oligo(phosphodiester) A

Scheme I-13: Manual synthesis of uniform information-containing oligo(phosphodiester)s. DMT-deprotection
i): TCA, DCM; phosphoramidite coupling ii): MeCN, 1H-tetrazole, (AB) monomer; oxidation iii): THF, iodine, 2,6-
lutidine, water; phosphate deprotection iv): MeCN, piperidine; cleavage from resin v): methylamine, ammonia.

Phosphoramidite chemistry has proven particularly useful for this approach due to its high fidelity: as
every truncated sequence would inevitably result in an erroneous code, absolute sequence-definition
is crucial. Important for the amount of data to be encrypted, the synthetic strategy furthermore allows
automation that resulted in the synthesis of sequence-defined digital poly(phosphodiester)s with a
degree of polymerization above 100. The unprecedently long sequence-defined polymer contained the
binary-encoded message Macromolecule.’® thus a data storage capacity of 13 bytes (= 104 bits) per
sequence could be achieved. Yet, the information read-out remains challenging when pure
poly(phosphodiester)s are used as digital polymers.?3! This central aspect of digital polymers is object
to the following subchapter.

4 Sequence-defined Polymers for Information Storage

In a vivid example, valuable information was kept for some 10,000 years well-preserved on a sequence-
defined polymer. The DNA of some long-extinct wooly mammoths was isolated. Despite the fact that
the whole species has died, with its DNA in hand, mammoth proteins—optimized to help organisms
master a cold climate—can nowadays be artificially expressed and be brought back to life.?’# It is thus
hardly surprising that the biotic storage medium was a prime candidate also to archive digital data
since the function of DNA was understood. An interesting aspect is the immense miniaturization and
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thus enlarged data capacity when moving information from classical storage devices like magnetic hard
drives to the molecular level.® 273

DNA received the code for life unintentionally by trial and error during the process of evolution. While
a cell’s DNA encodes one amino acid in an enzyme with a base triad (see Figure I-2, right) and the vast
majority of DNA material is a non-coding playground for evolution, artificial DNA could encode
information by defining the four DNA monomers as particular small data packages. Their order would
reveal the digital code. The progress that has been made in the field is discussed in subchapter DNA-
based (p. 47). Indeed, using the data storing biomolecule is advantageous. The synthetic access is
convenient and progress in chemical biology has provided the tools to replicate synthetic DNA
efficiently during polymerase chain reaction (PCR). That is equivalent to writing and copying digital
data. Reading the data is equally important. DNA can be sequenced by intentional termination
reactions during PCR called Sanger sequencing”’®?’”! and several modern next-generation
sequencing?’®27! (NGS) techniques. A promising technique is nanopore sequencing. During the latter
a DNA chain passes through a biological transmembrane pore protein and induces measurable voltage
variation motifs that can be traced back to the specific primary structure.l?®” Real time analysis and
destruction-free single-molecule sequencing is thus achievable.!?8!

Inspired by the progress that polymer chemists had recently achieved in the field of sequence-
controlled polymers, Lutz envisioned in 2013 that instead of being restricted to DNA as a molecular
storage medium, the full range of chemical possibilities may be employed to obtain tailor-made
information containing polymers.*® Virtually all techniques leading to sequence-controlled polymers
presented in subchapter Multistep-growth Synthesis (pp. 28ff.) could be used to encode data on the
molecular level. Hence, on the one hand, the chemical means for writing information on diverse
polymer chains are available. On the other hand, sequencing techniques relying on biomolecules like
enzymes are limited to DNA sequencing. For that reason the parallel development of applicable (new)
sequencing techniques is required. Besides NMR tweezer'?®?l usage, tandem mass spectrometry
(MS/MS) is such a promising tool, that has not been able to be exploited for DNA sequencing. Careful
polymer design enables software-based automated milliseconds sequencing of such coded
polymers.[283!

After presentation of DNA-based data storages other classes of information-containing polymers that
were recently developed in Lutz’ and others’ laboratories are described followingly. The corresponding
subsections can be read like a steady improvement of MS sequencing through design-analysis feedback
loops.

4.1 DNA-based Data Storage

After a first proof-of-concept in 1988284 and other tiny improvements,?8>2°!l jt was a contribution by
Church that systematically applied modern next-generation techniques to tackle data storage on DNA.
The html data of a book, eleven JPG images and a JavaScript program were converted into a 5.27 Mbit
(0.66 MB) bitstream. With nucleotides A and C coding for zero and G and T for one, the data was inkjet
printed on DNA microchips (see Chapter I: 3.2.4 Phosphoramidite Chemistry for Microarray Production,
pp. 44f.) in form of a library of information-containing oligonucleotides. Each so-formed oligomer on
the surface contained 96 coding monomers (twelve bytes) as well as 19 monomers describing the
location of the data block within the bitstream and 22 monomers were added to allow later
amplification and sequencing. Assuming 100 synthesized oligonucleotides per spot on the chip an
unprecedented information density of 5.5 petabits-mm (Peta, 10*°) was reported.”! Comparing with
an estimated annual data generation in the range of some zetabytes (ZB; Zeta, 10?%),12° theoretically
the world’s data accumulation would annually grow only by a shoe box of so-stored data. Based on the
principle of dividing data into small blocks in an oligonucleotide library, others reported an enhanced
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error correcting scheme. The bitstream is written on overlapping DNA chains thereby creating fourfold
redundancy against systematic failure and data loss. The cost was reported to be 12,400 $-MB™ for
synthesis and 220 $-MB? for sequencing. Long term data storages that do not need to be read
frequently could thus soon be commercially beneficial.?*3 However, it should be noted that the system
with the highest storage capacity reported to date (as of March 2018) covers just 200 MB of data in a
proof-of-concept study.® 2°*! Ultra-long term DNA data storage could be designed to be free of errors
for thousands of years even at ambient temperatures if preserved in an inorganic silica matrix.[?°!
Benefiting from informatics, advanced codes can be used to write arbitrary data into DNA chains using
the near-maximum coding space but preventing at the same time biochemically disadvantageous
microstructures like homopolymer blocks. With such techniques redundancy for error corrections can
be reduced to access even higher information densities.?*® CRISPR-Cas methodology-based insertion
of artificial DNA, coding for a short GIF movie, into a population of living bacteria was very recently
reported by Church.?*”! It is also discussed whether such artificial DNA-segments could be used as tags
in patent-protected seeds to follow their use in unauthorized breeding programs.2°®!

Balasubramanian and coworkers reported an elegant concept on how to use a DNA double helix to
code in three different layers.*> Only one strand, say the mother strand, is relevant for data storage.
C and A code for a 0-bit, G and T for a 1-bit. The first layer is accessible by PCR amplification and
standard sequencing. Post-polymerization modification, transforms all cytosine nucleobases into uracil
(RNA building block) when treated with sodiumbisulfite. Subsequent PCR amplification does not
translate the mismatch into following generations but at the position of the initial (C=G) base pair there
is besides the latter a 50 % possibility to find a (T=A) base pairing. An initial bit 0 C-position in the
mother strand becomes a mixed C/T-position that is defined as a bit 1. Just the same, an initial bit 1 G-
position becomes a mixed G/A-position and is defined as bit 0. All in all, bits that should be retained
between the information layers have to be coded with A and T while bits that are supposed to change
have to be coded with C and G in the mother strand. Even a third layer could be introduced in an
analogue but more complex approach using additionally two artificial cytosine derivatives that can be
chemoselectively addressed by two orthogonal chemical stimuli.[**!

The example shows that DNA-based data storages are to date advantageous due to the accessibility of
tools by molecular biologists like PCR amplification. Nevertheless, the diversity of chemical reactions
and reaction conditions is limited when applied to biopolymers. It can hence be expected that tailor-
made information-containing polymers will show more elaborated data modification in future works.

4.2 Oligo(triazole amide)s

Following the AB+CD approach oligo(triazole amide)s are accessible by interconnecting repeatedly a
coding 4-pentynoic acid (AB) and an 11-azido-3,6,9-trioxaundecane spacer (CD) by formation of
triazole and amide linkages.?”*® The solid or solublel*®® Wang support exhibits the first coding
monomer attached as an ester; the present functional group is thus an alkyne. The (CD) spacer unit is
linked in a CUAAC i) forming a 1,3-triazole linkage. The cycle is completed by an amidification ii) with a
coding (AB) monomer as it is shown in Scheme I-14. By repeating the iterative reaction cycles and
choosing which coding monomer is entering step ii) namely 4-pentynoic acid coding for bit 0 or its 2-
methylated analogue coding for bit 1, binary information is written on the oligomer chain. Finally, the
sequence-defined oligo(triazole amide)s are cleaved and washed from the Wang resin. The synthetic
protocol was further optimized by synthesis of a dyad library with two coding (AB) units already
connected via a spacer resulting in four larger (AB) monomers coding for bit pairs 00, 01, 10, and 11.
With the same effort during multistep-growth synthesis an oligomer of double length is thus
accessible.3%

48



4 SEQUENCE-DEFINED POLYMERS FOR INFORMATION STORAGE |

The attained sequences can be analyzed by electrospray ionization mass spectrometry (ESI-MS). The
encoded binary data can further be deducted from tandem mass spectrometry (MS/MS).B% Yet, the
cleaving patterns were numerous and sequences had to be designed that allow for a more convenient
sequencing methodology.3%?

e 4 )
/\") spacer unit:
& )K(\ n cycles N 3/\/0%/\01/\/"‘“2
2
U ‘ i) )

azide amine (CD) monomer
\

modified support
coding unit: 0-bit:
o o R=H
(o)
ZONT ‘P/\ ]/\/ _bit-
HO N HO*{\ 1-bit:
R ! R = CH,
information-containing oligo(triazole amide) | carboxy alkyne (AB) monomer |

Scheme I-14: Synthesis of uniform information-containing oligo(triazole amide)s. CUAAC i): CuBr, dNbipy, (CD)
monomer; amidification ii): PyBOP, DIPEA, N-methyl-2-pyrrolidone, (AB) monomer, 60°C; cleavage from Wang
support iii): TFA, DCM. Abbreviations: 4,4’-di-n-nonyl-2,2’-bipyridine (dNbipy), benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), N,N-diisopropylethylamine, or DIPEA.

4.3 Oligo(alkoxyamine amide)s

Sequencing by means of MS/MS could be greatly facilitated by the intentional incorporation of a labile
bond. With an optimal chemical design and under optimized electrospray ionization conditions the
information-containing chain would be analyzed by MS and then—after MS/MS ionization—it would
statistically cleave solely at inter-bit linkages. The entirety of so-attained fragments would reveal the
total encoded information by their differences in mass. Oligo(alkoxyamine amide)s were shown to
master these criteria. They can be synthesized in an AB+CD approach using as the (AB) monomer a
coding carboxylic acid that is used in the form of a reactive symmetric anhydride that also exhibits an
alkyl bromide function. The (CD) monomer is a 3-amino-2,2,6,6-tetramethylpiperidinyloxy (amino-
TEMPO) spacer. The synthesis is performed on different glycine-modified supports starting with an
amidification i) between the amine terminus of the growing chain and the anhydride (AB) monomer.
The alkyl bromide is then converted into the corresponding radical that is then prone to radical-radical
coupling ii) in presence of (CD) monomer amino-TEMPO as it is known from NMP. The iterative reaction

i) i coding unit: 0-bit:
jﬁNH cycles o Q R=H
2
B'%O&B’ 1-bit:
li iii) R

mOdIerd support : R R =CH;
| anhydride alkyl Br (AB) monomer |
=
HO Br spacer unit:
WAN 0-N N )
o Hl /R Hl /R 0-N NH,

information-containing oligo(alkoxyamine amide) \_R-NO radical amine (CD) monomer )

Scheme I-15: Synthesis of uniform information-containing oligo(alkoxyamine amide)s. amidification i): THF,
HBTU, DIPEA, coding (AB) monomer; radical-radical coupling ii): CuBr, MesTREN, DMSO, spacer (CD) monomer;
cleavage from Wang support iii): TFA, DCM. Abbreviations: 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium-hexafluorophosphat (HBTU), tris[2-(dimethylamino)ethyl]amine (MesTREN).
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cycles characterized by step i) and ii) are repeated until the desired sequence is attained. Cleavage iii)
from the support yields the information-containing sequence-defined oligo(alkoxyamine amide) in
excellent yields.3%! The synthetic access is described below in Scheme I-15.

It has to be noted that quantitative yields during the radical-radical coupling ii) were only obtained
when—depending on the nature of the (AB) monomer—an optimized amount of catalyst was used.
The reactivity of the singly methylated bromide species of coding 0-bit is lower compared to the
dimethylated analogue as the radical intermediate is less stabilized. An advantageous strategy was
later reported. Described in the following subsection Oligo(alkoxyamine phosphodiester)s (pp. 52ff.),
the coding site of the moiety should not drastically influence the monomer reactivity.

exact mass: m(a-0) or m(a-1) m(0) or m(1) m(0) or m(1) m(w-0) or m(w-1)
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Figure I-16: Concept of MS/MS sequencing of linear macromolecules containing labile alkoxyamine bonds.

Same as for oligo(triazole amide)s, it could be shown that longer oligo(alkoxyamine amide)s are rapidly
accessible using a dyad encoded (AB) monomer library being all combinations of the two coding
moeties connected by a spacer unit.3® Because alkoxyamines are labile and can again
disproportionate along the bonds formed during radical-radical couplings, the information containing
sequences can be irreversibly destroyed by heating above 60 °C entailing a very easy and fast way to
erase the coded information.2%! The incorporation of labile alkoxyamine bonds successfully leads to
defined fragments that can be detected by MS/MS. Figure 1-16 shows the different patterns attained
in MS/MS and the logic of deciphering the binary code thereof. The C-ON bond is the most labile in the
molecule and that is why MS/MS conditions can be adjusted to see solely statistical C-ON cleavage
when fragmenting the x-charged product peak (here: x = £1). Hence, depending on the position of
cleavage and charge, a limited number of fragments can be detected. Chains without charge are mute.
The expected information-containing fragments’ peaks are ordered relating to the chain end of the
corresponding species. In Figure I-16 the structures with a-chain ends are shown in red, those with w-
chain ends in blue. As it is indicated, the fragments’ exact masses relate to each other and when
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ordering them from small to larger values, the differences in mass m(0) or m(1) reveal the 0/1-bit
sequence in direction from the chosen chain end. E.g. the difference between b3 and b2 be m(0). The
third coding monomer viewed from the w-end is therefore a bit-0.5%! When mass spectrometry is
performed in negative mode and x = -1, the sequencing is further facilitated because—thanks to the
carboxylic acid—only the a-chain ends can stabilize a negative charge and thus the ai-fragments are
exclusively detectable rendering the analysis even more straight forward as redundant information is
surpressed.%! A recent report shows that several oligo(alkoxyamine amide) sequences of different
lengths can be blended and sequencing by MS is still conveniently achieved. Called 2D-coding, this
proof-of-concept of parallel analysis in one sample highlights the versatility and accuracy of the
analytical method.!3%”!

4.4 Oligocarbamates

Possible application of digital polymers includes their use as identification tags in a (polymer) matrix,
e.g. as a means against product piracy. The low heat resistance of the before described polymer class
is a drawback for such application. Oligocarbamates overcome this limitation and still allow efficient
deciphering by MS/MS. Sequence-defined oligocarbamates can be synthesized following a newly
developed AA+BC approach that is described below in Scheme I-16.

, )L i
OH U N n cycles r— N‘OJ\O’N
) O (AA) monomer O
modified support alkoxycarbonylated l iii) p :
support coding unit: 0-bit:

- R=H
HO L L § HN” X Y OH  1-bit:
YT o7 0" "N X foH R R R = CH,
n

lo) R R R R ] .
information-containing oligocarbamate Gl alcohol (BC) monom e

Scheme I-16: Synthesis of uniform information-containing oligocarbamates. alkoxycarbonylation i): MeCN,
EtsN, DSC (AA) monomer, microwave, 60 °C; carbamate formation ii): DMF, EtsN, coding (BC) monomer;
cleavage from modified Wang support iii): TFA, DCM. Abbreviations: N,N’-disuccinimidyl carbonate (DSC),
triethylamine (EtsN)

A Wang resin is modified in an esterification with 6-hydroxyhexanoic acid. The hydroxy function
presented by the modified support is converted to an active alkoxycarbonyl by reaction with the (AA)
monomer, DSC in step i). When adding the amino alcohol coding (BC) monomer, the carbamate
formation ii) is selective. The corresponding carbonate is not obtained.%! After repeating the iterative
reaction cycles until the desired sequence is formed, the sequence-defined oligocarbamate is cleaved
from the resin and obtained in excellent yields.?%! Information-containing oligocarbamates allow
analogously to oligo(alkoxyamine amide)s convenient code deciphering by MS/MS as explained
exemplary in Figure 1-16. The labile site is the R:0-C(O)NHR; bond and the a-chain end exhibits a
carboxylic group stabilizing the negative charge of MS/MS fragments. Starting from the carboxy
terminus, the binary information is efficiently read out.

The here described synthetic approach was used to develop oligocarbamate-coded ATRP
macroinitiators®® and as anticounterfeit agents information-containing sequences were blended in
methacrylate-based intraocular implants.B* It was shown that weight fractions below 0.5 w% of
added identification tag does neither impair the properties of the intraocular lenses, nor is the
sequence-defined oligocarbamate significantly extracted from its matrix in experimets simulating in
vivo conditions. Furthermore, 2D-coding (and MS-reading) as mentioned above for oligo(alkoxyamine
amide)s showed to be applicable to different commodity polymers, such as PS, polyvinylchloride (PVC)
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and polyethylene terephthalate (PET).2*? For polyvinyl alcohol (PVA) model implants, it was recently
reported, that their labeling was stable for several month in in vivo experiments. The individual
oligocarbamate labels were extracted and read in steady quality from materials that had been
implanted for a week, a month and three months.?3! In conclusion, sequence-defined
oligocarbamates represent a very promising class of digital polymers thanks to their convenient
synthetic access, their behavior in commodity polymer blends and their straight-forward MS/MS
sequencing.

4.5 Oligo(alkoxyamine phosphodiester)s

Combining phosphoramidite chemistry and radical-radical coupling resulted in a novel orthogonal
oligophosphodiester synthesis. The intentional insertion of labile alkoxyamines is achieved by
following an AB+CD approach that is depicted in Scheme I-17.
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Scheme |-17: Synthesis of uniform information-containing oligo(alkoxyamine phosphodiester)s.
phosphoramidite coupling i): MeCN, 1H-tetrazole, (AB) monomer; oxidation ii): THF, iodine, 2,6-lutidine, water;
radical-radical coupling iii): DMSO, CuBr, MesTREN, (CD) monomer; phosphate deprotection iv): MeCN,
piperidine; cleavage from resin v): methylamine, ammonia.

A modified support’s terminal alcohol is coupled i) with a coding (AB) phosphoramidite monomer.
After oxidation to the intermediate phosphotriester the alkyl bromide chain end is reacted with a (CD)
monomer in a radical-radical coupling iii). The three steps can be repeated until attaining the desired
sequence whose phosphate groups are finally deprotected iv) before the information-containing
oligo(alkoxyamine phosphodiester) is cleaved from the solid support v).[*? The synthesized sequence-
defined oligomers show the expected property when subject to MS sequencing. The inter-bit
alkoxyamine linkage can selectively be cleaved during MS/MS fragmentation allowing for an easy
information read-out of an oligomer based on phosphodiester linkages.?°? When using different
spacer units with carefully chosen differences in their molecular weight, it has recently been revealed
that the information density could be drastically increased.?'¥ In this way, MS/MS sequencing yields—
instead of a bit resolution—two-bit information packages that code for 0-0, 0-1, 1-0, or 1-1 dyads.

4.6 Poly(phosphodiester)s With Intentional Alkoxyamine Insertion

The above described approach of inserting labile alkoxyamine bonds into an oligo(phosphodiester)
was, in turn, reapplied to an automated synthesis solely based on phosphoramidite chemistry to be
able to synthesize long sequences. To increase the efficiency of MS sequencing instead of inter-bit (or
inter two-bit) alkoxyamine linkages, such linkages should separate bytes (8 bit packages) from each
other. Each byte block does additionally exhibit an identification mass tag to distinguish them from
another. Next to deciphering the 8-bit code the inter-byte order of the binary code is thus easy to
conclude. The concept’s successful implementation constitutes the present day’s gold standard in
terms of conveniently writing information on a polymer chain and deciphering the molecularly stored
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data by means of MS.*Y! The employed phosphoramidite monomers are given in Figure 1-17 and the
design as well as MS sequencing is shown in detail.
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Figure I-17: Automated synthesis of uniform information-containing oligo(alkoxyamine phosphodiester)s and
concept of long digital polymers’ MS sequencing facilitated by programmed inter-byte fragmentation.
Abbreviation: American Standard Code for Information Interchange (ASCII).

4.7 Molecular Data Storage Systems from Multi-component Reactions

Recent works by Meier and coworkers were contributing with a new conceptual approach to molecular
data storage systems. Benefitting from multi-component reactions and the diversity of components
that can be introduced at each step, it was shown that immense information density is theoretically
accessible within a repeating unit.'> A new synthetic strategy is reported that allows for fusion of six
components to a repeating motif. During the oligomerization—that is shown in Scheme |-18—an
already established protocol'*** was used including iterative P-3CR i) and benzyl deprotection steps ii).
During the repeated P-3CR the growing chain carboxylic acid is reacted with an aldehyde (F) and a
macromonomeric isocyanate (ABCDE) resulting in the characteristic a-acyloxy carboxamide as it was
already shown in Scheme I-5A. Novelty lies in the preparation of a library of protected
macromonomers (ABCDE). The latter is accessible via a Biginelli reaction creating a carboxylic acid-
bearing 3,4-dihydropyrimidin-2-one from an acetoacetic acid ester (A), an aldehyde (B) and a urea (C).
The so-formed acid is reacted subsequently in a P-3CR with an aldehyde (D) and an diisocyanate (E),
forming the isocyanate macromonomer (ABCDE).B*! The diversity of the strategy was demonstrated
by the commercial or synthetic availability of elven ureido-carboxylic acids (C), six acetoacetate-benzyl
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esters (A) and 18 aromatic aldehydes (B) for the Biginelli reaction. 26 different aldehydes (D) and 29
diisocyanides (E) could be used for the Passerini reaction to yield the isocyanate macromonomers
(ABCDE). Similarly, 26 aldehydes (F) are available for each Passerini linking step. While the proof-of-
concept was underpinned using 14 different ABCDE isocyanate monomers, using the theoretical
chemical space from the before described variety of components A, B, C, D, E, and F, 24 bits per
repeating unit could be stored. MS/MS serves as a convenient information read-out.** The reported
data density is clearly advantageous to the prior art. The scalability of the process due to the synthesis
in solution can be an important aspect for potential applications. On the other hand, the synthetic
access including chromatographic purification steps is tedious and—for now—limited to tetramers (96
bits:-macromolecule?). Conditions and yields are depending on the synthesized sequence. However,
the here-described work is an inspiring example of the diversity of abiotic digital polymers and their
potential in bearing features that are superior to the biotic molecular data storage systems.

aldehyde (F),
(0] isocyanide (0]
o on 229, M* Eﬁ Q- ﬁ Y
OH —8M88
16

starting acid
protected mtermedlate acid |

(Components: )
(o]
) J—Q—k 1
(o) OBn Y
ketone
(B, D, F)
H H H mtermedlate acid i)
om 04"0 04"0
aldehydes n cycles

o 0
J—GNJ\NH
HO H

(9] ,
carboxylic acid / urea
(E) ‘cgNgN% c 0 /U_o
mer

\ diisocyanide y, O (ABCDEF) oligo

Scheme I-18: Synthesis of information-containing macromolecules from several multi-component reactions.
Passerini three-component reaction i): carboxylic acid (intermediate or starting), aldehyde (F), (ABCDE)
isocyanate macromonomer, DCM, rt, 3 d; benzyl deprotection ii): H;, Pd/C, EtOAc (or THF) rt, 24 h.

5 Conclusion and Aim of the Thesis

It has been shown that sequence control in synthetic polymers is an emerging field in polymer science.
The study of sequence-defined biomolecules can be a source of inspiration for polymer chemists. It
can be deduced what a powerful concept sequence definition is and what is still to be achieved in
artificial systems. At the same time it is possible to postulate limitations of biopolymers in some
applications and overcome them with an artificial polymer design. It has been shown that the toolbox
for sequence control in synthetic polymer science has enlarged with increasing speed. Radical
living/controlled polymerizations were certainly a breakthrough in this context. More recently,
manifold strategies of multistep-growth syntheses have proven to yield sequence-defined polymers
that can be constituted of a variety of functional monomers. A less recent approach, yet newly
discovered by polymer chemists, is phosphoramidite chemistry that is tolerant to a wide range of
functional monomers and gives a convenient access to long sequence-defined poly(phosphodiester)s.
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With these tools, concepts and strategies in hand, a new generation of functional polymers is
accessible and fascinating systems can be discovered in the future. One such example is without doubt
the current research on molecular data storage systems. Tailor-made functionality can be inserted to
obtain digital polymers with features that may be superior to state-of-the-art DNA-based storage
systems. That has already been reported for digital polymers with increased information density and
a new information read-out that is—pivotal to specialty application—relying on tandem mass
spectrometry. In the frame of the present thesis these very challenges are to be addressed. Digital
poly(phosphodiester)s are investigated due to their convenient accessibility using phosphoramidite
chemistry.

It is the first goal of the present work to broaden the available functional space of such polymers. That
could theoretically be done by the synthesis of a variety of phosphoramidite monomers that would
constitute the polymers. Instead, a binary modification protocol should be developed that would
drastically reduce synthetic efforts because it would be the same sequence-defined precursor that
could be modified with a variety of different moieties. A possible application of the methodology to
gain side chain control is the screening for digital poly(phosphodiester)s that could be sequenced by
nanopore technology.

Information density is another aspect that should be aimed for. While new strategies were already
leading to synthetic digital polymers with an increased information density, the organization of digital
polymer libraries can be miniaturized by a photocontrolled digital microarray fabrication. A
photocontrolled synthetic strategy to obtain abiotic oligo(phosphodiester)s should thus be developed
in this context.

Finally, it should be shown that polymer chemists can benefit from the almost unlimited chemical
space that is available for the synthesis of tailor-made digital polymers to induce features that cannot
as easily be achieved with biopolymers. A system should be developed that allows to code information
in two different logic layers of a digital polymer. While the first information layer is directly accessible
and can be read out by tandem mass spectrometry sequencing, light should serve here as the stimulus
to reach the second information layer of the polymer that would—after loss of photoremovable
groups—reveal another data set.
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Chapter Il:

Control over Side Chain Information
of Sequence-defined Poly(phosphodiester)s







1 Introduction

This chapter presents how the side chain information of sequence-defined polymers can be controlled
after polymer synthesis. That is an important aspect for researching digital polymers when a screening
for special features is required and a scaffold with different side chains is investigated. To the best of
the author’s knowledge, the here-presented work is the first example of such approach: a method is
described allowing to address all monomeric units of a defined sequence to a quantitative post-
polymerization modification. The sequential approach enables control over side chain information
while homogeneity of the sample as well as its binary encoded information are preserved.

Finding new sequencing techniques to access molecular encoded information is clearly the motivation
of the research project. In the following paragraphs, the motivation for this research project as well as
its context are described in detail. The aims are further explained and relevant state-of-the-art is briefly
summarized.

1.1 Motivation & Context

Research on sequence-defined polymers beyond biopolymers is still in its infancy. Consequently, it is
believed that systems or materials with features relying on the defined spatial organization of
monomeric units are yet to be discovered. The motivation for the studies presented in this chapter is
to supply polymer chemists with a tool and a reliable methodology to access a variety of polymers to
screen for a particular combination of comonomers that shows desired features. Such screenings
would normally require the researchers to synthesize the same variety of monomers. That could
potentially be a tedious and sometimes chemically impossible task when required side chains were not
tolerant towards the conditions of polymerization.

Followingly, a particular motivation to investigate such tool for side chain information is presented. It
is one of the goals of Lutz’ research group to investigate sequence-defined polymers and their use as
digital polymers that store binary data at the molecular level. It has been presented in Chapter I: 4
Sequence-defined Polymers for Information Storage (pp. 46ff.) that the synthesis of such polymers—
and poly(phosphodiester)s in particular—is already much advanced. In other words: writing a message
that is encrypted on the molecular level is contained in the state-of-the-art and different tools are
known for implementation. In addition, the sequencing by mass spectrometry has already
tremendously progressed during recent years.** Though MS-reading of molecularly encoded data is
relatively easy!*? and can be processed automatically,?® it is a destructive analysis tool and the
reading process consumes material each time molecular data is accessed. Therefore, the development
of a non-destructive sequencing tool that is compatible with abiotic poly(phosphodiester)s is needed.
Nanopore sequencing represents such a smart technique and, as some decades of research were
required to find conditions to use it during DNA-sequencing,!*> 317! it was considered that abiotic
poly(phosphodiester)s could be tuned to make also this polymer class readable by means of biological
or solid-state nanopores. The tuning should affect the side chains of a binary sequence to optimize the
design of two monomers that represent two distinguishably readable repeating units within a defined
sequence. Improving the sequencing of abiotic poly(phosphodiester)s is hence the particular
motivation to developing this quantitative and sequential post-polymerization modification protocol—
the subject of the present chapter. The concept of nanopore-sequencing is described in Figure II-1 and
followingly on page 62.
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Figure II-1: Nanopore Sequencing. A) open nanopore and maximum ion flux; B) closed nanopore:
threading/translocation of a polymer sequence results in a current variation.

Depicted in Figure Il-1A, a nanopore system comprises of two electrolytic solutions—separated from
another—on the cis-side and the trans-side of a membrane. A nanometer size hole constitutes the only
connection between said chambers and when a constant electric field is applied, an electric current is
observed in the system. Usually, potassium chloride is used and a constant flux of chloride ions through
the nanopore from cis to trans is established. When a polyelectrolyte, like a poly(phosphodiester), is
applied to the cis-side of the membrane, it is affected by the same electric field. In this case anaphoresis
transports the negatively charged sequence to the site of the nanopore. When it threads through—
the situation is depicted in Figure lI-1B—the open pore current is hampered for the time the sequence
interacts with the pore. The maximum open pore current is reestablished after complete translocation
of the molecule. When the sequence interacts with the pore, it occupies space inside the pore channel
and less ions can flow through the hole. Sequencing is then based on the development of different
interactions between (bundles of) monomers and the pore. A distinct ion current can then be
associated to a (bundle of) monomer that is present inside the pore at a certain time. With an adequate
observable current resolution and data processing tools, the primary structure of a sequence is directly
read out when it passes through the pore. Given the speed of translocation and the non-destructive
single-molecule analysis, nanopore sequencing is a popular sequencing tool.!28% 318l

Nanopores can be produced from a variety of materials for solid-state nanopores.?'*! Historically,
biological nanopores were first investigated: a bilayer of biological phospholipids is produces in
aqueous media. Transmembrane proteins penetrate the bilayer, assemble and form thereby the
desired pores. a-Hemolysin (a-HL)®?°! and mycobacterium smegmatis porin A (MspA)32Y are among
the best-suited biological nanopores for DNA sequencing. It is, however, not a trivial task as more than
one monomeric unit is passing the restriction zone of the pores in a microsecond.®?!) Protein
engineering placing e.g. a polymerase at the entry of the pore is being used to slow down the
translocation of samples through the pore to result in an increase of the technique’s accuracy.3?% 322
Another limitation is the length of the restriction zone within the transmembrane protein channels
and it has been found that it is in fact the specific interaction of quadromers that is being measured
when passing a sequence through a pore.’3%!

In summary, nanopore sequencing of DNA is an already much developed technique and given the
importance of this class of biomolecules in life sciences, methods have been optimized for
discrimination of sequence information defined by the order of the four chemically quite similar DNA
nucleotides. Translocation of abiotic sequence-defined poly(phosphodiester)s had not been reported
before. A plausible way to benefit from nanopore sequencing during the read-out of digitally encoded
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polymers is thus to write binary data in a defined polyelectrolyte and screen different side chain motifs
for their influence on the polymer’s sequencability using state-of-the-art nanopores. In other words,
the motivation for the present project is to follow an inverse strategy to present research on
nanopores: rather than tuning the nanopore itself, the analyte can be tuned taking into account the
wide range of accessible chemical space. A higher degree of chemical difference within a set of two
monomers is hereby thought to overcome limitations observed for DNA nanopore sequencing.

1.2 State-of-the Art in Precision Post-Polymerization Modification

In brief, a quantitative and sequential post-polymerization modification protocol should be developed
for sequence-defined polymers, in particular for digital poly(phosphodiester)s. Nowadays, polymer
chemists have an increasing tool box at their disposal that allows post-polymerization modification to
access e.g. functional polymers.?? Among them, the copper-catalyzed alkyne—azide cycloaddition
(CuAAC) performes particularly well. The reaction between the highly energetic moieties is
characterized by its narrow chemoselectivity that makes quantitative conversions likely while the
moieties are tolerant towards a broad range of conditions during polymerization of monomers. For
these reasons CuAAC is a popular tool in macromolecular engineering®®*! and was the reaction of
choice as the basis of a sequential post-polymerization modification methodology.

It has already been shown earlier by Lutz’s research group that monomers bearing alkynes protected
with different moieties could be used for a sequential post-polymerization modification. Those
different monomers were addressable by CuAAC in a predefined order regarding the alkyne
deprotection conditions that were applied between the modification of two different alkyne
monomers.Y In this way, a variety of functional polymers was potentially accessible with a limited
number of monomers benefitting from the ultraprecise insertion strategy (see Figure |-12 in Chapter
I: 2.2.2 Chain-growth Polymerization on pp. 26f.) rather than synthesizing a large library!3>-140 of
functional monomers.

Carell and coworkers reported a sequential post-polymerization methodology of oligonucleotides.3%°!
They synthesized analogues of the conventional dT and dC phosphoramidite monomers that exhibit
chains with a terminal, TMS-protected or TIPS-protected alkyne attached to the pyrimidine’s 5-
position. With these modifiers, up to three different labels could be inserted in a given oligonucleotide
chain after phosphoramidite chemistry-based polymerization. Interestingly, motifs too unstable to
sustain the harsh cleavage conditions (cleavage of an oligonucleotide from the support using ammonia
or TMS-deprotection with acid), were incorporated by sequential CuAAC in solution. For the final
modification, a TIPS-protected moiety was used as its alkyne can be liberated under the mild conditions
of treatment with tetra-n-butyl ammonium fluoride. More tolerant labels were inserted directly when
the desired oligonucleotide sequence was still bound to the solid support by first reacting the
monomer with a terminal alkyne with the azide of choice and then liberating the TMS-protected alkyne
moiety with diluted acetic acid and performing the second CuAAC with another azide on the solid
phase. Afterwards, the desired doubly modified oligonucleotide was cleaved and washed from the
support material. As the TMS and TIPS protective groups are orthogonal, using all three moieties—
namely a terminal alkyne, a TMS-protected alkyne, and a TIPS-protected alkyne—allows the insertion
of three different labels by a sequential post-polymerization modification methodology. The here-
described literature report is the closest state-of-the-art system that had been found. It is, however,
dealing with oligonucleotide labeling and intrinsically contains limitations that does not make it a
globally applicable methodology. At first, it was not shown that a quantitative modification would be
achievable when a higher density of modifiers were to be used. During each modification step only one
alkyne moiety reacted while the total number of monomers in the sequence was 15 or 16. And maybe
more importantly, if not completely synthesized on a support material when tolerant side chains were
to be introduced, the purification of modified oligonucleotide sequences was based on precipitation
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in ethanol. Practical solutions for the latter described limitations during purification would be required
in a more global methodology.

Recently, Lutz reported the parallel CUAAC modification of several terminal alkyne-bearing monomeric
units of abiotic sequence-defined oligo(phosphodiester)s.[®! That finding clearly indicates that CUAAC
modification is a tool that can be globally expanded to sequence-defined poly(phosphodiester)s. Yet,
a sequential modification had not been reported until now.

1.3 Aims

In the frame of data storage using digital polymers, the superordinate long-time goal is to improve the
sequencing of such polymers. The synthesis has already advanced. Though remarkably precise, the
best developed read-out—sequencing by mass spectrometry (see Chapter |: 4 Sequence-defined
Polymers for Information Storage, pp. 46ff.)—involves disadvantages like a destructive analysis and
limitations in the analyzed sequences’ lengths. For the earlier described advantages linked to nanopore
sequencing, the technique is the choice for further investigations. A digital polymer—namely a
sequence-defined poly(phosphodiester) encoding binary information—should be designed and it
should be readable by passing it through a nanopore.

This superordinate goal was to be tackled step by step and in a parallel approach. A collaboration with
experts in nanopore sequencing had to be established. Simple abiotic poly(phosphodiester)s from
Lutz’s laboratories should be investigated with state-of-the-art nanopores to gain a basic
understanding of their behavior in the system. This task was to be supported synthetically but the
responsibility for the actual studies would be with the collaborators. Ideally, based on the finding the
next stage would require a screening for those abiotic monomers with desirable properties. In other
words, monomers’ side chains have to be tuned until a pair of such optimized monomers is found
whose interactions with the nanopore when translocating through it are that different that the induced
current variations would clearly indicate which monomer is passing the pore at a certain point in time.

During the time the collaborators are gaining a general understanding of abiotic poly(phosphodiester)
translocation through their nanopores, a methodology should be developed that will then allow for an
efficient screening. This methodology should comprise a platform that is building on the two closest
state-of-the-art systems by Carrell®?®! and Lutz,*” fusing them to a globally applicable sequential post-
polymerization modification methodology. The system should thus be based on efficient
phosphoramidite chemistry-derived abiotic sequence-defined poly(phosphodiester)s as the
backbones of the platform. Only two monomers should thereby be employed to form a binary
information-containing precursor. Those two monomers should comprise either alkynes or protected
alkynes to guarantee a sequential modification approach. Model compounds should be synthesized
that are suggestive of the global applicability of the so-developed methodology including as well the
introduction of less tolerant side chains.

In a third phase the platform should be used for screening a library of polymers with different side
chains and a potential hit would deliver a new sort of poly(phosphodiester)s that is easy-to-read by
means of nanopore sequencing.

2 Results and Discussion

This subchapter presents and discusses the results that have been obtained during the investigations
that led to the development of a sequential binary post-polymerization modification protocol. First,
the design of the underlying platform is justified. Based on that, new monomers, other reagents and
support materials were needed. Their synthetic access is discussed before results from polymerizations
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are presented. The strategy of sequential CUAAC modification is finally presented and the results are
discussed in-depth.

2.1 Conceptual Design

In order to meet the needs that were defined in the description of the project’s aims before, a
poly(phosphodiester) platform should be synthesized that is composed of monomers that can be
sequentially modified using CUAAC and different organic azides. The concept is visualized on the left
in Figure II-2. Based on the required features of the system, the chemical identity of the system was
defined and the monomer design was envisioned accordingly.

The platform’s design is adapted from an earlier published system(:® where an abiotic phosphodiester
sequence is composed of repeatedly linked 2,2-dipropargylpropyl units. These 0-units can undergo a
cycloaddition with organic azides converting the terminal alkynes to a 1,2,3-triazole ring.
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Figure 1I-2: Overview of conceptualization and design.

To enable the sequential binary CUAAC modification aimed at during this project, the platform has to
be designed in such way that additional sequence-forming 1-units do not react during modification of
the 0-units. Hence, the 1-units were designed to be the TIPS-protected analogues of the reported 0-
units. The strategy relies on the report by Carell and coworkers®?®! revealing that the TIPS-protective
group does not only protect the alkyne moiety from a conversion during CUAAC conditions, it can also
be removed with TBAF which allows the insertion of a broad range of side chains during the
modification step before. In conclusion, a platform is designed that is composed of 0-units and 1-units
that bear terminal alkyne moieties and TIPS-protected alkyne moieties, respectively. A first CUAAC
inserts desired side chains at the sites of 0-units. Followingly, 1-units can be deprotected using TBAF
to create terminal alkynes that can then undergo a final CUAAC modification inserting another sort of
side chain. The initial sequence-defined platform is accessible using phosphoramidite chemistry to
copolymerize the alkyne and the TIPS-protected alkyne phosphoramidite monomers that are depicted
on the right of Figure I1-2.
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2.2 Monomers, Organic Azides and Solid Supports

The following section presents and discusses results from organic synthesis. Being an essential part for
the realization of the project, it has, however, not been key object in the published report dealing with
the topic.®?”! A deeper discussion of different chemical routes under investigation is thus presented
herein. Synthetic protocols for all monomers, other reagents and solid supports synthesized during the
method development are detailed in the Experimental Section (Experimental Protocols Chapter Il, pp.
137ff.).

2.2.1 Monomer Synthesis

Phosphoramidite chemistry is an efficient tool for linking different small molecule diols in a sequence-
defined manner to another. The link between them is a phosphodiester bond that is formed during
the polymerization as discussed in subchapter Chemical Synthesis of Poly(phosphodiester)s (pp. 33ff.).
This principle of design is also reflected in the way monomers are to be synthesized. The key part that
makes the monomers different and that already has to exhibit the desired features is the diol core.
After isolation of the diol a hydroxy group has to be protected with e.g. DMT to ensure non-random
polymerization of the monomer. The other hydroxy group is designated to exhibit a reactive precursor
for the phosphodiester: the phosphoramidite that gave the method its name.

Phosphoramidite monomers exhibiting the features for a sequential binary modification were
synthesized by an initial DMT mono-protection of diol 3 and its TIPS-protected analogue 8,
respectively, followed by conversion of the primary alcohol of DMT mono-protected species 4 and 9
to the corresponding phosphoramidites 5 and 10, respectively (see Scheme II-1). While the synthesis
of diol 3 is already reported*?®! and DMT mono-protection of diol 3 with subsequent conversion to the
phosphoramidite monomer was developed earlier by Lutz and coworkers*?, the synthesis of diol 8
with TIPS-protected alkyne moieties was investigated following different synthetic routes.

) o o
B —')> o o~ i, Ho oH l, /FT 2. lv) TT 2.
Il Il

1 2 (quant.) 3(97 %) 4(89 %) 5 (98 %)
Strategy A Strategy B Strategy C
X i) ii) Iv)
/\45>\F —_— Ao o/\  — OH —> HO
Il
R R R R
6 7: R =Si(iPr); (94%) 8: R =Si(iPr); (quant.) 9:R= Sl(lPr)3 (85 %) 10: R = Si(iPr), (99 %)

Scheme II-1: Synthesis of phosphoramidite monomers 5 and 10: i) 1. THF, diethylmalonate, NaH, 0 °C; 2. (TIPS-
protected) propargyl bromide; ii) THF, LiAlH4, -10 °C; iii) THF, pyr, DMTrCl; iv) DCM, DIPEA, 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite, <0 °C. Strategies A, B, and C were investigated for insertion of the TIPS
protective group and are detailed in Scheme II-2.

Diethylmalonate is an excellent propan-1,3-diol precursor. The hydrogen atom in a-position to both
carbonyl groups shows an increased acidity through mesomeric carbanion stabilization. The base
sodium hydride that is added in step i) readily deprotonates diethylmalonate to enable the nucleophilic
attack on propargyl bromides. Quantitative conversion is determined for the synthesis of malonate 2
in this work (see Experimental Section 2.1.1 on page 138). In the literature®?® a yield of 90 % is
reported. The lower literature yield was possibly caused by the losses during purification by distillation.
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The following reduction of the ester moieties to alcohols using lithium aluminum hydride in step ii)
yielded diol 3 near-quantitatively (see Experimental Section 2.1.2 on page 138). 'H NMR analysis
showed that the product was pure after the aqueous work-up. The literature protocol®?® includes
Kugelrohr distillation that usually results in losses that explain the relatively low reported yield of 60
%. During the present work it was observed that crystallization from a warm diethylether solution gave
crystals relatively big in size that were easy to handle during the preparation of the following
conversion. During step Jjii) the diol 3 should be protected with the acid-labile 4,4’-dimethoxytrityl
(DMT) protective group (see Table I-1 on page 42). DMT is added as its electrophilic chloride DMTrCI.
Pyridine in the reaction mixture scavenges hydrochloric acid that is formed during the reaction
between an organic chloride and an alcohol. A side reaction that cannot be completely avoided is the
DMT double-protection. Favorable conditions for mono-protection are created by keeping the
concentration of the chloride low to guarantee a maximum excess of hydroxy functions and hence
render a mono-protection statistically more favorable. That is why DMTrCl is added in several small
portions. Continuous addition with e.g. a syringe pump could not be achieved because of the low
solubility of DMTrCl in common solvents. Another strategy includes a general diol excess in the overall
experimental design resulting in more constant reaction kinetics due to the diol excess that is kept
even near the end of the reaction (last DMTrCl addition). The latter strategy could increase the yield
with respect to the chloride used. Yet, this is a beneficial approach when cheap commercial diols are
in use. Here, however, diol 3 is product of a two-step reaction and thus scarce. Taking the discussed
factors into account a 10 mol% excess was employed to result in a yield near 90 % for precursor 4 with
respect to the chloride that was added (see Experimental Section 2.1.3 on page 139). In step iv) the
DMT-protected precursor 4 was converted to the corresponding phosphoramidite in a similar reaction
with 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite and diisopropylethylamine as a base. The
yield is near-quantitative (see Experimental Section 2.1.4 on page 139). Step iv) and v) were already
reported with similar yields.[%

Steps i-iv) were analogously applied to the counterparts 6 - 9 with TIPS-protected alkynes. Just as
satisfying yields were hereby determined (see 2.1.6 - 2.1.9, pages 140 - 141). Nevertheless, this
synthetic route—described as Strategy A in Scheme II-1—was not the first choice from the beginning.
The synthesis of the new TIPS-protected phosphoramidite 10 was investigated following three
different synthetic routes as depicted in Scheme II-1. The three strategies are detailed below in Scheme
[I-2. The TIPS protective group is inserted at the earliest stage in strategy A. Here, propargyl bromide 1
is protected with TIPS in step v) leading to the TIPS analogue 6 with a 43 % yield (see Experimental
Section 2.1.5 on page 140). Compared to the literature protocol®®? reporting a 41 % yield and a side
reaction between the base n-BuLi with the product, the synthetic access could be dramatically
simplified and a pure product was isolated. Yet, the efficiency remained unsatisfyingly low. It is
probable that the deprotonated propargyl bromide is not stable at the reaction temperatures around
-78 °C and undergoes a (slow) nucleophilic substitution reaction between the alkyne carbanion and
another alkylbromide before it reacts with the added TIPS chloride.

The TIPS protective group is inserted in step vi) a step later in the scheme following strategy B. The
double-protected malonate 7 was isolated with 61 % yield (see Experimental Section 2.1.10, p. 142).
The TIPS-insertion vi) on the malonate 2 is probably more efficient than v) at the propargyl bromide 1
because the malonate 2 does selectively react with the added TIPS-chloride as other functions are not
reacting at the applied conditions.

Strategy C’s sense of purpose can be questioned. It starts from diol 3 that has been synthesized from
the diol precursor malonate 2. As the alcohol moieties are more acidic than the alkynes and thus silyl
ethers were to be mainly formed upon conversion with a base and TIPS chloride, the diol (that has
been created the step before) has to be protected again. Protection of the alcohols as a
tetrahydropyranyl (THP) ether and subsequent alkyne-protection with TIPS was performed in step vii)
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to give 11 with a 73 % yield (see Experimental Section 2.1.11, p. 142). Acid catalyzed hydrolysis viii) led
to diol 8 with TIPS-protected alkynes (see Experimental Section 2.1.12, p. 143).

v) B'/\g* 2 steps
1

StrategyA sy — J\- v 54 % yield Monomer Synthesis Strategies:
1 6 (43 %) > A: five steps; overall yield: 34 %
o o o o > B: four steps; overall yield: 51 %
N N . P N N .
StrategyB ~ ° or_ i), ° ° 1 step »> C: four steps; overall yield: 50 %
Il I 1007 yietd
(iPr);Si  Si(iPr); Nsg o~
2 7 (61 %) ) “ )
v (o] N J
Strategy C  *° OH L’), Q\o OQL’I}» HO OH 2 steps y N X \04'» _)
84 % yield
Il Il Il R
(Pr);Si Si(iPr); (iPr)Si Si(iPr); (Pr)sSi Si(iPr); o
3 11 (73 %) 8 (82 %) 10

Scheme II-2: Monomer Synthesis Strategies A, B, and C. v) 1. THF, n-Buli, -77 °C; 2. TIPS-Cl, -77 °C; vi) 1. THF,
n-Buli, -77 °C; 2. TIPS-Cl, -77 °C; vii) 1. DCM, 3,4-dihydro-2H-pyran, cat. TsOH, 2. THF, n-Buli, -77 °C; 3. TIPS-
Cl, -77 °C; viii) MeOH, TsOH.

When complex syntheses are planned, diversification should occur as late as possible in the scheme to
avoid long parallel routes. Strategy C branches late in the scheme but compared to strategy B, the
demand in resources for this reaction path is not reduced. In contrary, compound 2 is first deprotected
toyield diol 3 only to insert again a protective group afterwards in the first reaction of step vii). Strategy
C is thus not recommended. When comparing the numbers, strategy A is obviously outperformed by
strategy B. The latter is a step shorter and results in a 51 % overall monomer synthesis yield compared
to 34 % for strategy A. On the other hand, also practical aspects are important in research laboratories
and strategy A was characterized by less difficult purifications. Step vi) in strategy B was tedious and a
relatively high amount of resources was needed to isolate malonate 7 from side products and excess
reagents. Strategy A, in contrast, relies on an early TIPS insertion step v) that is much more simple to
perform than step vi) when protecting the malonate 2 with TIPS. Yet, synthesis of bromide 6 resulted
in a lower yield. But here, the losses referred to commercially available starting materials and not to
precious intermediates. Followingly, also the isolation of TIPS malonate 7 in subsequent step i) was—
as described before—efficient and required much less time and material resources due to a relatively
simple purification. For practical reasons strategy A is thus the recommended synthetic pathway to
access monomer 10 even though it requires one more reaction step and does not deliver the highest
overall yield.

2.2.2 Synthesis of Organic Azides

Different azides were synthesized that could potentially be coupled to terminal alkyne-bearing
phosphodiester sequences. Among them were ethylene glycol-based chains that were considered to
be optimal model compounds due to their solubility in a variety of solvents. Azide 14 was obtained
starting from the corresponding alcohol triethylene glycol monomethyl ether 12. In a first step ix) the
primary alcohol was converted into a leaving group by either mesylation or tosylation to obtain
mesylate 13 and tosylate 15, respectively. The latter reaction was not performed by the author but in
the same laboratory. Followingly, sulfonate groups in 13 and 15 can be substituted by an azide in x)
and xi). The yields presented in Scheme II-3 are unsatisfactory. Yet, the syntheses were already
reported!3%-332 and further optimization was not considered necessary as a sufficient quantity of azide
14 was easily accessed. It is plausible that most reagent losses occurred during the aqueous work-up
of reaction mixtures and further extraction would have delivered the products in higher yields. The
second azide 17 was designed to have additional features. It can be cleaved under basic conditions,
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delivering a terminal amine that potentially allowed for subsequent and diverse modifications. In this
regard trifluoroacetamide azide 17 is the model base-labile azide whose successful insertion would
prove the global applicability of the method. By incorporation of a 2,2,2-trifluoroacetamide a new
signal could be conveniently detected by °F NMR after CUAAC modification evidencing the intactness
of the labile side chain. The trifluoroacetamide was obtained by reaction of the corresponding
amine 16 with trifluoroacetic anhydride (TFAA) in xii). Symmetric anhydrides are highly reactive
transfer agents for carbonyl groups. Among nucleophilic attack of the carbonyl, a carboxylic acid is
liberated — fueling the process due to its high leaving group quality. Unsurprisingly, the literature(*33
protocol’s low efficiency for this reaction was greatly surpassed.

; o0 ; 00
ix) N\ x) Xi) W
Ho/\/o\/\o/\/o\ _—> /s\o/\/o\/\o/\/o\ _— > NJ/\/O\/\O/\/O\ — S\o/\/o\/\o/\/o\

12 13 (77 %) 14 (43 %/87 %) 15

(o] (o] X”) (o] O. i
N0 o O, 2 O e O e,

16 17 (93 %)

Scheme II-3: Synthesis of oligo(ethylene glycol) azides. ix) DCM, EtsN, MsCl, 0 °C; x) DMF, NaNs, 80 °C;
xi) DMSO, NaNs, RT: xii) DCM, EtsN, TFAA.

Besides model compounds 14 and 17, several other azides were synthesized for future side chain
screening. They should introduce differing properties to a sequence upon insertion. That is why
benzene-based azides 20 and 21 with different polarities and azides 24 and 26 with long alkyl chains
and different functional groups were among the target structures. A short azide 29 was synthesized
bearing a base-cleavable protective group. As low molecular weight azides are explosive, the
protective benzoate (Bz) group was used to decrease the ratio of azide nitrogen atoms to the rest of
atoms in the molecule. Also a fluorescent azide 34 was synthesized.

benzene-based azides long alkyl-chain azides

/@ﬂsr xi) /@ﬁua . xiii) N xi) N

R R I Nn-CrgHyy ————P B'/Y T nCoHyy ————> Ns/Y " n-C oM
o o
18:R=H 20:R=H (82 %) 22 23 (99 %) 24 (95%)
19: R = COOH 21: R = COOH (86 %)
Xi) o
d'sh id BrWOH N3W0H
protected short azide 2 26 (quant,)
Xiv, Xi,
BrOH _)> Br/\/op _)> Nz/\/oj(©
o o
27 28 (36 %) 29 (quant.)

Scheme [I-4: Overview Synthesis of further azides to allow diverse side chain tuning. Azide substitution
xi): DMSO, NaNs, RT; amidification xiii) K;COs3, bromoacetyl bromide, DCM, 0 °C; Bz-protection xiv) DIPEA,
benzoic anhydride, DCM, 0 °C.

Azides 20, 21, 24, 26, and 29 were obtained by treating them in step v) with an excess of sodium azide
in DMSO at room temperature overnight. The synthetic routes are depicted in Scheme II-4. The
reported yields are satisfying and it is worth mentioning that clean bromides 18, 19, 23, 25, and 28
yielded pure azides after removal of excess sodium azides, the reaction product sodium bromide and
importantly DMSO during an aqueous work-up. Further purification was not needed. As no trace of
unreacted bromide could be detected after the work-up, it is obvious that reaction xi) is quantitative,
yet the extraction from the aqueous phase has not been complete in every case. Reaction control
relied on 3C NMR spectroscopy where a characteristic downfield shift of the signal of the CH,Br to that
of the CHzNs-carbon could be detected. Bromide 23 was obtained by a simple amidification xiii) of n-
dodecylamine with bromoacetyl bromide. The acid halide contains the much more electrophilic carbon
atom when compared to the alkyl halide. The nucleophilic attack by the primary amine 22 is assisted
with the base potassium carbonate and is due to the reactivity differences in bromoacetyl bromide
highly selective for amide formation. The amide function in 23 is stabilized by mesomeric effects and
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not nucleophilic enough for intermolecular attack on another alkyl bromide. Bz-protection of 2-
bromoethanol 27 with the corresponding anhydride in step xiv) shows an unsatisfying yield. The
literature protocol reports a slightly higher yield of 58 %.1334

o o OH OO~
o o OH |
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COOH
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3
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s
33 (89 %)

n\//\o/x\/o\//\o/\\/Na
34 (as DIPEA salt)
Scheme II-5: Attempts for synthesis of fluorescent azide 34. Thiourea formation xv) 3-bromopropyl amine

hydrobromide, DIPEA, MeOH, DCM,; thiourea formation Il xvi): 11-azido-3,6,9-trioxaundecan-1-amine 16,
DIPEA, CHCl3.

The insertion of a fluorescent side chain can be crucial for some applications. Thus the archetypical
fluorescent dye fluorescein should be linked with an azide. A commercially available fluorescein
derivative is its 4-isothiocyanate (FITC) 30 depicted in Scheme II-5. Isothiocyanates react efficiently to
amines thus forming an unsymmetrical thiourea derivative. The link to a bromide was first attempted
in step xv). The desired thiourea bromide 31 was not isolated, instead the slightly basic conditions
required for the reaction also led to an elimination reaction resulting in a terminal double bond. The
undesired product 33 was isolated as a pure compound (see Scheme |I-5) suggesting that both thiourea
formation and the elimination side reaction are highly efficient. The strategy to conveniently
circumvent an elimination was the choice of an amine already bearing the desired azide.

ESI(+)-HRMS of 33 ESI(+)-HRMS of 34

calculated: 447.1009 for [C,,H,gN,05S]* calculated: 608.1810 for [C,gH3,N505S]*
[33+H]* [34+H]*
447.1006 608.1817

o) O. OH [o} O. OH
999 L
l COOH l COOH

H H
HN\(N\/\ HNYN\/\O/\/O\/\O/\/Na
S
33 34
f T T T T T f T T T T
400 500 600 m/z 400 500 600 m/z

Figure 11-3: ESI(+)-HRMS of 33 (left) and 34 (right) shown in the m/z 400-700 range.

Using one equivalent of 11-azido-3,6,9-trioxaundecan-1-amine 16 lead to the formation of fluorescent
azide 34. Also here in step xvi) DIPEA was used as a base. The excess DIPEA could be removed under
vacuum; azide 34 was finally recovered as a bis-diisopropylethylammonium salt. The described
reactions xv) and xvi) can be followed by NMR, yet, the spectra are complex and thus analysis by mass
spectrometry could deliver evidence for the formation of 33 and 34 as depicted in Figure 1I-3. The fact
fluorescent azide 34 was isolated as an ammonium salt should not negatively influence its use in
CuAAC.
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223 Solid Support Synthesis

Support materials are crucial for the synthesis of sequence-defined polymers (see 2.2.3 Multistep-
growth Synthesis, pp. 28 ff.). The linker chemistry has to be chosen with regard to the reaction
conditions during polymerization to avoid simultaneous cleavage of the growing sequence from the
support. Base-labile linkers relying on esters meet this criterion for phosphoramidite chemistry (see
Chapter I: 3.2.1 Solid Support Material, pp. 39ff.). For the realization of this project, it was thus decided
to build upon the state-of-the-art that is presented in subchapter Phosphoramidite Chemistry for
Synthesis of Abiotic Poly(phosphodiester)s (pp. 45f.): these support materials are composed of a first
DMT-protected monomeric unit that is immobilized on a polystyrene matrix via a succinic ester. In a
first step xvii) a precursor monomer 4 or 9 with a DMT-protected and a free alcohol is reacted with
succinic anhydride, thereby forming the succinic esters 35 or 36, respectively. The terminal carboxylic
acid can be activated with DMAP and DCC for the following amidation step xviii) to react with the
aminomethylated polystyrene resin to yield supports 37 or 38. Ensuring that the support material is
chemically inert under phosphoramidite chemistry conditions potentially remained amine moieties are
capped with acetic anhydride (see Scheme 1I-6).
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4:R=H 35:R=H (99 % 37:R=H
9: R = Si(iPr); 36: R = Si(iPr); (97 %) 38: R = Si(iPr),;

Scheme II-6: Synthesis of solid polystyrene supports 37 and 38. xvii) pyr, succinic anhydride, DMAP, 35 °C;
xviii) 1. DCM, DMAP, DCC, aminomethylated polystyrene; 2. pyr, acetic anhydride.
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Figure 1I-4: Determination of support loading by UV-Vis absorption. In the depicted example 78.8 mg of support
38 were cleaved with TCA in DCM. The support material was washed with further DCM and the filtrate was
filled to 50 mL. An aliquot was diluted by the factor of 200 and the absorbance at 504 nm was determined to
0.4151. Given the extinction coefficient €sos,0cv = 76,000 the DMT cation concentration in the initial solution
was determined to be 1.09 mM. Given the volume of 50 mL (n = ¢ V) 54.6 umol of DMT group were cleaved
from 78.8 mg support 38. That yields finally the reported 0.69 mol g loading.

Succinates 35 and 36 were obtained in satisfying yields due to the efficient base-catalyzed ring opening
of the cyclic succinic anhydride. Likewise the immobilization of succinates was highly efficient. During
amidation, the support material increases its weight by the weight of immobilized succinates. Taking
also into account the weight loss of one water molecule per amidation, a theoretical maximum loading
can be determined. The manufacturer indicates a loading of 1.41 mmol amine moieties per gram of
resin. For clarity, this translates into the statement that a mole of amine moieties is contained in
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709.2 g resin. If this mole of functionalities entirely condensates with the succinates, a mole of the
immobilized monomer is contained in (709.2 g + 1 mol-Msuccinate — 1 Mol-Myqter) of modified resin. That
results in @ maximum loading of 0.80 mmol-g* for support 37 and 0.64 mmol-g* for support 38,
respectively. These loadings were achieved and interestingly, the reaction was as efficient when only
one equivalent of succinate was used as it is shown for support 38 (see 2.3.4 on page 148). Future
support syntheses can hence be performed without wasting precious succinates.

Reaction control by UV-Vis absorption is shown in Figure II-4. A share of the support was washed with
TCA in DCM. An intensive red coloration was observed immediately stemming from the absorption of
the cleaved DMT cation as shown on the right of Figure II-4. The red filtrate is then analyzed by UV-Vis
spectroscopy after being subject to a defined dilution series. The spectrum that is depicted on the left
of Figure 1l-4 shows two characteristic absorption maxima at 416 nm for the m—=>m*-transition and at
504 nm for the n->m*-transition, respectively. The latter maximum was determined and with the
defined extinction coefficient®3* in DCM the concentration of the sample can be determined.

2.3 Phosphodiester Synthesis

Oligo- and poly(phosphodiester)s were synthesized using monomers 5 and 10 to obtain defined
precursor sequences that are sequentially modifiable. Required sequence control is guaranteed by a
multistep-growth polymerization (see 2.2.3, pp. 28ff.) relying on phosphoramidite chemistry (see 3.2,
pp. 39ff.) using different solid support materials. The results obtained during manual oligomer
synthesis are discussed first followed by discussion of the results for automated polymer synthesis.

2.3.1 Manual Oligomer Synthesis

Manual precursor oligomer synthesis following essentially a procedure from the literature!’® was
performed on solid polystyrene support 37 when a leading alkyne monomer was desired. Respectively,
support 38 was used to obtain sequences with a leading TIPS-protected monomer (see Figure II-5).
Syntheses were usually performed on an approximately 50 umol scale and after charging the support
37 or 38 to the reactor, the exact scale was determined: all phases from consecutive TCA/DCM
washings resulting from the first DMT-deprotection step i) were collected and diluted to a certain
volume. Analysis of the UV absorption is used to determine the concentration of the DMT cation that
is directly linked to the reaction scale. Here, it has been found that additional TCA has to be added
because small impurities could already quench the cation’s absorption.

As it is detailed in Figure II-5, after DMT-deprotection i) a terminal alcohol is immobilized on the
support. It must be washed with a low concentration of base to quench the access acid and further
washes with anhydrous solvents ensure optimal dry conditions for the following phosphoramidite
coupling ii). Here, two equivalents of monomer 5 or 10 were added to the resin and subsequently
activated by addition of four equivalents of the weak acid 1H-tetrazole. The so-formed phosphite bond
is converted to the more stable phosphate bond during oxidation Jjii) with iodine and water. Steps i),
i), and iii) are repeated. During each phosphoramidite cycle the choice of monomer in ji) defines the
identity of the sequence at this very position. After having constructed the desired sequence, the
phosphate protective 2-cyanoethyl groups are cleaved iv) using diluted piperidine. The moderately
basic conditions ensure selective phosphate deprotection while the succinic ester link between resin
and sequence is retained. The terminal DMT-group is cleaved i) after having washed away acrylonitrile
formed in jv) before. The order of steps iv) and i) is considered important because the terminal alcohol
could potentially react with acrylonitrile. A wash with sodium thiosulfate v) is followed by cleavage vi)
of the succinic ester linkage allowing to wash the desired sequence from the support material.
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Figure 1I-5: Manual synthesis of defined oligo(phosphodiester) precursor sequences. DMT-deprotection i): TCA,
DCM; phosphoramidite coupling ii): MeCN, 1H-tetrazole, monomer 5 or 10; oxidation iii): THF, iodine, 2,6-
lutidine, water; phosphate deprotection iv): MeCN, piperidine; iodine reduction v): Na,S,0s, water; cleavage
from resin vi): methylamine, ammonia.

Precursor sequences S1-54 were manually synthesized following the strategy depicted in Figure II-5.
The sequences were analyzed by *H NMR, 3P NMR and ESI(-)-HRMS. Details are given in Table Il-1 and
the full detail synthetic protocol is reported in the Experimental Section: 2.4.1 (pp. 149f.). It can be
concluded that the desired sequences were obtained in moderate yields using both support 37 and 38
and there was no hint the sterically demanding monomer 10 would require an adapted protocol. The
results suggest that any binary sequence can hence be synthesized using monomer 5 and 10. A slight
polydispersity owing to missed coupling steps was, however, found for all manually synthesized
sequences. Bearing into mind the immobilized sequences were washed from the support without
further purification, this observation harmonizes with the expectations because phosphoramidite
couplings are near complete though not quantitative. Longer sequences synthesized with automatized
protocols include capping steps and a final purification routine that ensures homogeneity of the
isolated sequence. The here presented protocol is not simply cloning already reported conditions.*%
Interestingly, a side reaction was observed that could be suppressed by adding step v) to the synthetic
protocol. The investigations are discussed in the next section.

Table II-1: Overview and ESI-HRMS characterization of manually synthesized precursor sequences S1-S41°1.

Support Sequence Yield m/z M/ Zexp
S1 37 01100110® 53% 966.1367 966.1375
S2 37 0110[! 73 % 708.8620! 708.8626
S3 38 1001 68 % 708.8620! 708.8638
sS4 38 1001 69 % 708.8620! 708.8628

[a] The numbers 0 and 1 denote for phosphate linked repetitive units derived from diols 3 and 8, respectively. [b] step v)
not performed, side reaction: species with masses that were higher by increments of 126 Da detected. [c] [M-3H]3. [d]
[M-2H]2.
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2.3.2 A Side Reaction and its Suppression

Initially, the literature protocol™® was strictly followed. It does not include a sodium thiosulfate wash.
Interestingly, as indicated in Table Il-1, so-attained sequences S1-S3 were contaminated with
substances that were shown by ESI-HRMS to have masses that were higher by increments of 126 Da
than the desired sequences. A theoretical random proton iodine exchange within a sequence would
provoke such observation. Additionally, such species had never been detected after polystyrene
support-based synthesis of other sequences that did not contain free alkyne moieties. Hence, it was
hypothesized that—despite the extensive washing steps—traces of iodine that remain entrapped in
the polystyrene support matrix can react with terminal alkyne units under the conditions of the
cleavage reaction vi). Indeed, use of aqueous ammonia and elemental iodine are reported to lead to a
direct iodination of monosubstituted alkynes.33¢!

3-0-6-3-0-0-06-0-

oH oH OH oH OH OH oH
HO 0-p-0 0-p-0 0-p-0 0-p-0 0-p-0 0-p-0 0-p-0 OH
sequence S1 o o o 0 o o 0
[l I I [l [l I I [l
(iPr)sSi  Si(iPr); (iPr);Si  Si(iPr); (iPr)sSi  Si(iPr); (iPr);Si  Si(iPr);
ESI(-)-MS [1-3H]> [S1-4H+]* [S1-5H+21]> [S1-6H+31]> [S1-7H+41]*
966.2 1008.1 1050.1 1092.1 1134.1
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Figure I1-6: ESI(-)-MS spectrum (the m/z 925 — 1175 range) recorded for the precursor sequence S1.

A representative example is depicted above in Figure II-6. In the m/z region 925 — 1175 of the mass
spectrum the desired sequence is detected as a triply deprotonated species at m/z = 966.2 (for a
broader m/z range see Figure V-25, p. 201). The species with higher m/z values are detected with
increments of 42 Da at 1008.1, 1050.1, 1092.1, and 1134.1 corresponding to up to four hypothesized
direct alkyne iodinations. The difference between the detected peaks is only a triple of the 126 Da
weight gain calculated for a iodination because the triply charged species (z = 3) are observed in this
example. The intensity of the peaks shown in Figure 11-6 represents the count of detected species, yet,
it does not directly reflect the ratio of iodinated to remained alkynes because the ionizability of
different species could be affected. Qualitatively, a statistical iodination can be deduced from the
results.

It has been shown that 1-iodo alkynes do as well undergo alkyne-azide cycloadditions.(37-338!

Homogeneity of the samples was nevertheless aimed at to develop a protocol that is valuable for
diverse applications as the storage of binary information at the molecular level. Random iodination
should therefore be prevented and an obvious strategy implies the removal of iodine before bringing
the alkyne-bearing sequence in contact to strong base. lodometry is relying on quantitative iodine
reduction using aqueous sodium thiosulfate.33% This efficient conversion was used to eliminate
remaining traces of iodine in the polystyrene support material by addition of a sodium thiosulfate
washing step v) before immobilized sequences were cleaved from the support. The same binary code
‘1001’ was once coded into a sequence without additional iodine reduction v) to yield S3 and once it
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was obtained after iodine reduction v) to yield S4 (see Table 1l-1). From the analysis by ESI(-)-MS
depicted in Figure 1l-7 the efficient suppression of side product formation by an additional sodium
thiosulfate wash v) is evidenced.

ESI(-)-MS of S3 ESI(-)-MS of S4
[S3-H] [S4-H]
1417.7 a J 1417.7
OH OH OH
HO 0-P-0 0-P-0 0-P-0 OH
) ) 0
[ I I I
(iPr)sSi Si(iPr)y (iP)sSi  Si(iPr);
S3/s4
[S3-2H+I]
1543.6
[$3-2H+Na] [S3-3H+21]
1439.7 1669.5
T L T —— —— " T y T y T y T
1400 1500 1600 1700 m/z 1400 1500 1600 1700 m/z

Figure II-7: Comparison of ESI(-)-HRMS for $3 and S4. Negatively charged (-1) species are detected in the m/z
1350-1750 range.

233 Automated Polymer Synthesis

Robotic precursor oligomer and polymer synthesis was performed following a procedure from the
literature.’®” A commercially available dT-CPG support 39 (see 3.2.1, p. 39ff.) was used with a 1000 A
pore size that had already been shown to allow efficient synthesis of abiotic poly(phosphodiester)s
with a degree of polymerization above 100. A 1 umol reaction scale was chosen. The first monomer is
already immobilized on the support, namely it is 5’-DMT-protected deoxythymidine linked via a
succinate ester bond at the 3’-alcohol position. The support 39 is trapped in powder form in a column
between two frits. Attached to the oligonucleotide synthesizer, reagents can be delivered to the inlet
and stream vertically through the column from the bottom to the top outlet thereby producing
turbulences and dispersing the support material in this simple reaction chamber. As a result, different
reagents will mix there and a maximum surface of porous glass support is in contact with reagents.
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vii)

dT CPG-support immobilized desired sequence lower congener from ix)
39 (DMT-protected); R =H/Si(iPr); i€ Ny<n; R=H/Si(iPr);

Figure 1I-8: Automated DMT-ON synthesis of defined poly(phosphodiester) precursor sequences. DMT-
deprotection vii): TCA, DCM, phosphoramidite coupling viii): MeCN, 5-ethylthio tetrazole, monomer 5 or 10;
capping ix): acetic anhydride, pyr, N-methylimidazole, THF; oxidation x): THF, iodine, pyr, water.

Phosphoramidite chemistry is performed benefitting from the described system analogously to the
manual phosphodiester synthesis, yet reagent delivery is software-controlled. The exact commands
are given in the Experimental Section: 2.4.2 (pp. 149ff.). At the beginning, step vii) is applied to cleave
the terminal DMT-group. After washing with MeCN the desired monomer 5 or 10 was delivered
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together with activator 5-ethylthio tetrazole during the phosphoramidite coupling viii). Non-reacted
fractions were capped in ix) using acetic anhydride and N-methylimidazole as an activator. Oxidation
x) with iodine converted the intermediate phosphite bond to a phosphate and another capping ix) step
ensures maximum chain-termination for non-reacted chains from viii). These cycles were repeated
automatically delivering monomer 5 and 10 in a predefined order until the desired sequence was
attained. The Expedite synthesizer automatically quantifies the UV absorption of the cleaved DMT
group during vii) and produces a trityl histogram that gives a qualitative impression of the efficiency of
the poly(phosphodiester) synthesis.

As described in Figure 11-8, besides the desired sequence after n cycles, lower (capped) congeners with
i added monomeric units are immobilized on the same support. Note that i < n which is why only the
desired sequence shows a terminal DMT group. During the synthesis of a (polar) oligonucleotide all
sequences are cleaved from the support with base also removing the 2-cyanoethyl protective group in
the same step. Subsequently, chromatographic means are applied to isolate the desired sequence
relying on the relatively apolar DMT-group. In the case of sequences synthesized with TIPS monomer
10, it was found that such purification was not applicable. The apolar TIPS-groups are present in both
the desired sequence and the congeners and the change in overall polarity that stems from the
presence of a terminal DMT-group is too small to ensure an efficient chromatographic purification.

For that reason, the success of automated precursor sequence synthesis was monitored without
purification. To the DMT-ON synthesis depicted in Figure 11-8 a final DMT deprotection step vii) was
added and the mixture of desired sequence and its lower congeners was analyzed. For the synthesis
of precursor sequences S5-S8 the results are given in Table 1I-2.

Table I1-2: Overview and ESI-HRMS characterization of precursor sequences S5-S8 synthesized using a robot.[e

Support Sequence Yield m/z, M/ Zexp
S5 39 T 01000001 54 % 1288.9641! 1288.9659
S6 39 T 01001110 01001011 70 % 880.4022' 880.4030
s7 39 T 01000001 01000001 01000011 49 % 945.23244 845.2326
T 01001000 01000001 01010000
S8 39 01010000 01011001 01000000 - 1079.0947 1079.0873
01010000 01001000 01000100

[a] The numbers 0 and 1 denote for phosphate linked repetitive units derived from diols 3 and 8, respectively. T refers to

a deoxythymidine monomeric unit. [b] [M-2H]Z. [c] [M-7H]7-. [d] [M-8H]?". [e] [M-20H]2°-
Satisfying yields were obtained and analysis by ESI(-)-HRMS detected the desired sequences in their
multicharged states. Due to the introduction of capping steps ix) during the automated synthesis the
detected impurities refer to low congeners while missed steps sequences were not observed. This is a
particularly important fact because congeners would later be removed by standard DMT-ON
purification once the TIPS-protective groups are cleaved during the sequential modification procedure.

In Figure 11-9 an example analysis by mass spectrometry is shown for S8 the longest sequence
synthesized for the project. The more phosphodiester moieties are present in a sequence, the more
multiple times negatively charged species can be detected. For S8 charge states between -17 to -29
can be seen in the m/z 740 - 1350 range. At lower m/z values, only very low congeners from missed
coupling steps during the first eight cycles were detected (not shown). Congeners from other missed
couplings were under the detection limit. As there is no plausible explanation for why phosphoramidite
couplings should perform with different quality depending on the numbers of cycles that were already
run, it is assumed that all possible congeners are formed with the same probability and all reaction
products are quantitatively detected as a function of their abundance and ionizability. That gives rise
to the speculation that very low congeners are usually overrepresented when compared to a desired
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long sequence in a mass spectrum. An analysis tool better suited to the class of compound could have
been a high-pressure liquid chromatography (HPLC) with a UV detector. The UV trace over volume of
eluent at the absorbance wavelength of the thymidine nucleobase could have given a more
guantitatively comparable result with respect to the ratio of lower congeners to the desired sequence.
Such HPLC system had not been available when the project was conducted.

ESI(-)-MS of S8
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Figure 11-9: ESI(-)-MS of S8 shown in the m/z 740-1350 range.

Regarding the side reaction that was observed for sequences S1-S3 that were synthesized on
polystyrene supports, there was no indication it could have taken place for sequences $5-S8 that were
synthesized on porous glass supports. It is another indicator that underpins the hypothesis of iodine
traces that could get stuck in a polystyrene resin and then fuel an iodination during the resin cleavage
conditions. CPG is a less attractive matrix for iodine traces that were apparently removable during
conventional washing steps. During phosphodiester synthesis on a CPG support the automated
protocol had thus not been combined with a sodium thiosulfate wash.

2.4 Optimization of Sequential Post-polymerization Modification Using CUAAC

With a successful synthesis of monomers, solid supports, and precursor sequences obtained both
manually and by an automated approach, the tools of the desired platform were successfully
developed. In the last stage of the project the sequential platform modification had to be investigated.
A method was developed for sequential modification of small oligomers on a relatively large scale.
Another method was found for the sequential modification of longer sequences on a relatively small
scale.

24.1 Sequential Modification of Oligomers

The design of the project requires three quantitative reactions, namely a first CUAAC j) with terminal
alkyne moieties of a precursor sequence SX, a subsequent liberation of retained TIPS-protected alkynes
in deprotection step ii) yields terminal alkyne moieties and a second CuAAC ijii) with the latter is used
to complete the sequential modification of the precursor SX (see Scheme II-7). Different reaction
conditions were screened for a first modification step i) in solution.
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Scheme II-7: Sequential modification of a precursor sequence. First modification i): azide N3-R1, CuBr, TBTA,
sodium ascorbate, DMSO, tBuOH; TIPS-deprotection ii): TBAF, THF; second modification iii): azide N3-R2, CuBr,
TBTA, sodium ascorbate, DMSO, tBuOH.

Conditions reported in the context of DNA modification*?®! were found to be as well suitable for the
here investigated system. There are two main differences between the present and the reported DNA-
based system from which the reaction conditions were adapted. For oligonucleotide labeling only one
alkyne was modified per macromolecule. However, CUAAC was robust enough to ensure quantitative
conversion of multiple and densely arranged functional groups. The second difference was more
challenging, oligonucleotides or DNA are insoluble in ethanol and can thus be precipitated and purified
from reagents after a conversion by dropping the reaction mixture into the nonsolvent. This was not
possible for the oligo- and poly(phosphodiester)s that were investigated here due to the fact that these
sequences were characterized by an exceptional solubility in multiple common solvents like water,
methanol, acetonitrile, DCM, DMSO, THF, DMF, etc. including also ethanol. This is why a reliable
purification method had to be found. Reverse phase chromatography would be an obvious choice.
However, a globally applicable method was aimed at that would be independent from the polarity of
inserted side chains. A parameter that would always distinguish the modified sequence from all
reagents is the size or molecular weight. Dialysis was therefore considered an optimal choice for
sequence purification. Indeed, using regenerated cellulose dialysis membranes with a molecular
weight cut-off (MWCO) of 1000 Da versus methanol was found to be a globally applicable purification
method.

The sequential modification methodology was investigated in-depth following the conditions
described above for precursor sequence S4. Moderate yields were achieved for each step due to
unavoidable losses during each purification by dialysis. As displayed in Figure 1I-10, the terminal alkynes
of precursor sequence S4 were first reacted with model azide 1-azido-2-(2-(2-methoxyethoxy)ethoxy)-
ethane 14. The copper catalyst complex was formed in situ by adding Cu(l) bromide as a copper source
and two equivalents (with respect to the metal) of copper(l)-stabilizing TBTA polydentate ligand to the
reaction mixture. Additionally added sodium ascorbate preserved an environment that would reduce
the eventually formed copper(ll) species back to their catalytically active +I-oxidation state.

The reaction success can be conveniently determined comparing the *H NMR spectra of precursor
sequence S4 with the modified sequence S4’: upon modification the signal of terminal alkyne protons
(e) of O-units at 2.3 ppm completely disappeared and in return a new signal for the triazole proton (i)
appears at 8.1 ppm and methylene protons adjacent to the triazole rings (f, h) were observed at 4.5
ppm and 2.8 ppm, respectively. Detection of methylenoxy protons (g) (3.75-3.4 ppm) clearly indicated
the introduction of the side chain at all 0-units. Shown in Figure II-10, complete disappearance of the
peaks for the triisopropylsilyl protons (d) at 1 ppm and the appearance of new signals for alkyne
protons (e) at 3.4 ppm confirms the subsequent quantitative removal of alkyne protective groups on
the 1-units by using fluoride ions. Additionally to the here-discussed *H NMR spectroscopic data of $4,
S4’, and S4”’, mass spectra showing the detected desired species are given in the Annex in Figure V-28,
Figure V-29, and Figure V-30 on page 202. The final CUAAC modification was performed under the
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same conditions as the first. Yet, the second model azide N-(2-(2-(2-(2-azidoethoxy)ethoxy)-
ethoxy)ethyl)-2,2,2-trifluoroacetamide 17 was used resulting in the detection of a °F NMR signal (see
Figure 1I-10B). Moreover, the quantitative disappearance of the terminal alkyne protons (e) and a
significant increase in the intensity of the broad peak of the methylenoxy protons (g) was registered in
1H NMR. And not least is the formation of fully binary modified sequence S4"” evidenced because in
ESI(-)HRMS the desired species were detected with all 0- and 1-units quantitively modified in steps i)
and jii), respectively (see Figure 11-10C).
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Figure 11-10: Characterization of binary encoded tetrameric phosphodiesters S4 at different stages of the
sequential modification protocol: after solid-phase synthesis S4 (light gray), after first CUAAC modification of
the 0-units S4’ (blue), after subsequent TIPS-deprotection at the 1-units $4” (dark gray), and after the final
CuAAC modification of the 1-units S4”” (red). A) 1H NMR spectra for S4, S4’, S4”’, $4’” recorded in ds-MeOH.
The displayed regions are 8.5—-7.5 ppm and 4.7-0.5 ppm. The omitted region (7.5-4.7 ppm) contains the water
peak of the deuterated solvent. B) 1°F NMR spectrum of fully modified sequence S4’”. C) ESI(-)-HRMS of fully
modified sequence $4””.

2.4.2 Sequential Modification of Polymers

After having optimized the sequential binary modification of oligomeric model compounds, the same
protocol was applied to longer sequences like $5—S8 that had been synthesized on a robot on a 1 umol
scale. Yet, the purification by dialysis was at least with the equipment present in the laboratories at
that time not successful. The small amount of matter that resulted from the small scale synthesis was
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entirely lost during dialysis. That is why another strategy had to be developed for a small scale binary
modification. Here, the first CUAAC modification iv) was performed on the support material by passing
the reaction mixture between two syringes that were connected by a synthesis column. The chosen
azide N3-R! together with the copper catalyst was hence passing repeatedly through the CPG powder
that was trapped between two frits in the latter column. As it is shown in Figure 1I-8, the desired
precursor sequence SX was immobilized on this CPG support together with its lower congeners. During
the first modification of immobilized SX iv) it has to be taken into account that also those congeners
are modified even though they are for clarity not shown for the visualization of the process in Scheme
[I-8. To be precise, in addition to the practical details of a modification on a support, the modification
is chemically not fully analogous to the before reported modification of smaller sequences in solution
in the sense that the phosphate groups and the terminal hydroxy function of the polymer are
protected. Phosphate deprotection is performed together with the subsequent cleavage from the resin
v) when the modified precursor SX’ is recovered together with modified lower congeners. As the DMT-
group is retained, a DMT-ON purification from congeners is still possible and until then, strictly
speaking intermediate crude products are handled.
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Scheme 1I-8: First modification of sequence-defined precursor on a support. CUAAC modification on CPG
support iv): azide N3-R, CuBr, TBTA, sodium ascorbate, DMSO, tBuOH; cleavage from support v): methylamine,
ammonia.

The final steps of the sequential modification of precursor sequences SX’ are shown in Scheme 11-9
below and were performed analogously to the before reported short sequences’ modifications in
solution. The important distinction is the choice of purification method. After TIPS-deprotection ii)
reverse phase chromatography was used to purify SX” and its lower congeners from excess
tetrabutylammonium ions. After the second CUAAC modification with an azide N3-R? so-formed SX’”’
could be separated from the congeners by performing a DMT-ON purification.
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Scheme 1I-9: Final steps for the sequential modification of a precursor sequence. TIPS-deprotection ii): TBAF,
THF; second modification iii): 1) azide N3-R2, CuBr, TBTA, sodium ascorbate, DMSO, tBuOH; 2) DMT-ON
purification including TCA treatment.

Relying on the precursor sequence T 01000001 01000001 01000011 S7 (see Table 1I-2), the sequential
binary modification methodology was performed using azide 14 in iv) and azide 17 during the final
CuAAC iii), respectively. While intermediates S7° and S7”’ were analyzed by *H NMR and could be
detected by ESI(-)-HRMS (see Figure V-2, pp. 186f.), the ionizability of fully modified S7’”” was probably
too low to make it analyzable by MS. However, its *H NMR spectrum that is depicted below in Figure
[I-11 shows analogously to that of S4’”" in Figure 11-10.A retention of signals from monomers 0 and
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complete disappearance of signals at 2.4 ppm and 2.3 ppm characteristic for methylene protons
adjacent to an alkyne and the terminal alkyne proton, respectively. A comprehensive discussion of
analytical data for different stages of the sequential modification protocol is presented in Annex: 1.2
Sequential Modification of Poly(phosphodiester)s (pp. 186ff.). Despite the efforts, a considerable
amount of impurities was detected and it must be critically commented that the DNA purification kits
used here for reverse phase purification were not an appropriate tool for this difficult isolation task.
However, it can legitimately be anticipated that the use of a preparative HPLC would have resulted in
pure sequences in higher yields and also detection of binary modified polymers by mass spectrometry
would have been feasible. Unreacted azide 17 (marked with # in Figure II-11) was actually dominating
the spectra.
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Figure 1I-11: 'H NMR spectrum of binary modified sequence $7°” that was sisolated as a tetrabutylammonium
(TBA) salt, recorded in deuterated methanol. Impurities: TBTA ligand, unreacted azide 17 (#), MeNH,, and ethyl
acetate (*).

2.5 Perspective for the Second Post-polymerization Maodification

The development of a platform for a sequential post-polymerization modification of sequence-defined
poly(phosphodiester)s was described exhaustively in the above sections. For sake of completeness,
this section is devoted to another approach that did not contribute to the already described
methodology although it is closely connected. A sequential post-polymerization platform could also be
synthesized using the alkyne phosphoramidite monomer 5 and an alkene-containing monomer. This
approach had been followed in parallel but was not considered anymore when the desired
methodology was successfully developed in the earlier described fashion.

In the beginning of the investigations, the TIPS deprotection step—crucial for the initially presented
platform design (see 2.1, p. 65f.)—required tedious optimization work and it prevented the second
modification to be performed with an immobilized sequence. Thus, it was additionally followed a
strategy adapting the initial platform design to circumvent the deprotection step. In brief, the strategy
would have been based on a platform sequence composed of alkyne bearing monomers and alkene
bearing monomers. After chemoselective CUAAC modification of the alkyne moieties, the alkene
moieties could be modified afterwards (even being still immobilized on the support) using thiol-ene
chemistry. For this approach, alkene phosphoramidite monomer 44 was successfully synthesized. Yet,
the strategy had never been tested as the initial design was working well after successful optimization.
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The design and the synthesis of the new alkene bearing monomer 44 corresponds to the reported
monomer syntheses (see Chapter II: 2.2.1, pp. 66ff.) and is depicted in Scheme 1I-10. From a practical
perspective, all compounds were very efficiently synthesized and purifications were—if necessary—
easy.
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Scheme 11-10: Overview synthesis of alkene phosphoramidite monomer 44. i) 1. THF, diethylmalonate, NaH,
0 °C; 2. allyl bromide 40; ii) THF, LiAlH,4, -10 °C; iii) THF, pyridine, DMT-CI; iv) DCM, DIPEA, 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite, 0 °C.

During the conversion of the malonate in step i) two allyl groups were quantitatively inserted at the
central carbon atom. After aqueous work-up of the reaction mixture, the excess allyl bromide 40 was
efficiently washed away and no further purification was needed to obtain malonate 41 quantitatively
in excellent purity as controlled by *H NMR. In analogy to (TIPS) alkyne monomer synthesis an excess
of the bromide was used. The same reaction efficiency is reported using a stoichiometric amount of
bromide.3%34 The following reduction step ii) to the corresponding diol 42 did also occur near-
quantitively as it is described in the literature®* and did not require a further purification after
aqueous work-up.B*? The DMT-protected alcohol precursor 43 was obtained quantitatively (after
chromatographic purification). As the synthesis of starting material 42 was highly efficient it was not
considered especially scarce and it was used with a 50 % excess with respect to DMT chloride in step
iii). Consequently, the high yield was expected when put in context of the discussion of step iii) during
the analogous monomer synthesis (see Chapter II: 2.2.1, pp. 66f.). In step iv) the desired
phosphoramidite monomer 44 was obtained with a satisfying yield. It is interesting, that the synthetic
route delivered all intermediates as well as the target monomer 44 in excellent yields and exceptionally
low purification efforts were realized throughout the scheme.

3 Abiotic Poly(phosphodiester)s Interacting with Biological Nanopores

This section should supply the reader with a brief summary of the results that have been obtained
regarding the interaction between biological nanopores a-hemolysin, aerolysin, and MspA (Figure
[1-12) with simple abiotic poly(phosphodiester)s $9-S14 (Figure 11-13).

The analyzed sequences were synthesized following the standard protocol for automated
poly(phosphodiester) synthesis using commercially available dT-CPG support 39 (see Experimental
Section: 1.2.3.1 Automated Poly(phosphodiester) Synthesis, pp. 135f.). That is why every tested
sequence begins with at least one thymidine nucleotide with a 3’-alcohol chain terminus. The study is
(until today) restricted to a group of sequences that differ by their monomer composition, length of
the abiotic part of the sequence and the number of leading dT monomers was varied between one and
three. It has been found that these sequences translocate through aerolysin inducing events that can
be analyzed. Using a-hemolysin, blocking of the pore occurred, while interaction with MspA is on such
a small time scale that does not allow a comprehensive interpretation of the data. However, the
interaction with aerolysin reveals that the length of the leading dT block plays a major role to slow
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Figure 1I-12: Transmembrane proteins. Left: a-hemolysin from staphylococcus aureus (structure reported by

Gouaux and coworkers!3431); middle: aerolysin from aeromonas hydrophila (structure reported by Zaber and
coworkersl344); right: mutated mycobacterium smegmatis porin A (structure reported by Schulz and
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Figure 11-13: Abiotic poly(phosphodiester) sequences $9-S14 tested for their interaction with biological
nanopores.

down translocation, while the length of the abiotic block has a minor influence on that feature.
Moreover does the gradual insertion of propargyl moieties to the scaffold and finally the modification
to the corresponding triazole additionally lead to stronger interaction of the poly(phosphodiester)
when passing through the pore. Already the variation of a few parameters delivered interesting
insights and can inspire future attempts for nanopore sequencing of abiotic poly(phosphodiester)s.
More details of this interesting study are presented in the Annex: 2 Nanopore Sequencing (pp. 188ff.).

The experiments demonstrate the necessity of polymer side chain modification and how it can help
understanding the relation between the nature of side chain and resulting nanopore interaction.

4 Conclusion & Outlook

A binary modification protocol for digital poly(phosphodiester)s was developed. By sequence-defined
copolymerization of two analogue phosphoramidite monomers bearing a terminal alkyne group and a
TIPS-protected alkyne group, respectively, sequence-defined precursors S$1-S8 were accessible.
Oligomeric precursors were obtained by manual synthesis on a polystyrene support and a robotic
approach on a commercial CPG support gave access to longer sequences. Manual synthesis was
thereby performed on a larger scale. This is why the binary modification protocol consisting of a first
CuAAC, a TIPS-deprotection with TBAF and a final CUAAC was separately optimized for oligomers and
the longer sequences, respectively. Oligomers were for example modified in solution and purified by
dialysis while the robot-made sequences were first modified being CPG-bound, then cleaved from the
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support and further treated in solution. Final isolation was achieved by DMT-ON chromatographic
purification.

It was further shown for the first time that abiotic poly(phosphodiester)s interact with nanopores,
namely with the transmembrane protein aerolysin. Two different events were thereby detected that
are interpreted as a pore-blocking and the desired translocation, respectively. It was not possible to
cleanly sequence the investigated polymers. Yet, trends were observed. Polymer-nanopore interaction
could be influenced. The addition of dT-monomers, for example, lengthens the time the open-pore
current is interrupted. Also substitution of propyl monomeric units by its more bulky 2,2-dipropargyl
analogues in the polymer’s backbone provokes this effect. Post-modification converting the alkyne
moieties to polar 1H-triazoles increases this effect drastically.

The latter example shows that new insights can be generated by post-polymerization modification and
the study of so-attained analogous polymers that differ in their side chain information. An important
multidisciplinary collaboration delivered already some interesting details and with the protocol for a
sequential binary modification developed, further side chain variation will lead to a more
comprehensive study It will further be the goal to introduce preferably bulky and polar side chains to
slow down the polymer translocation and, importantly, determine a comonomer combination that
allows to reveal primary structure order with a high precision.
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Chapter Il

Photocontrolled Phosphoramidite Chemistry
For the Synthesis of Digital Oligo(phosphodiester)s







1 Introduction

In the following chapter a photocontrolled synthetic access to digital oligo(phosphodiester)s is
reported. Relying on efficient phosphoramidite chemistry, the protective group strategy is to be
adapted compared to the standard protocol. The concept’s implementation to the toolbox of precision
polymer chemistry is the aim of the here-described project. Using light as the trigger for polymer
growth is particularly powerful as the stimulus can address the substrates with a high degree of
temporal and spatial control. In the context of molecular data storage, it should therefore be possible
to miniaturize digital polymer libraries. Analogously to DNA chips, a large library of digital polymers
should be arranged with high density on a tiny surface.

In order to improve the relevance of digital polymers as molecular information storage systems,
synthesis and sequencing have to be optimized. When large data storage capacities are aimed at,
miniaturization of digital polymer libraries is clearly the next step to achieve a competitive information
density. The here-described approach, is—to the best of the author’s knowledge—the first reported
attempt investigating the synthetic basis for high-capacity digital polymer data storage.

1.1 Motivation & Context

Large scale data storage on digital polymers is based on converting an information bitstream into
chemical information that is represented by the primary structure of a sequence-defined polymer. The
degree of polymerization (polymer length) is limited by the synthesis efficiency. This is why a bitstream
is usually divided into information packages that can chemically be managed during translation onto
the molecular level.” High information density is a key parameter when such libraries are envisioned.
It can be tackled optimizing different factors: polymer length is obviously important to decrease the
number of information packages to be converted into molecules. To date the longest information-
containing abiotic polymer has a DP of 105 and codes binary data equivalent to 13 bytes.! Another
approach is to increase data density in the repeat unit of a polymer.3'¥ The highest data density per
repeat unit was achieved by assembling a large library of components and reached 3 bytes per unit.
The synthetic protocol limited the synthesis to rather short sequences. Such tetramers consequently
coded for 12 bytes.’®'® For the design of high-density libraries, we could assume to combine such
approaches. A hypothetical fusion of the described high-capacity digital macromolecules would reach
a data density of 312 bytes-chain™. Being based on that strategy, a conventionally synthesized polymer
library could be stored in a standard SBS-format (SBS: Society for Biomolecular Screening) 1536
microwell plate (1536 positions a 10 pL) giving access to a 480,000 byte digital polymer library with a
data density of 3.06 kB-cm™. Even though the design of the microwell could further be miniaturized,
such data densities were already obtained with standard 3.5 inch floppy disks at the end of the 1980s.?

As described in subchapters Phosphoramidite Chemistry for Microarray Production (pp. 44f.) and DNA-
based Data Storage (pp. 47f.), microarrays organize large numbers of different sequences with high
density on a surface. Going back to a poly(phosphodiester) encrypting 13 bytes of information, a
standard microarray containing a photolithographically and in situ synthesized polymer library with
roughly a million individual entries, 13 MB of data were to be stored. The data density achieved is then
8.1 MB-cm. Protecting such digital polymer library with a generous housing, volumetric data densities
of >15 MB-cm™ are hypothetically accessible. Yet, the strength of microarray production is the massive
in parallel precision synthesis of polymers. When the digital polymer library is isolated from the
support, the information density is enormous (depending on the number of copies of each polymer

2The 3.5 inch floppy disk has housing dimensions of 90 mm x 94 mm x 3.3 mm. Such HD floppy disk has a storage
capacity of 1,440 KiB (= 1,440 x 1024 bit = 1,475 kB). The density is thus 52.85 kB-cm™.
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present) and potentially higher than that of DNA-based systems. However, a convenient sequencing
technique is still to be developed when handling mixtures of digital polymers on a sub-picomolar scale.

1.2 Aims

The aim of the here reported study is, thus, to preliminary examine in which way a photocontrolled
multistep-growth polymerization can be designed that could later serve as the basis for digital polymer
microarray fabrication in a follow-up project. It should further be critically investigated whether a
sufficient degree of polymerization and sample homogeneity—factors that are crucial for data storage
application—are accessible. Nevertheless, the study should be a first step towards a greater goal.
Consequently, the fundamental aspects of a photocontrolled synthesis of digital polymers is to be
understood to render the approach valuable to the field of precision polymer chemistry.

2 Results and Discussion

In the following paragraphs the results are reported and discussed that were obtained during the
development of a photocontrolled synthetic access of abiotic oligo(phosphodiester)s. After
presentation of the chemical strategies and design of the project, monomer synthesis and the role of
different support materials during photocontrolled phosphoramidite chemistry are detailed.
Important observations during the various attempts to access oligo(phosphodiester)s are described
and explained. Finally, the optimized chemical strategy is reported and oligomer vyields are critically
discussed.

2.1 Conceptual Design

The present investigations are a preliminary study toward the synthesis of digital microarrays by
photolithographic means. Photocontrol of chemical reactions is an important tool and in theory,
diverse very efficient photoligations are reported®*® that could be employed to obtain sequence-
defined polymers from a multi-step growth synthesis. One such approach relying on photochemically
induced Diels—Alder reactions was investigated by Barner-Kowollik and coworkers.[*>* Reportedly,
diene deprotection by a retro-Diels-Alder reaction required rough reaction conditions and long
reaction times while overall yields were low. Presuming that such features should be strictly avoided
for microarray fabrication, it was thus decided to employ a variation of the mild and efficient
phosphoramidite chemistry that had already been adapted for the fabrication of DNA chips and would
be a new technique for precision macromolecular chemistry.

The underlying idea is to render the alcohol protection step during the iterative protocol a
photocontrolled step as it is depicted in Figure IlI-1A. As discussed in subchapter Phosphoramidite
Chemistry for Microarray Production (pp. 44f.), the NPPOC photoreleasable group protects the
terminal hydroxy group during the phosphoramidite coupling steps. It was decided to study a simple
model system that would be an analogue to the first reported oligo(phosphodiester) from Lutz’
laboratory.['” Consequently, the new phosphoramidite monomers that were needed for the study are
composed of a central 1,3-propandiol moiety with different substitution patterns at the 2-position
having one hydroxy group NPPOC-protected and the other converted to the imperative
phosphoramidite moiety as it is shown in Figure IlI-1B.
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Figure IlI-1: Project design. A) photocontrolled phosphoramidite chemistry for synthesis of
oligo(phosphodiester)s; B) coding phosphoramidite monomers protected with photolabile NPPOC group.

2.2 Monomer Synthesis

The monomers 47 and 50 depicted in Figure IlI-1B were synthesized by NPPOC monoprotection of
corresponding diols 45 and 48 followed by conversion of the remaining hydroxy group to a reactive
phosphoramidite. The statistical monoprotection i) of diols was efficient. Due to the commercial
availability of the diols, an excess of substrate could be used. A 20 mol% excess with respect to the
protective group chloride resulted in yields below 90 %. When using a 400 mol% excess of diol 45, a
near-quantitative yield was accomplished. Moreover, advantageous to DMT protection, the
corresponding NPPOC chloride is soluble in DCM and was slowly and continuously added via a dropping
funnel keeping the concentration of the reactive reagents constantly at a low level to avoid a full diol
protection. Phosphoramidite monomers 47 and 50 were isolated with different yields. While full
conversion could be detected by TLC, a partial degradation on the silica column during purification
could not be further suppressed for monomer 50. As shown in Scheme llI-1, the overall yields were
nevertheless satisfying. It was necessary to synthesize the DMT-protected analogues of NPPOC
phosphoramidites 47 and 50 in a late stage of the investigation. Already reported in the literature,*
3471 DMT phosphoramidite monomers 52 and 54 were analogously synthesized from diols 45 and 48 by

N
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Scheme IlI-1: Synthesis of phosphoramidite monomers 49 and 50. i): DCM, pyr, NPPOC-C, rt; ii): DCM, DIPEA,
2cyanoethyl-N,N-diisopropylchlorophosphoramidite, 0 °C; iii) THF, pyr, DMTrCl, rt.
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DMT monoprotection ijii) and following conversion ii) of the remaining hydroxy group to the
corresponding phosphoramidite.

2.3 Synthesis of Solid Supports

Analogous to previously reported support syntheses (see Chapter Il: 2.2.3 Solid Support Synthesis, pp.
71f.), a solid polystyrene support 56 was obtained by synthesizing a succinic ester 55 from the
protected alcohol 49 that was subsequently coupled in an amidation to an aminomethylated
polystyrene resin as it is shown in Scheme lll-2. The conditions for NPPOC photorelease were to that
date object of the investigation. That is why the loading could not be determined by the usual
liberation of the terminal protective group followed by calculation of concentration via characteristic
UV absorption. Loading determination based on the added weight after amidation resulted in a loading
of 0.65 mol-g™.

o o o o o
. H
HO/Y\OJ\O -0 HONO/Y\OXO — ) ] /NNO/}@OJ\O
R R NO, o R R NO, o R R NO,
49:R =CH; 55: R = CH; (quant.) 56: R = CH,

Scheme 1I-2: Synthesis of solid polystyrene support 56. i) pyr, succinic anhydride, DMAP, 35 °C; ii) 1. DCM,
DMAP, DCC, aminomethylated polystyrene; 2. pyr, acetic anhydride.

2.4 Oligomer Synthesis Using a Solid Support

Support 56 was employed with the aim of synthesizing from monomer 50 a tetrameric model sequence
S15 that is shown in the upper part of Figure lll-2. Iterative phosphoramidite reaction cycles were
performed like already described for polystyrene support-assisted oligo(phosphodiester) synthesis in
Manual Oligomer Synthesis (pp. 72f.). Instead of the acid-induced DMT deprotection, a NPPOC
photorelease had to be achieved. For the attempted photodeprotection of NPPOC-terminated
sequences, the resin was first swollen in anhydrous DCM and different solvent mixtures were added.
The light source were two 150 W high-pressure mercury lamps with a maximum energy at 365 nm.
During the irradiation, an orange coloration was observed and after washing the resin, it became
increasingly red with extended irradiation times. This was interpreted as the liberation of the ortho-
nitro compound from the chain terminus. Although the photolability of the NPPOC group during solid-
phase peptide synthesis using a polystyrene support has been reported,?*® it was assumed that
photodeprotection was not complete. In order to exclude systematic errors during phosphoramidite
coupling and oxidation, a sequence was successfully synthesized using the classical DMT-protected
monomer 54 and acid-induced DMT protection steps. It was hence indirectly shown that an incomplete
NPPOC photorelease prevented oligo(phosphodiester) synthesis. Thus, the new photodeprotection
step had to be further optimized. The highest degree of oligomerization using support 56 and
monomer 50 was obtained when performing the irradiation of NPPOC-terminated chains for two hours
in 50 mM piperidine in DCM. After cleavage from support, the mass of desired sequence S15 was
detected in the noise of the corresponding mass spectrum (negative mode) that is shown in Figure
I1I-2. More prominent were the peaks of sequences with missed steps $S15’ and S15”” (and their MS
fragmentation peaks). Despite the extensive irradiation times with high intensity, photorelease of
NPPOC remained marginal. This can be explained by the high light absorption of polystyrene. Growing
chains inside the crosslinked support are thus not accessible by the light trigger, stay in the shadow,
and photodeprotection cannot be driven to completion in this system. This is why a soluble support
was further investigated where the growing chain ends are equally distributed in solution and are
accessible by light.
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Figure I1I-2: Attempted synthesis of S15 using solid polystyrene support 56. ESI(-)-MS spectrum shown in the 200 - 1000
m/z range. Area 420 — 650 tenfold and area 780 — 840 500-fold magnified, respectively.

2.5 Oligomer Synthesis Using a Soluble Support

It has recently been shown that ATRP-made linear polystyrene chains with optimized chain length
could be used as soluble supports for the synthesis of abiotic oligo(phosphodiester)s using
phosphoramidite monomers 52 and 54. While a solid support material is washed to remove excess
reagents from previous steps, soluble supports can be precipitated in a non-solvent. The here-
described methodology describes that all reactions were performed in DCM and precipitation occurred
in cold methanol. Phosphoramidite coupling and oxidation were reported to be fused to one step
without intermediate purification.?*! Conditions for phosphoramidite coupling and oxidation were
thus already reported and the novelty when transferring the method to a photocontrolled synthesis
with monomers 47 and 50 was the photodeprotection step. During optimization of the latter it was
highly advantageous manipulating a soluble support system because more analytical tools were at
hand to evaluate the success of employed conditions.

soluble ATRP-made SEC of
linear polystyrene support 57 support 57

M, sec = 3900 g-mol?
Dye =115

T " T T T T T T T T
elution volume 20 25 30 mL

Figure IlI-3: SEC characterization of soluble ATRP-made linear polystyrene support 57 (SEC UV trace shown in
the range of 15 —31.5 mL).
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It has been reported that the addition of an amine base enhances the NPPOC photocleavage and
ensures a reaction pathway via a B-elimination that results in an unreactive nitrosostyrene moiety
rather than reactive nitroso byproducts.[246-247:350-353] yet, high base concentration would thereby result
in a considerable rate of background dark reaction, too low concentrations are not sufficient for rate
enhancement. A 50 mM concentration of piperidine in acetonitrile has been found to considerably
increase NPPOC photolability without promoting the background reaction.?*”! As the support 57 that
is shown in Figure 1lI-3 is not soluble in acetonitrile,*! it was first investigated whether chloroform
could be used during the photocleavage instead. Using two 15 W UV lamps (I = 1100 pW-cm™ at 15 cm
distance to filter surface, A = 365 nm) solutions with different concentrations of NPPOC-terminated
sequences in 50 mM piperidine in chloroform were irradiated. Kept under argon, glass vials contained
thereby the solutions and were directly placed on the filter of the UV lamp (I > 1100 pW-cm™). By
following the reaction progress by means of *H NMR and UV-Vis spectroscopy it was found that
irradiating NPPOC-terminated support with a concentration of 2 mg-mL? led to full conversion after
roughly 60 min under the above described conditions. However, after isolation of the immobilized
hydroxy-terminated sequence by removal of the solvent and precipitation in ice-cold methanol, partial
phosphate deprotection was revealed by 3P NMR spectroscopy. As neutralization of the piperidine-
containing solution by titration with 3w% TCA in DCM prior to removal of the solvent was yielding fully
protected phosphates, it is hypothesized that high piperidine concentrations were temporarily
reached during solvent removal that resulted in conditions basic enough to cleave the cyanoethyl
protective group (see Table I-1 in Chapter I: 3.2.3 Appropriate Protective Groups, pp. 42ff.). After
optimizing support concentration, irradiation time and the work-up conditions, a protocol for
photocontrolled phosphoramidite chemistry using a soluble polystyrene support was developed.

The analysis of an exemplary photodeprotection step prior and after irradiation with light of 365 nm is
shown in Figure llI-4. It illustrates that the photodeprotection step could be driven to completion when
optimized conditions were employed. While Figure IlI-4A shows the cartoon representation for the
photodeprotection step, it is shown in Figure IlI-4B that the disappearance of the aromatic proton
signals stemming from the NPPOC protective group in the region of 7.3 - 7.5 ppm is achieved during
photodeprotection i). Analysis by SEC—depicted in Figure Ill-4C—indicates that the dispersity of the
hybrid of ATRP-made support and immobilized growing chain does not change. The dispersity
originates from ATRP polystyrene synthesis of the support (see Figure 11l-3) and should not dramatically
change when homogenous oligo(phosphotriester)s are synthesized on it. The derived M, values are
calculated from polystyrene references. As the analyzed sequences are not pure polystyrene chains
but contain a minor but much more polar block of linker and growing sequence, the so-attained mass
values are not reported as quantitative results. They do serve as a rather qualitative reaction control.

Yet, after cleaving model sequence S16 from the support it became apparent that to a minor degree
photocleavage was not quantitative. Missed step sequences S16* (missing monomer 0), S161 (missing
monomer 1) and S16+* (missing monomer 0 and 1) were detected in ESI(-)-MS which is shown in Figure
[1I-5 on the left. It was nevertheless shown by tandem MS fragment analysis (Figure IlI-5, right) that the
dominant species was the desired sequence S16. Finally, it was found that a systematic error had been
committed after the photodeprotection step. The author was initially recovering immobilized
sequences from the inner side of the septum that was sealing the glass vial during irradiation. When
the septum had come in contact to the irradiation solution and the solvent was subsequently
evaporated, some NPPOC-terminated sequences were not in contact to the solution anymore,
consequently did not release the protective group and could not add another monomer during the
proceeding phosphoramidite coupling.
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CHCl3, A = 365 nm, 120 min; B) 'H NMR (zoom of the aromatic region 6.1 — 8.0 ppm) of NPPOC (left)- and
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Figure IlI-5: MS analysis of attempted $16 synthesis. Left: $16* denotes for a missing 0-unit, $16% for a missing
1-unit, and $161* for a missing 0- and 1-unit, respectively. Right: Tandem-MS of [S16-H] peak. Peaks labeled
with + denote for internal fragments, e.g. monomer 0 (m/z 137.0) or 1 (m/z 165.0) were generated in
secondary dissociation reactions. Fragmentation peak annotation (m/z): wy: 155.0; x5: 303.0; w5 321.0; z5:
361.1; y3:379.1; x3: 441.0; wz: 459.1; z5: 527.1; y4: 545.1; x47: 607.1.

During the synthesis of the next test sequence S18 it was first carefully ensured that the septa did not
come in contact to the irradiation solution and secondly, the solution was recovered by needle and
syringe after irradiation without further washings to guarantee that only the molecules were recovered
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that were in solution during the whole irradiation step. Verified by ESI mass spectrometry, this
adaptation of the protocol ensures the synthesis of sequence-defined oligomers. The spectrum given
in Figure IlI-6 on the left shows the desired sequence S18 in its singly (m/z = 545.1) and a doubly
charged (m/z =272.1) states and compared to the synthesis of $16 (see Figure 1lI-5), the sample purity
is much increased. Consequently, several sequences could be synthesized following the developed
synthetic protocol to confirm the reproducibility. The results are given in Table IllI-1. The reported
characterization by HRMS is based on measurements in positive mode. That explains the discrepancy
(x2 Da) to the masses of detected species in negative mode as depicted below in Figure 1l-6.
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Figure Ill-6: Analysis by MS of identical sequences S18 (left) and $19 (right) synthesized from NPPOC and DMT
precursors, respectively. (Spectra shown in the m/z range of 100-1000; denoted with # the impurity is
structurally not related to sequence $18.)

Table llI-1: Overview and ESI-HRMS characterization of manually synthesized uniform sequences S17-S23!°I,

Sequence!® Stepwise yield® m/zu M/ Zexp
S17 0000 96 % 489.0697! 489.0700
S18 0110 90 % 547.1469 547.1478
$19( 0110 90 % 547.1469 547.1477
S201 0111 88 % 575.1782 575.1779
s21l 0100 85 % 519.1156 519.1150
S22 0101 81 % 547.1469 547.1475
S23 000110 95 % 410.0707' 410.0712

[a] The numbers 0 and 1 denote for phosphate linked repetitive units derived from diols 45 an 48. [b] The stepwise yield is
calculated as the mean average of all involved coupling/oxidation and photodeprotection steps. [c] In those syntheses, the
last coupling step was performed using DMT-protected monomers 52 and 54. The cleaved oligomers were purified on a
reverse phase column [d] [M+H]*. [e] [M-2H]?.

Sequences S19-522 (see Table llI-1) were synthesized using an additional modification of the protocol
that is shown on the right side of Figure IlI-6. As described before, the photocontrolled NPPOC release
step during phosphoramidite chemistry was equally employed here prior to each phosphoramidite
coupling. As a special feature, the last monomer that was added to the growing chain was a DMT-
protected phosphoramidite monomer 52 or 54. The desired sequence S19 was thus first obtained as a
DMT-protected immobilized precursor that is shown on the top of Figure IlI-6. While the NPPOC
analogue was deprotected i) on the support and then cleaved ii) to obtain the desired sequence S18,
the DMT-protected S19 precursor was first cleaved from the support ii) retaining the protective group.

96



2 RESULTS AND DISCUSSION |

The last step iii) was a DMT-ON purification by reverse phase chromatography. In the course of the
latter, the protective DMT group is cleaved yielding the desired sequence S19. When comparing the
mass spectra shown in Figure IlI-6, both end group strategies vyield sequence-defined
oligo(phosphodiester)s of high purity. Yet, the DMT-ON strategy can potentially prevent
contaminations stemming from experimental errors. For example, the unknown impurity # is not
abundant during analysis of S19. Instead, a species at m/z = 116.9 is detected which indicates that
traces of 2,2,2-trichloroacetic acid are present. This acid is used during the DMT-ON purification (see
Experimental Section: 1.2.3.2 Manual DMT-ON Purification, p. 137) to finally cleave the DMT protective
group.

Demonstrating a photocontrolled DMT-ON oligo(phosphodiester) synthesis was important for two
reasons. First, the precipitation of the support matrix after cleavage of the oligo(phosphodiester) block
was tedious because the remaining linker-polystyrene conjugate showed an increased solubility. A
DMT-ON purification was here additionally used as a filtration to remove the fraction of polystyrene
support that was before not easily removable. Moreover, the possibility to employ DMT-ON
purification can have some impact on the samples homogeneity when longer sequences should be
accessed and additional capping steps are included. In this case only the desired sequence would
contain the DMT-terminus that could be efficiently isolated following this strategy.

When analyzing the synthesis yields that are detailed for each cycle step of the synthetic access to
sequences S17-S23 in Table V-1 and Table V-2 in the Experimental Section: 3.3 Photocontrolled Liquid-
phase Oligo(phosphodiester) Synthesis (pp. 159ff.), it becomes apparent that the yields were
depending on the synthesis scale. Using more than 500 mg of polystyrene-b-oligo(phosphodiester)
conjugate in a synthesis resulted in almost quantitative yields. When more than 100 mg were
employed, the majority of syntheses could be performed with yields considerably above 90 %. Below
100 mg of converted conjugate, the yields became, however, unsatisfying and are in part even below
50 %. Analysis by mass spectrometry (see Figure Il1-6 on page 96) confirms sequence definition of the
synthesized oligo(phosphodiester) block. The reduced yield is thus not connected to coupling failure
but does solely stem from losses during precipitation. During syntheses on all scales small losses could
have occurred when a fraction of the support stayed attached to the used equipment. On a relative
scale, this error is the smaller the higher the synthesis scale was chosen. For the synthesis on small
scales it is probable that the ratio between good solvent and non-solvent were not perfectly complied
with or too much methanol was used. The dominant losses are consequently due to imperfect
precipitation on synthesis scales below 100 mg.

Further it must be critically mentioned that the use of a soluble polystyrene support also sets limits to
the broad applicability of the developed strategy. During the growth of an oligo(phosphodiester) on a
polystyrene-b-oligo(phosphodiester) conjugate, the polarity of such system increases gradually. At
some point, the precipitation of the conjugate would render very inefficient and even large scale
syntheses would show drastically reduced vyields. If longer sequences were to be synthesized in a
photocontrolled way, a soluble fluorous support could thus be advantageous and instead of
precipitation, a chromatographic isolation of the support conjugate would be more beneficial.

Very interestingly, the purity of samples was high and for sequences S18 and S19 considerable
amounts of missed step sequences were not detected (compare Figure IlI-5 on page 95 with Figure
I1I-6 on page 96). Usually, phosphoramidite couplings using solid support matrices are reported to not
result in quantitative conversions and especially NPPOC photodeprotection using micromirror devices
guiding light to flat surfaces is reportedly characterized by non-quantitative yields of approximately
95 %.11% 241 The use of a soluble support system is apparently accompanied by much more efficient
conversion rates. Together with the ease to analyze each immobilized intermediate as it was shown in
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Figure IlI-4 on page 95, it makes the ATRP-made soluble support 57 an interesting system to study in
detail new strategies in oligo(phosphodiester) synthesis.

3 Conclusion and Outlook

A new method to synthesize abiotic sequence-defined oligo(phosphodiester)s with a photocontrolled
version of phosphoramidite chemistry has been developed. Several digital oligomers were synthesized
using the new procedure that relies on a soluble ATRP-made polystyrene support. Sample purity was
confirmed by NMR and MS.

The synthesis of a new set of NPPOC-protected phosphoramidite monomers could successfully be
achieved in two steps. First attempts polymerizing them assisted by a standard solid polystyrene
support were suffering from low conversions during the photorelease of the NPPOC alcohol protective
group. When switching to a soluble support system, the new photodeprotection step could be
followed by UV-Vis spectrophotometry, *H NMR, and 3P NMR and optimization of reaction conditions
was thus straightforward. When the means for quantitative photorelease of the NPPOC protective
group were developed and a subsequent work-up that was free from side reactions was established,
the accordingly obtained oligo(phosphodiester)s were homogenous and considerable amounts of
missed step sequences were not detected by mass spectrometry. Moreover, it could be demonstrated
that the protocol could be simplified by a final DMT-ON purification when standard DMT-protected
monomers were used during the last phosphoramidite coupling of an oligomer synthesis.

Yields were very satisfying when working on large scale. Small scale syntheses gave unsatisfying yields
because the stepwise purification by precipitation was less efficient under these conditions. Another
drawback of the use of a soluble polystyrene support system is the limit it sets to the degree of
polymerization. The shorter the grown polar oligo(phosphodiester) chain, the more efficient is the
precipitation of the conjugate. Nevertheless, the ATRP-made polystyrene support system has proven
to be a valuable tool to study in much detail a new synthetic multistep-growth polymerization strategy
which would not have been that straightforward by use of a solid support material.

In summary, the fundamental aspects of a photocontrolled synthesis of digital polymers have been
understood and it is probable that the new approach is of added value to the field of precision
polymers. Future investigations by Lutz’ group will show whether large polymer libraries would be
accessible using an automated version of photocontrolled phosphoramidite chemistry. The same
phosphoramidite monomers coding for bits 0 and 1 can potentially be used for the fabrication of digital
polymer microarrays that would comprise a large data density that has not been achieved with
synthetic polymers before.
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Chapter IV:

Erasing and Revealing Sequence Information
by Photoinduced Side Chain Modification







1 Introduction

In this chapter a new conceptual design of information-containing oligo(phosphodiester)s will be
described. A photoinduced side chain modification is used to either erase the sequence-information
from a polymer backbone or to reveal a molecularly encoded message with a light stimulus.

In the frame of this work, different nitrobenzylamines, carbamates, and ethers are studied as motifs
in oligo(phosphodiester)s for their potential as inert or releasable groups upon irradiation with light.
To the best of the author’s knowledge, the here-described synthetic approach is the first of its kind.
Synthetic digital polymers have never before been shown to contain erasable information or hidden a
hidden code that can be revealed by a post-polymerization modification. This study is moreover a good
example of how synthetic chemists can benefit from the almost infinite chemical space that is at hand.
A relatively easily design can thus be the basis of systems that meet demands that had not been tackled
before in such simplicity.

1.1 Motivation & State-of-the-Art

Digital polymers can be used for secret information transmission. As the carrier of information they
could potentially serve for steganography technology. For example, information-containing
carbamates were blended into different polymer matrices without resulting into apparent changes in
material properties.®'313l For an uninformed recipient, the encoded data would thus remain
untraceable. In the same way, an encrypted macromolecule could be hidden behind a postage
stamp.* Examples using DNA as the carrier of information are numerous.***3%! Here, bacteria
coloniest*® or DNA microdots!?®¥ could serve as unsuspicious carriers of digital information. The secret
message can be further protected by cryptography. In the case of molecularly encoded information,
the recipient has to know which technical analysis tool should be used for deciphering the raw data
and how it can be converted to the intended message.®'> 3% For some application, the controlled
destruction of a secret molecularly carried message could be of interest. This has been shown for
thermally instable poly(alkoxyamine amide) carriers that degrade to unreadable polydisperse analytes

upon heating.13%]

In a very innovative study, Balasubramanian and coworkers reported an epigenetics-inspired DNA-
based data storage system that was already referred to in Chapter I: 4.1 DNA-based Data Storage
(pp. 47f.). In brief, data was written on DNA chains using besides the set of four nucleobases additional
artificial nucleobase monomers. These alien monomers were identified as conventional DNA
monomers by polymerase during PCR amplification. Depending on defined stimuli like oxidations or
treatments with base, the recognition changes and the alien monomers lead to another signature in
the complementary DNA strand after PCR. In this way, it was possible to code information in several
layers in a DNA-based storage system.[*"!

When post-polymerization modification is used to change the information output, near-quantitative
conversion should be aimed at. Like in the above described system, oxidations or efficiently
controllable equilibrium reactions are predestined modifications for this purpose. A very handy
strategy is—if for example the recipient of a molecularly encoded message does not want to rely on
the availability of chemical reagents—the use of light as the stimulus for a quantitative post-
polymerization modification, e.g. a side chain photorelease. Used to erase or expose information by
transforming a digital polymer to a form with different read-out features, the treatment with UV-light
could also be interpreted as an additional level of data protection in the context of cryptography.

A prominent class of photocleavable groups!*® in polymer chemistry are ortho-nitrobenzyl groups.!®”!
They are used to protect hydroxy functions to enable polymerizations®>® or polar carboxylic groups to
obtain photoresponsive micelles.?>! When they are used to protect an amide bond, their release can
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for example start a supramolecular polymerization as hydrogen bonding is switched on.1*%%3Y ortho-
Nitrobenzyl protective groups are as well compatible with phosphoramidite chemistry. That has been
shown for the synthesis of oligonucleotides that respond with the creation of abasic sites!*%2-363 and
direct strand breaks®®¥ upon irradiation with light.

1.2 Aims

Inspired by the state-of-the-art, it is the aim of the investigations to design two new systems for
molecular data storage. Conceptually related to the work of Balasubramanian et al., post-
polymerization modification of side chains should thereby influence the information read-out by
tandem mass spectrometry sequencing.

The first system should allow to erase sequence information and hence the encrypted binary code
from a digital oligo(phosphodiester) upon irradiation. The original information-containing analyte
would be efficiently decryptable by means of MS/MS. Yet, after the triggered photorelease of all ortho-
nitrobenzyl side chain motifs, the monomeric units should become identical entities which would
result in the complete loss of sequence information. The molecularly encoded information would thus
be erased upon irradiation.

The second system should allow to hide molecularly encoded information. The digital
oligo(phosphodiester) would be composed of two regioisomers as monomeric units that cannot be
distinguished from each other by mass spectrometry analysis. The sequence information is thus not
accessible. Yet, upon irradiation the ortho-nitrobenzyl motif is removed from all side chains while the
para-nitrobenzyl motif remains intact. The digital oligo(phosphodiester) would thus be composed of
two monomeric units with different weight and the sequence information would consequently be
accessible by means of tandem mass spectrometry sequencing.

Thus, molecular data storage devices should be developed whose coded message can be erased or
whose information can only be exposed after breaking its protection with a defined stimulus.

2 Results and Discussion

Results that were obtained during the study will be presented in detail and are critically discussed. The
subchapter is ordered regarding the linker chemistry between the trident platform and the nitrobenzyl
moieties and is thereby following the historical evolution of the project. Importantly, understanding of
unexpected results is discussed that led to a multiple redesign of the target oligomers and thus the
crucial monomeric structures. After discussion of the synthetic access of phosphoramidite monomers
and the synthesis of oligomers, the photocleavage of test substances or oligomers will be presented
for each design. Finally, the two systems that showed the target features will be studied in detail.

2.1 Conceptual Design

The declared objective was translated into a molecular design relying on nitrobenzyl groups for
photoinduced post-polymerization modification. The approach that was under investigation to erase
sequence information is depicted below in Figure 1V-1 and the strategy to hide and reveal molecularly
encoded binary information is shown in Figure V-2 on page 106.
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A)  Property A: Erasing Sequence Information
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Figure IV-1: Conceptual design to erase molecularly encoded information. A) Property A: erasing information
in digital polymers using light; B) Design of oligo(phosphodiester)s and respective phosphoramidite monomers.

Already presented in the state-of-the-art discussion, nitrobenzyl groups can be inserted as ethers
(X =0) or they protect amines (X = NH, NR), amides or carbamates (X = NR). To enable the synthesis of
an oligo(phosphodiester), corresponding phosphoramidite monomers have to be synthesized. A
requirement is the synthesis of a diol intermediate to insert a DMT protective group and the reactive
phosphoramidite moiety (see Figure 1V-1B and Figure IV-2B). The platform under investigation is thus
required to have at least three functional groups, two of them being hydroxy groups to form a classic
monomer for phosphoramidite chemistry and the third functional group would be the nitrobenzylated
X function. The identity of the trident platform—described by the factors m, n, and o in Figure IV-1B
and Figure IV-2B—can thus be adapted to the needs for an efficient synthetic access.

For the implementation of a strategy to enable the removal of sequence information (see Figure IV-1A),
a digital oligo(phosphodiester) composed of two comonomers with different ortho-nitrobenzyl groups
attached to their side chains was envisioned. The comonomers had to have a different mass to allow
sequencing by tandem mass spectrometry and should both be photoreleasable. Shown in Figure IV-1B,
comonomers exhibiting motif 1 (ortho-nitroveratrylbenzyl) and motif 2 (ortho-nitrobenzyl),
respectively, would meet the criteria. The target digital sequence should be a well-readable
information-containing oligo(phosphodiester) and after removal of both ortho-nitrobenzyl groups by
irradiation with light, identic structures would remain on the oligomer backbone. The encoded
information in the target structure is consequently erasable with light.
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A)  Property B: Revealing Sequence Information
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Figure IV-2: Conceptual design to reveal molecularly encoded information. A) Property B: revealing information
in digital polymers using light; B) Design of oligo(phosphodiester)s and respective phosphoramidite monomers.

When the concept of revealing hidden sequence information of digital oligo(phosphodiester)s was
implemented (see Figure IV-2A), the approach was based on two regioisomers as monomeric units. As
depicted in Figure IV-2A+B, the comonomers should have motif 2 (ortho-nitrobenzyl) and motif 3
(para-nitrobenzyl), respectively, attached to their side chains while the trident platform would be the
same. The regioisomers are characterized by the same weight and are thus not distinguishable by mass
spectrometry analysis. The encoded binary information of an oligomer—defined by the order of
comonomers with motif 2 and 3—can hence not be deduced by MS/MS. Yet, the ortho-nitrobenzyl
group can be addressed by a light stimulus and is chemoselectively cleavable upon irradiation while
the para-nitrobenzyl group would remain bound to the side chain. As a result, the so-treated digital
oligomer would be composed of comonomers with a different weight. Consequently, the target digital
oligomer incorporate a hidden sequence information that can be exposed by irradiation with light.

The implementation of the two concepts Erasing and Revealing molecularly encoded information was
envisioned in a way that in total only three different monomers would be needed. The investigations
were thus focused on how motifs 1 to 3 can be introduced to the central trident platform, whether
corresponding phosphoramidite monomers were leading to digital oligomers and whether the
required photorelease of ortho-nitrobenzyl groups was successful.

2.2 Studies on Monomer and Oligomer Design

2.2.1 Study I: Nitrobenzylated Amines

In a first attempt, monomeric units should comprise a nitrobenzylated amine function as it is shown
for the phosphoramidite monomer and the oligo(phosphodiester) in Figure IV-3. Referring to the
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project design depicted in Figure IV-1B and Figure IV-2B the factors for the platform are chosen as
m=n=1,0=0asserinol 58 is a readily available precursor for it and the protected moiety is an amine
(X = NH) because nitrobenzyl groups can easily be introduced by reductive amination using the
corresponding benzaldehydes 67, 68, and 69.

Monomer o~ Polymer

)\ polymerization o- F’ o

R; 0 R;
R,
phosphoramidite monomer ollgo(phosphodlester)
with nitrobenzyl-protected amine with nitrobenzyl-protected amines

Figure IV-3: Overview phosphoramidite monomer for the synthesis of oligo(phosphodiester)s with nitrobenzyl-
protected amine moieties.

It is known from oligonucleotide synthesis that exocyclic (non-aromatic) amines of monomers have to
be protected to allow for the sensitive phosphoramidite coupling. Amines would possibly interact
inter- or intramolecularly with the tetrazole phosphoramidite complex which prevents efficient
coupling to the hydroxy end of a growing oligomer chain. Here, it should be evaluated whether a
nitrobenzylamine would be an already sufficiently deactivated secondary amine species. Due to a
strong -/ effect the nucleophilicity should be reduced as when compared to secondary alkyl amines.
Yet, when comparing with the usually employed amine protective groups listed in Table I-1 on pages
421ff. a simple benzyl protection is not commonly used for phosphoramidite monomers.

In the following paragraphs the monomer synthesis and attempted oligomer synthesis are reported
and the results are evaluated for an optimized redesign of the approach that targets digital
oligo(phosphodiester)s with a series nitrobenzylamino moieties.

According to an already published protocol,’%>! a DMT-protected serinol precursor 61 was synthesized
with satisfying yields as shown in Scheme IV-1. It was the underlying idea to insert the DMT protective
group required for phosphoramidite chemistry already early in the scheme to diversify the synthesis
by insertion of different nitrobenzyl moieties strategically to a later point of the multistep
phosphoramidite monomer synthesis.

To be able to selectively protect a hydroxy function with a DMT group, the primary amine of serinol 58
was temporarily Fmoc-protected i). Then, a DMT monoprotection ii) could be realized. A simple base
treatment Jji) of intermediate 60 to cleave the 9-fluorenylmethyl carbamate yielded the desired
precursor amine 61.

iv)orv, N
/\h 4}» /\h 4)» /\hODMT ",) HO/\ﬁODMT ) ) HO" ‘ ODMT
“Fmoc “Fmoc NH; 67 HN ‘

58 59 (78 %) 60 (60 %) 61 (82 %) 62 ‘fr*’*”

Scheme IV-1: Synthesis of a DMT-protected precursor 61 for a strategically late chemical diversification. Fmoc
protection i): Na,COs (aq., 10w %), 1,4-dioxane, Fmoc-Cl, RT; DMT protection ii): pyr, THF, DMTrCl, RT; Fmoc
deprotection iii): 20 v% piperidine in DCM, RT; reductive amination iv): 1) MeOH, Na,SO4, RT, 2) NaBH,4, RT;
reductive amination v): 1) toluene, reflux in Dean-Stark; 2) NaBH,4, RT.

Yet, subsequent reductive amination was not successful. Usually, primary amines and benzaldehydes
do readily form imines by reacting them in a protic solvent.2®! The equilibrium should further be
shifted in the desired direction by addition of excess sodium sulfate to bind water and thereby remove
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it from the chemical equilibrium. As controlled by TLC, the imine formation could not be observed
under the chosen conditions iv). More drastic conditions under reflux v) were unsuccessful as well. The
same reaction was, however, very efficient under mild conditions iv) when serinol 58 was used without
a protective group. Depicted in Scheme IV-2, reductive amination of benzaldehydes 67, 68, and 69 with
serinol 58 resulted in satisfying yields. Synthesis of benzylamine 62 was possibly not successful on this
synthetic path because of elevated sterical hindrance at the DMT-protected precursor 61.

To further synthesize a phosphoramidite monomer, benzylamine 63 was first protected with a DMT
group ii) to yield precursor 62 that had not been obtained following the synthetic strategy depicted in
Scheme IV-1. It was anticipated that the benzylamine function—despite its decreased nucleophilicity—
could also react and form side products. That is why the diol was reacted in two-fold excess. With
respect to the DMTr chloride that was added, only a 31 % yield was obtained. The only isolated side
product was hydrolyzed DMTr chloride (DMT-OH) that is usually obtained due to water contamination
in the reaction mixture. The reaction was just performed once and that detail was not further
investigated. Though, it is noteworthy that non-reacted starting material 63 could be quantitatively
recovered. Shown in Scheme IV-2 above, the conversion of the remained hydroxy function of
intermediate 62 to the reactive phosphoramidite moiety vi) gave the phosphoramidite monomer 64
in an acceptable yield.

=z
iv) HO > oH i) | HO™ > oDMT vi) gv
67 HN HN )N\ \o/\K\ODMT
HN
63 (86%) NO, 62 (31 %)* NO, 64 (75 %) g;
NO,
Ho/\ﬁou v) | HO/:N(\OH
2 68
c8 % NO, Benzaldehydes
65 (88 %) é <5/N°z /QS/NOZ
N,
o
iv) HO/\K\OH NO, o_
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69 67 68 69
NO,
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o
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Scheme IV-2: Synthetis of phosphoramidite monomers with a nitrobenzyl-protected amine starting with a
reductive amination. Reductive amination iv): 1) MeOH, Na,SO4, RT, 2) NaBH4, RT; DMT protection ii): pyr,
THF, DMTrCl, RT; phosphoramidite formation vi): DCM, DIPEA, 2cyanoethyl-N,N-diisopropylchloro-

wukn,

phosphoramidite, 0 °C. marked with “*”: unreacted starting material quant. recovered.

It was not sure that oligomers could be efficiently synthesized from nitrobenzylated amine-containing
phosphoramidite monomers like reagent 64 as discussed in the introduction to this subchapter. The
test reaction was performed employing the standard automated protocol on an oligonucleotide
synthesizer and using the commercial dT-CPG support 39. The target oligomer of the attempt was a
sequence S24 with a leading dT monomer and an octameric block presenting para-nitrobenzylamino
moieties. The structure is depicted in Figure IV-4. A mass spectrum of the product of the attempted
oligomer synthesis is provided in the bottom of the picture. S24 with an exact mass of 2546.5 would
be detectable in an ESI(-) mass spectrum at m/z = 2546.6 (z=1), 1272.8 (z=2), 848.2 (z=3), 635.9 (z
= 4), etc. in its (multiply deprotonated) charged states. The dominant species is however detected at
m/z = 241.1 (see mass spectrum in Figure IV-4) which could refer to the deprotonated dT monomeric
unit from support 39. It could not be understood in which way the oligomer synthesis did not work but
it is obvious that the desired oligomer S24 could not be obtained using the standard phosphoramidite
protocol and phosphoramidite monomer 64. A following approach should thus make use of a
phosphoramidite monomer with a protected benzylamine function.
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Figure IV-4: Attempted synthesis of test sequence $S24 using nitrobenzylated amine monomer 64. (ESI(-)-MS
spectrum shown in the m/z range 100 — 1200; non-identified contamination #)

2.2.2 Study II: Nitrobenzylated 9-Fluorenylmethyl Carbamates

Based on the result discussed before, the redesign of the project obliged to protect the
nitrobenzylamine functionality to enable a successful oligo(phosphodiester) synthesis. The Fmoc
protective group was chosen for that purpose. The X-unit of the trident platform that is depicted in
the project’s overview in Figure IV-1B and Figure IV-2B was thus changed to a 9-fluorenymethyl
carbamate. The target phosphoramidite monomers are consequently the Fmoc-protected analogues
of before discussed monomeric structures. Due to its lability under basic conditions, the chosen
protective group would be removed during oligomer cleavage from the CPG support. The target
oligomers that are given in Figure V-5 are hence identical to those of the strategy described in Figure
IV-3 on page 107.
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Figure IV-5: Overview carbamate phosphoramidite monomer for the synthesis of oligo(phosphodiester)s with
nitrobenzyl-protected amine moieties.

The synthesis of Fmoc-protected phosphoramidite monomers is visualized in Scheme IV-3. Starting
from serinol-based nitrobenzylamines 63, 65, and 66 that were synthesized by reductive amination, a
Fmoc protective group was introduced i) with satisfying yields to obtain the desired series of diols 70,
73, and 76. After DMT monoprotection ii) and subsequent introduction of the phosphoramidite moiety
iii) the series of phosphoramidite monomers 72, 75, and 78 was obtained in good overall yields.
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Z
Ho™on D, Ho ™ on i) Ho™ 00w i) o~
HN Fmoc/N Fmoc’N N” \OMODMT
/g;/& /g;/& /g;/R1 )\ chc’N
Ry
Ry Ry Ry
R, R, Ry R3/£;/
R,

para-nitro 63 para-nitro 70: (58 %) para-nitro 71: (40 %) para-nitro 72: (87 %)
ortho-nitro 65 ortho-nitro 73: (80 %) ortho-nitro 74: (59 %) ortho-nitro 75: (88 %)
ortho-nitroveratryl 66 ortho-nitroveratryl 76: (92 %) ortho-nitroveratryl 77: (72 %) ortho-nitroveratryl 78: (92 %)

para-nitro 63, 70,71, 72: R; =H; R,=NO, R;=H
ortho-nitro 65, 73, 74, 75: R, = NO,; R,=H;  Ry=H
ortho-nitroveratryl 66, 76, 77, 78: R, = NO,; R, = OCHj; R; = OCH,

Scheme IV-3: Phosphoramidite monomer synthesis including an amine protection with a 9-fluorenylmethyl
carbamate (Fmoc) group. Fmoc protection i): Na,COs (aq., 10w %), 1,4-dioxane, Fmoc-Cl, RT; DMT protection
ii): pyr, THF, DMTrCl, RT; phosphoramidite formation iii): DCM, DIPEA, 2cyanoethyl-N,N-diisopropylchloro-
phosphoramidite, 0 °C.

With Fmoc-protected phosphoramidite monomers 72, 75, and 78 in hand, oligomers with
corresponding octameric blocks consisting of the same repeating motif were aimed at. It is shown in
Figure IV-6 that the sequence S24 that could not be obtained using the nitrobenzyl phosphoramidite
64 could indeed be synthesized from the analogue protected monomer 72. The mass spectrum that is
represented on the central left of Figure IV-6 clearly shows the expected peaks for two times and three
times deprotonated S24 species. The triply charged species at m/z = 635.9 was also detected but is
found in a region together with several series of lower congeners with mass defects stemming from
undesired but not understood side reactions. When the same octameric block was synthesized on a
dA-CPG support, the intensity of the so-attained sequence $25 with a leading dA monomer was higher,
but the same series of lower congeners was isolated together with the desired sequence. When using
phosphoramidite monomers 75 and 78, the analogue oligomers S26 and S27, respectively, were
obtained. Also they were not isolated with the desired purity and degenerated lower congeners were
detected in ESI(-)-MS which is depicted at the bottom of Figure IV-6.

Interestingly, sequences S24 and S26 are regioisomers and consequently the detected ions have the
same mass. Also their main impurities that can be analyzed by mass spectrometry are regioisomers.
That leads to the conclusion that whatever renders the phosphoramidite chemistry inefficient, it does
not stem from the different benzylic substitution pattern. It is hypothesized that the Fmoc protective
group together with the nitrobenzyl and the bulky DMT group hinder a fast and efficient
phosphoramidite coupling for steric reasons. It could have been an interesting task to study the
underlying chemistry by increasing the reaction time during phosphoramidite activation and coupling
or by repeating the synthesis with a longer linker between phosphoramidite moiety and the other
functionalities. Yet, this was not the original purpose of the project.

It was a great success that the redesign of phosphoramidite monomers had the formation of the
desired products S24, S25, S26, and S27 as a result. Yet, it has to be critically noted that the
introduction of a bulky temporal protective group was not necessary. In the same way, a persistent
small amide could have been formed from nitrobenzylamines 63, 65, and 66 to obtain monomers and
later oligo(phosphodiester)s with nitrobenzyl-substituted amides. That would still have been an
analogue strategy to already reported polymeric systems3%9-361 and at the same time it would have
avoided extensive sterical hindrance in close proximity to the reactive moiety during polymerization.

First photocleavage tests on sequences $S26 and S27 were performed. The analytes were dissolved in
methanol and irradiated with UV light of the wavelength 365 nm. The slightly yellow solutions thereby
turned to intensive red coloration. The before detected peaks shown in Figure IV-6 could not be
detected anymore but with the addition that neither the fully deprotected oligomer nor a partially
deprotected oligomer could be detected by means of mass spectrometry. It was obvious that a
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reaction had occurred and in order to analyze what chemical transformation was induced by irradiation

it was moved to a less complex test system.

attempted synthesis $24, $25, $26, and S27 e N\

_N OH OH OH

/L 9/\// -p-0" o-- ~-p-0 o-- -p-0"o--
N/P\0 ODMT —> o HN o HN o HN
B Fm::"(\ — $24, $25, S26, and $27 vos vos
Ry \0
R NO, ) o
. ] 5 0

72: R;=H; R,=NO, R;=H.
75: R, =NO,; R, =H; Ry=H. Myarg = ZMyergtry
78: R, =NO,; R, =0CHj; R, = OCH;. \_ )

ESI(-)-MS analysis of reaction prducts 24, $25, $26, and $27

PRPRPARPEPRPAPADP A

S24
series of lower [$24-3H]3 [$25-3H]>
congeners with 848.2 851.2
mass defects ’
— series of lower congeners
with mass defects
[S24-2H]> [s25-2H)>
1272.8 ’ 1277.2
\h‘“ ‘\“m w. Al — \L] \]u‘ H“ w ol H \‘1.\ } il ‘ } : —
500 750 1000 1250 1500m/z 500 750 1000 1250 1500m/z
series of lower $26 S27
congeners with series of lower
mass defects congeners with
r N\ mass defects
/—)%
[S26-3H]*
848.2 [S27-3H]*
[526-2H]> 1008.2 [527-2H]*
1272.8 1512.8
H h‘MJ m! L1 ‘M‘m‘ R S — \M\ A }t\m . ‘.u‘.i ot — ‘ ‘l ‘
500 750 1000 1250 1500m/z 500 750 1000 1250 1500m/z

Figure IV-6: Attempted synthesis of test sequences $24, S25, S26, and S27 using nitrobenzylated carbamate
monomers 72, 75, and 78. (ESI(-)-MS spectra shown in the m/z range 400 — 1600; range 100 — 400 cut for

clarity: TCA contamination at 116.9, 160.9)
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Irradiation of 65 and 66:

HO™ o o HO ™ oH
HN = N
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365nm NH; Rs
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R, Ry
65:R,=R;=H serinol nitroso-BA: R, =R;=H imine: R, =R;=H
66: R, = R; = OCH,4 58 nitroso-ver-BA: R, = R; = OCH;, ver-imine: R, = R; = OCH,

example degradation products for imine with R, = R; = H:
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Figure IV-7: Photoinduced cleavage of nitrobenzylamines 65 and 66 and (tandem) MS analysis of reaction

products.

Under the same conditions nitrobenzylamine 65 and 66 were irradiated. Consumption of starting
material could be followed by *H NMR that was performed in time intervals of minutes. The appearing
signals were however too complex to understand the process. When all starting material was
consumed—as determined by NMR—the reaction mixture was analyzed by mass spectrometry. An
overview of the analysis and the hypothesis derived from it is depicted in Figure IV-7. After irradiation
of 65 and 66 MS analysis of the reaction mixtures results in almost identical mass spectra with a shift
of 60.0 Da harmonizing with the additionally added weight by two methoxy groups in the case of the
nitroveratrylphenyl motif. The intermediately built nitroso benzaldehydes (nitroso-BA) are not
detected but it is probable that both cleavage products, serinol and aldehyde, are again converted to
the corresponding imine. Species with the mass of the imine and its analogue after water elimination
are detected in ESI(+)-MS. Further fragmentation of the imine species leads to the detection of several
fragments that can be traced back to a logic decay of an initial imine in the gas phase. The hypothetic
path of imine decay is shown for the ortho-nitro compound in the Annex in Figure V-14 on page 194.

An imine formation subsequent to the photorelease of a nitroso compound was most probably also
occurring when sequences S26 and S27 were investigated. It is possible to suppress this reaction by
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performing the reaction in an aprotic solvent or by adding an excess of a scavenger amine. But as the
oligomer synthesis was not optimal yet and the photorelease of nitrobenzyl groups was showing
complex side reactions it was considered more straight forward to redesign the project for another
time.

Again, it has to be noticed that a similar approach relying on nitrobenzylated amide moieties in the
target oligomers could also have resulted in a less complex photochemistry due to the fact that an
amide would not readily react with the formed nitroso benzaldehyde.

223 Study llI: Nitrobenzylated Alcohols

Finally, it was decided to aim for a series of nitrobenzyl ethers in the phosphoramidite monomers as
well as the corresponding oligo(phosphodiester)s. The target motifs are depicted in Figure IV-8. Same
as amides that were discussed before, a liberated hydroxyl would not react with a benzaldehyde after
photodeprotection.

Monomer o~ Polymer

I o o
P_ ——
)\N’ 0/\/\0 O polymerization fff‘F“’fO/\/\Of‘F“’fo/\/\of -

P 0 OH o OH o©
R4 O R, R,
Ry -0 Ry Ry
R, R, R,
phosphoramidite monomer oligo(phosphodiester)
with nitrobenzyl-protected alcohol with nitrobenzyl-protected alcohol

Figure IV-8: Overview phosphoramidite monomer for the synthesis of oligo(phosphodiester)s with nitrobenzyl-
protected hydroxy groups.

Glycerol 85 is the hydroxy analogue of serinol 58. It was identified as a suitable commercial reagent to
build the trident platform of the target phosphoramidite monomers. The series of nitrobenzyls should
be inserted as ethers. A strategy for an etherification was consequently developed. In Scheme V-4 it
is shown how corresponding nucleophiles 79, 81, and 83 and electrophiles 80, 82, and 84 can be
obtained from the parent benzaldehydes. Even though commercially available they were quickly
synthesized for the first test reactions.

Benzaldehyde Benzyl alcohol Benzyl bromide
nucleophile electrophile
_0 OH Br
Ry . Ry . Ry
i) ii) or iii)
Ry Ry Ry
R, R, R,
para-nitro 67 para-nitro 79 (quant.) para-nitro 80 (75 %)
ortho-nitro 68 ortho-nitro 81 (quant.) ortho-nitro 82 (54 %)
ortho-nitroveratryl 69 ortho-nitroveratryl 83 (quant.) ortho-nitroveratryl 84 (81 %)

para-nitro 67, 79, 80: R
ortho-nitro 68, 81, 82: R
ortho-nitroveratryl 69, 83, 84: R

H; R,;=NO, R;=H
NO,; R, =H; R;=H
NO,; R, = OCHs; R; = OCH,

1

1
1

Scheme IV-4: Synthesis of nucleophiles 79, 81, and 83 and electrophiles 80, 82, and 84 for nitrobenzylation
reactions. Aldehyde reduction i): MeOH, DCM, NaBH,, RT; bromination for 80 and 82 ii): THF, PBrs, 0°C; Appel-
like reaction for 84 iii): THF, CBr4, PPhs, 0°C.

Nitrobenzyl alcohols 79, 81, and 83 were quantitatively obtained by reduction of corresponding
benzaldehydes 67, 68, and 69 with sodium borohydride i). Subsequent conversion of the hydroxyl
function to a bromide gave nitrobenzyl bromides 80, 82, and 84 in good yields. When phosphorus
tribromide was used for bromination i) the yields were slightly lower compared to the same
conversion that was achieved by an adapted Appel reaction with tetrabromo methane jii). As a
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guantitative consumption of benzyl alcohol was detected before reaction work-up, the lower yield
using phosphorus tribromide can be explained by the amount of aqueous sodium bicarbonate solution
that was added to the reaction mixture to quench excess tribromide and the so-formed hydrogen
bromide. Nitrobenzyl bromides are quite polar and were not quantitatively extracted from the
aqueous phase. After the Appel reaction in contrary, an aqueous work-up can be avoided and after
removal of the solvent the crude can be applied to a short column and purified by chromatography in
an efficient way.

In Scheme IV-5 the first strategy for the synthesis of nitrobenzyl ethers on a trident platform is shown.
In order to synthesize a tosylate nucleophile 90 that could form an ether with the nitrobenzyl
nucleophiles shown in Scheme V-4, glycerol 85 was first monoprotected on a primary alcohol with
TIPS iv). That could be achieved with 85 % yield when glycerol was used in excess. Statistical double
protection also occurred but the purification of TIPS-protected glycerol 86 was efficient. An alternative
route converted the triol 85 first to the dioxolane 87 v) whose remaining hydroxy function was
protected with TIPS iv) followed by acidic acetal opening vi) to obtain TIPS-protected glycerol 86. The
latter was protected with DMT vii) at the remaining primary alcohol moiety and the secondary alcohol
89 was converted to a tosylate.

ix)

HO™ ™ oH v TIPSO oH _ i) TIPSO 0DMT i) TIPSO 0DMT — 7 TIPSO” Y ~oDMT
or )

oH oH OH s
79 \

85 86 (85 %/91 %) 89 (78 %) 90 (91 %) a1 7

lv) vi)T r‘loz

HO N iv) TIPSO N i) TIPSO > “oDMT
£ oL ‘
o

81 )
|

87 (>68 %) 88 (36 %) ‘“ “*H"

Scheme IV-5: Synthesis of a DMT-protected tosylate precursor 90 for nitrobenzylether formation by nucleophile
insertion. TIPS protection iv): pyr, DCM, TIPS-Cl, 0°C; acetal formation v): toluene, reflux in Dean-Stark, pTsOH,
acetone; acetal hydrolysis vi): AcOH (aq., 80 v%), DCM, 80 °C; DMT protection vii): pyr, THF, DMTrCl, RT;
tosylate formation viii): pyr, pTsCl, 0 °C; ether formation ix): various conditions.

Tosylation of alcohols is used to convert them to good leaving groups for nucleophilic substitutions.
That is a necessary prerequisite for a successful etherification with an alcohol nucleophile. Yet, all
etherification attempts with tosylate 90 remained unsuccessful. The nucleophile was prepared from
79 and 81 by deprotonation with sodium hydride or potassium tert-butanolate in THF. When
potassium hydroxide in DMF was used, the only conversion detected was the loss of TIPS and tosyl
group from starting material 90. It can be concluded that the etherification strategy was a high-risk
approach because the literature’s experimental descriptions®®’! it was based on were of low quality.
Another literature procedure®® reporting the ether formation between benzyl alcohol 79 and
epichlorohydrine (the epoxide analogue of diol 93 in Scheme IV-6) was neither reproducible. When the
same reaction was performed with 3-chloropropane-1,2-diol 93 under various conditions, no
conversion was observed. Only when using potassium tert-butanolate in anhydrous THF, the formation
of a side product could be traced. Instead of target product benzyl ether 94, a benzylic ester 94-ox was
probably formed. The structure of 94-ox, MS analysis and hypothesis explaining the observations are
presented in Figure IV-9. The MS/MS fragmentation of the main product peak harmonizes with the
hypothesis. However, it remains unclear at which stage the oxidation could have occurred.

ix)
eI oH — H" ”""‘0"“""“0H
OH 79 ONT~F OH
93 94

Scheme IV-6: Attempt of a nucleophilic attack on 3-chloropropane-1,2-diol 93. Ether formation ix): various
conditions.
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Figure IV-9: Analysis of main product after attempted synthesis of nitrobenzyl ether 94.

It was concluded that nitrobenzyl alcohols were not suitable nucleophiles for etherifications. The
negative inductive effect of the nitro group is probably too strong and renders the benzylic alcohol a
poor nucleophile as the negative charge after deprotonation can be stabilized.

The strategy was consequently adapted and electrophilic bromides 80, 82, and 84 should be used for
the insertion of nitrobenzyl groups during etherification. In a first attempt, a DMT-protected analogue
of chloride 93 was investigated for its potential. The test reaction x) depicted in Scheme V-7 showed
that the chloride of 95 is a synthon for the necessary alcohol as it could be hydrolyzed efficiently using
triethylamine hydroxide as a base. Yet, the etherification with nitrobenzyl bromide 80 was not
successful. Neither deprotonation of 95 in THF or DMF®%8! followed by addition of bromide 80, nor the
use of silver oxide®®°37% a5 reagents was giving access to ether 97 and no conversion was observed.

x) xi)
Ho/\ﬁODMT D E— ¢ opmT —H—> CI"'“"‘""\ODMT
OH OH

80 20 o.

96 95 97 ‘ H
test reaction N

Scheme IV-7: Attempted use of DMT-protected 3-chloropropane-1,2-diol 95 as a nucleophile. Alkyl chloride
hydrolysis x): TEA hydroxide (aq., 35 w%), THF, reflux; ether formation xi) various conditions.

The ether formation worked best when no additional solvent was added. The reaction between
ethylene glycol and nitrobenzyl bromides 80 and 82 was (almost) quantitative when ethylene glycol
was used in great excess and sodium hydride was added as the base. Subsequent conversion with the
bromide resulted in ethers 101 and 102 that are depicted in Scheme IV-8 and that were obtained with
considerably higher vyields than the literature reported.?’*372 |n an analogous approach using
dioxolane 87 instead of ethylene glycol without addition of a solvent, no conversion was observed. It
was further tried to make use of the ethylene linked ether moieties of 101 and 102. They should be
coupled as nucleophiles to diol precursors 99 and 103 that are shown in Scheme IV-8. Attempts to
synthesize corresponding structures 104 and 105 following similar reported systems®®”3! were not
successful.
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xiii)

(\,}W/OH vii) o ,oouT Ho~ ™ opmT o,
99 ~ oY
98 99 (94 %) ortho-nitro 104 U,,;:r‘
" Ry
HO_~ i) HO
OH ~ o
80/82
R;
100 para-nitro 101 (quant.):
R, = H; Ry = NO,
ortho-nitro 102 (99 %):
R, =NO,; R, =H
viii) xi)
HO >y VI 7507 o > OO g
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87 103 (94 %) para-nitro 105

Scheme IV-8: Synthesis of an ethylene glycol-linked nitrobenzylic ether and attempted coupling to a diol
precursor. DMT protection vii): pyr, THF, DMTrCl, RT; tosylate formation viii): pyr, pTsCl, 0 °C; solvent-free ether
formation xii): NaH; nucleophilic epoxide opening xiii): DMF, KOt-Bu, 100 °C;

It was already mentioned that neither the solvent-free conversion of dioxolane 87 to the target
compound 106 was achieved. Nor was it possible to synthesize 106 by a classic etherification from the
dioxolane’s sodium salt in THF xiv) shown on the left of Scheme IV-9. When the solvent was changed
to acetonitrile, however, the desired product 106 was formed. The procedure was adapted from a
similar reported system74 with dioxolane moieties and a primary alcohol that was converted to a 2-
nitrobenzyl ether. A yield of 88 % was reported when using a microwave and elevated temperatures.
And indeed, the procedure xv) allowed the synthesis of the whole target series of nitrobenzyl ethers
106, 110, and 114 (shown in Scheme IV-10 on page 117). Yet, it was found that microwave irradiation
decreased the yield. Conversion at 0 °C to room temperature was beneficial.

XN N xiv) HO/Y\O O/Y\O
o,N"H‘ ‘ o «—H— o\ﬁ ) ogﬂ©ﬂ o#\
87

80 80

106 106 (40 %)

Scheme IV-9: Synthesis of ether 106. Attempted ether formation xiv): THF, NaH, 0 °C; successful ether
formation xv): MeCN, NaH, 0 °C.

As the synthetic acces of nitrobenzyl ethers on a diol precursor was found and subsequent monomer
synthesis, oligomer synthesis and photoindinduced side chain modification was promising, the further
progress is not described as part of a preliminary study anymore but will be reported in the following
separated subchapters.

2.3 Monomer Synthesis

The complete synthesis of nitrobenzyl ether phosphoramidite monomers is depicted in Scheme 1V-10.
After etherification in acetonitrile i), the series of nitrobenzyl ether dioxolanes was hydrolyzed i) in
acetic acid to obtain the series of diols 107, 111, and 115. The latter were protected with DMT jii) and
the remaining alcohol was converted jv) to the reactive phosphoramidite function to obtain the
phosphoramidite monomers 109, 113, and 117 in good vyields. It was furthermore shown for diol 111
that etherification i) and hydrolysis ji) of the acetal could be performed without the isolation of the
intermediate to obtain the desired product in a very satisfying yield of 67 % over two steps.

If the obtained monomers from this attempt are compared with the general design that was initially
aimed for (see Figure IV-1B and Figure 1V-2B), the criteria are still met with factors m=0,n=0=1, and
X = 0. The synthesis of oligomers from monomers 109, 113, and 117 and their irradiation will be
presented and discussed in the subsequent subchapters.
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Ry
/\(\ i) o o /\ﬁ lll) /\(\ODMT OMODMT
IR; ' o\?/o\/\\\N
R;

87 para-nitro 106 (40 %) para-nitro 107 (76 %) para-nitro 108 (80 %) para-nitro 109 (96 %)
ortho-nitro 110 (49 %) ortho-nitro 111 (77 %/67 %*) ortho-nitro 112 (88 %) ortho-nitro 113 (97 %)
ortho-nitroveratryl 114 (43 %) ortho-nitroveratryl 115 (84 %) ortho-nitroveratryl 116 (51 %) ortho-nitroveratryl 117 (83 %)

para-nitro 106, 107, 108, 109: R, =H; R, =NO,; R;=H
ortho-nitro 110, 111, 112, 113: R, =NO,; R,=H;  R;=H
ortho-nitroveratryl 114, 115, 116, 117: R, = NO,; R, = OCH3; Ry = OCH,

Scheme IV-10: Synthesis of phosphoramidite monomers 109, 113, and 117 with nitrobenzyl-protected hydroxy
groups starting with a successful etherification in acetontrile. Ether formation i): MeCN, NaH, 0 °C; acetal
hydrolysis ii): AcOH (aq., 80 v%), DCM, 80 °C; DMT protection iii): pyr, THF, DMTrCl, RT; phosphoramidite
formation iv): DCM, DIPEA, 2cyanoethyl-N,N-diisopropylchlorophosphoramidite, 0 °C. Marked with “*”: over
two steps, without purification of intermediate dioxolane.

The introduction of a methyl group at the benzylic position of ortho-nitrobenzyls is known to increase
quantum vyields of the photochemical cleavage reaction.!*®! There are also less complex reaction
cascades of byproducts after cleavage reported®”® which could be beneficial—for instance when
monitoring a photoirradiation by UV or NMR—for more in-depth studies of the photodeprotection
reaction. To be able to show that perspectively even this more efficient photoreleasable group could
be used, corresponding benzyl bromides 119 and 121 were synthesized. The synthesis is shown in
Scheme IV-11 and starts with the Grignard-alike insertion xvii) of the methyl group in benzaldehydes

para-nitro 67, 118, 119: R, =H; R, =NO, Benzyl bronjide
ortho-nitro 68, 120, 121: R, = NO,; R, =H electrophile

/O Br

Ry ) R,
v 5 4»

R R, R,
para-nitro 67 para-nitro 118 (44 %) para-nitro 119 (70 %)
ortho-nitro 68 ortho-nitro 120 (36 %) ortho-nitro 121 (68 %)

Scheme |IV-11: Synthesis of nitrobenzyl bromide electrophiles 119 and 121 for the synthesis of 1-(2-
nitrophenyl)ethyl and 1-(4-nitrophenyl)ethyl ethers, respectively. Methylation v): THF, TiCl,, MelLi, -78 °C;
bromination vi): THF, PBrs, 0°C.

67 and 68. The corresponding secondary alcohols 118 and 120 were obtained in acceptable yields. In
the literature®’® much higher yields are reported and it is assumed that the available anhydrous THF
was not of sufficient quality and should better have been freshly prepared. Subsequent conversion of
the alcohols to electrophilic bromides 119 and 121 using phosphorus tribromide in ij) was already
discussed before for bromides 80 and 82. Depicted in Scheme IV-12, the synthesis of diol 122
analogous to 111 was performed in one step xv) + vi) but resulted in a lower yield. That was possibly
due to a competing elimination reaction of the bromide 121 under basic conditions.

Ho/\(\o i) + ii)
oo\ 121 (>A

87 122 (12 %)

Scheme IV-12: Synthesis of 3-(1-(2-nitrophenyl)ethoxy)propane-1,2-diol 122. Ether formation i): MeCN, NaH,
0 °C; acetal hydrolysis ii): AcOH (aq., 80 v%), DCM, 80 °C; without purification of intermediate dioxolane.

When a methyl group is introduced at the benzylic position, the crucial etherification is less efficient
but does work in principle. The reaction should be further optimized, but in case of future needs, the
chemistry is not to be completely revised. Even a reaction upscale could at this point already lead to
an acceptable amount of diol to obtain the corresponding phosphoramidite monomers on a sufficient
scale for subsequent oligo(phosphodiester) synthesis.
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24 Realization of Property A: Erasing Sequence Information

With nitrobenzyl ether phosphoramidite monomers 113 and 117 in hand, test sequences S28 and $29
were synthesized. As the test sequences studied before, they contained a leading dT monomer and an
octameric block of a repeating monomeric unit derived from one of the monomers. They are depicted
together with their MS analysis in Figure 1V-10. While the sequence $S29 was detected by ESI(-)-MS in
its multiple charged states from -2 to -5, the ortho-nitroveratrylbenzyl-containing sequence S28 was
detected in its multiple charged states from -3 to -5. Additionally, not identified species # were also
observed in the spectrum.

Synthesis of $28 and 29

>7 N NH
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} P-0 ODMT —;' o I
9 — OH oM oW oW oW o o4 o
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RS::\) Rt @it iRt i@t nd
(o] [e] [e] [e] (o] [e]
R. R

2 1 Ry Rs Ry Ry Ra:@\) Ry R::@\) Rz:@\)
113: R1 = NOZ; RZ =H; R3 =H. Ry RiRy R¢R7 RiR; RiRz RiRz RiR; RiR; Ry
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Figure IV-10: Synthesis of test sequences $28 and $29 using nitrobenzyl ether monomers 113 and 117.
Indicated with # are unknown contaminations. (ESI(-)-MS spectra shown in the m/z range 400 — 1600.)

Sequences $28 and $29 were analyzed by H and 3P NMR in methanol-d“. The results are shown in
Figure IV-11. Most prominent differences between the analogue oligomers are observed in the pattern
of aromatic protons (e) that directly reflect the phenyl substitution. The ortho-nitrobenzyl-containing
oligomer $29 shows four sets of such signals in the 'H NMR spectrum; the spectrum of the ortho-
nitroveratryl analogue S28 shows a less sharp resolution of the aromatic protons, possibly due to
interaction with neighboring groups in the close proximity. More prominent are here the signals for
the veratryl methoxy protons (f) at 3.7 to 3.9 ppm. It is also evidenced by NMR that the
oligo(phosphodiester)s are isolated as triethylammonium salts. Corresponding signals are marked with
TEA in Figure IV-11. 3'P NMR confirms that phosphate groups are present reflected by signals around
0 ppm.

118



2 RESULTS AND DISCUSSION |

1H NMR of S28 31p NVIR of 528

TEA

8 7 6 5 4 3 2 1pp 100 75 50 25 0 -25 50  -75 ppm

1H NMR of S29 31p NMR of 529

: : : : ‘ ‘ ‘ . At Atttk i s
8 7 6 5 4 3 2 1ppm 100 75 50 25 0 -25 -50 -75ppm

Figure IV-11: '"H NMR and 3P NMR spectra of sequences S28 and $29, recorded in methanol-d*, shown in the
range of 8.5 to 0.0 ppm and 100 to -100 ppm, respectively.

Sequence S29 was clearly characterized by MS and NMR. For sequence $28, the additional detection
of contaminats # by mass spectrometry analysis does not harmonize with its rather accurate NMR
analysis. In the same way, the results obtained for sequences $30-S34 containing the ortho-
nitroveratrylbenzyl ether motif are until now not excellent. It should also in the following paragraphs
be taken into account that those sequences gave NMR spectra with the expected signals but MS
analysis of this series showed some unexpected peaks of of contaminants or degradation products. It
has to be noted that the ortho-nitrobenzyl ether-containing sequence S29 the series of sequences S28-
S$34 containing ortho-nitroveratrylbenzyl ether motifs that were studied for the concept Erasing
sequence information were characterized by mass spectrometry with varying relative amount of
contaminants. Currently, investigations are ongoing to evaluate whether the MS detection of
sequences $28-S34 can be improved and in which way different solvent mixtures lead to more or less
detected contaminants. These crucial insights could not be covered by the present manuscript
anymore due to time restrictions. Yet, the obtained results will be presented and contaminants are
marked with # in MS spectra. While for sequences $28-S34 the detection by mass spectrometry had
already been improved, the MS analysis for sequences $28’-S34’ is still shown following less optimized
solubilization protocols.

The first test photocleavage was performed on ortho-nitrobenzyl ether-containing sequence $29. A
NMR tube filled with 0.5 mL of a 1.0 mM solution of $29 in deuterated methanol was irradiated for
60 min without further precautions. The so-treated solution developed a slightly yellow coloration and
it was analyzed by ESI(-) mass spectrometry. The result is shown in Figure IV-12. The dominant peak at
m/z = 736.1 stems from the double deprotonated desired sequence S29’. Besides the detected
product, also species are detected that show in their non-charged form an exact mass that is multiples
of 149 Da higher than that of the desired product S29’.
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Figure IV-12: First photomodification of $29 to $29’. (MS spectrum shown in m/z range 400 — 1400; side
products detected at m/z = 540.0 (*), 589.7 (+), 639.4 (-) as triply deprotonated species and m/z = 810.6 (*),
885.1 (+) as double deprotonated species, respectively)

Visualized on the bottom right of Figure 1V-12, it was hypothesized that the benzylic position could
have been statistically oxidized forming the corresponding benzylic ester moieties in presence of
oxygen. These esters are followingly rendered stable under the irradiation conditions. Indeed, accurate
mass measurement of species at m/z = 540.0 (*), 589.7 (+), 810.6 (*), and 885.1 (+) confirmed the
elemental distribution of the oxidation hypothesis. Furthermore, tandem mass spectrometry analysis
of these species showed for side product * that +149 Da-fragments were detected together with
fragments without the defect. For species +, there were fragments additionally found with a +298 Da
(= 2x 149 Da) defect. These findings strongly suggest that oxidations occurred statistically along the
chain.

In order to obtain a clean sequence $29’, an additional base treatment could potentially be employed
to hydrolyze the benzylic esters. It was, however, decided to perform the ortho-nitrobenzyl
photorelease under exclusion of oxygen to suppress the side-reaction in the first place. In Figure IV-13
itis shown that S29 was detected by MS inits -2, -3, and -4 charge states together with contaminations
# before irradiation. After irradiation, these species are not detectable anymore. However, sequence
$29’ with hydroxyl side chains (symbolized by h in the cartoon representation in Figure IV-13) was
observed in its -2 and -3 charge states. The relative amount of oxidation side product was drastically
decreased when compared with the irradiation with contact to air (see Figure IV-12). Only species with
a single statistical oxidation * were detected. The oxidation could probably occur because the NMR
solvent methanol that was used to solubilize sequence S29 contained oxygen. The photoirradiation
should thus be repeated in degassed methanol under exclusion of oxygen.

120



2 RESULTS AND DISCUSSION |

irradiation of 529 H\fc’ H\fo
Z =

N__NH N__NH

éj g

o © o ©

OH OH hv J[OH }OH
HO o{P—o P—0

o OH ————— Ho ofP—0_~0-{P—0._OH
0 0 365 nm 0 0
(o]

S29 o S29° oH J OH
L. L
NO, NO,
ESI(-)-MS analysis of $29 ESI-(-) MS analysis of $29°
S29 S29°
[S29°-3H]* [S29‘-2H]*  [S29‘-3H+Na]*
[S29-4H]* 490.4 736.1 747.1
637.6 : i
*
5401 |
! x
[529-3H]3 [SZQ-ZH]Z' #
850.4 1276.2 810.6
e e
500 750 1000 1250 m/z 500 750 1000 1250 m/z

Figure IV-13: Photomodification of $§29 to $29’. MS spectra of §29 and §29’ shown in m/z range 450 — 1400;
oxidation side product * detected at m/z = 540.1 as triply deprotonated species and m/z = 810.6 as double
deprotonated species, respectively.

The irradiation of ortho-nitroveratrylbenzylic ether-containing oligomer $28 did also result in a
complete conversion. The photomodified sequence S28’ that is identic to S29’ was, however, not
detected by MS as the spectrum was dominated by a contamination #. This was only the case for
irradiated sequence S28’.

When a whole series of information-containing oligo(phosphodiester)s $30-S34 was synthesized from
monomers 113 and 117, the sequences were characterized by 'H NMR, 3P NMR and MS (see Annex,
pp. 209ff.). After irradiation with UV light, the original species were not detected anymore but the
identical photomodified oligomers $S30’-S34” were clearly evidenced by MS. Composed of a leading dT
monomer and a block exhibiting both monomers with ortho-nitrobenzyl motif and the veratryl
analogue motif, each original oligomer $30-S34 coded for a letter in the ASCIl alphabet. For this
purpose, the monomeric units derived from the ortho-nitroveratrylbenzyl motif 1 and the ortho-
nitrobenzyl motif 2 were intentionally defined as 1 and 0 bits, respectively.

Samples were—until very recently—not delivering a sufficient peak intensity to perform tandem mass
spectrometry sequencing as the analytes were containing too much of contaminations #. Nevertheless,
the property A of erasing sequence information is exemplary shown in Figure 1V-14 for sequence S33
coding for the letter s. Based on the mass differences of coding ortho-nitro (0 bit) and ortho-
nitroveratryl monomers (1 bit) the binary code of sequence S$33 can potentially be deciphered by
tandem mass spectrometry sequencing when optimized conditions are employed. The ESI(-)-MS
spectrum is shown on the bottom of Figure IV-14. After photocontrolled conversion of $33 to S33’, a
homooligomeric block is obtained. The side chains comprise identical hydroxyl ends. Hence, the
sequence information of the initial sequence is irreversibly lost. Sequence $33’ was detected together
with contaminations # by ESI(-)-MS, also shown on the bottom of Figure 1V-14.
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Figure IV-14: Erasing sequence information from sequence $S33 by quantitative photomodification to obtain
unreadable sequence $33’. ESI(-)-MS spectra of $33 and $33’ shown in m/z range 400 — 1600.

An overview of sequence series $28-534 (before irradiation) and identic $28’-S34’ (after irradiation) as
well as their analysis by ESI(-)-MS is given in Table IV-1.

Table IV-1: Overview and ESI(-)-MS characterization of sequences $28-534 synthesized from phosphoramidite
monomers 113 and 117.

before irradiation after irradiation

Sequencel? ASCII m/z! M/ Zexp Sequencel® ASCIl  m/zy" M/ Zexp
S$28 | T11111111 — 1010.5134 10105 | S28 T-------- — 490.3717 n.d.
S$29 | T 00000000 — 850.4499 8504 | S29" T-------- — 490.3717 490.4
S$30 | T01000101 E 910.4783 9105 [ S30' T-------- — 490.3717 490.4
S$31 | T01110010 r 930.4853 9305 [S31" T-------- — 490.3717 490.4
S$32 | T01100001 a 910.4783 9105 [ S32” T-------- — 490.3717 490.4
S$33 | T01110011 S 950.4923 9505 [ S33’ T-------- — 490.3717 490.4
S$34 | T01100101 e 930.4853 9305 [ S34’ T-------- — 490.3717 490.4

[a] The characters 0, 1 and “-“ denote for phosphate linked repetitive units derived from diols 111, 115 and 87, respectively;
[b] [M-3H]3-.

2.5 Realization of Property B: Revealing Sequence Information

Analogous to before described concept, phosphoramidite monomers 109 and 113 were used to
synthesize oligomeric test samples. Those two oligo(phosphodiester)s contained a leading dT
monomer and an octameric block of a repeating monomeric unit derived from one of the monomers.
S35 contained thereby the para-nitrobenzyl (motif 3) and $29 the ortho-nitrobenzyl (motif 2) in the
side chains of the monomeric units. They are depicted together with their MS analysis in Figure IV-15
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below. Both sequences, S35 and S29 were detected by ESI(-)-MS in their multiple charged states from
-2to -4 or -5, respectively. Elevated amount of byproducts was not observed. Sequence $29 has already
been studied in the preceding subchapter but is discussed here again for clarity.
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Figure IV-15: Synthesis of test sequences $35 and $29 using nitrobenzyl ether monomers 109 and 113.
(ESI(-)-MS spectra shown in the m/z range 400 — 1600.)
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Figure IV-16: 'H NMR and 3P NMR spectra of sequences S35 and $29, recorded in methanol-d*, shown in the
range of 8.5 to 0.0 ppm and 100 to -100 ppm, respectively.
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Results from H and 3!P NMR analysis of sequences $35 and S$29 in methanol-d* are shown in Figure
IV-15. Obviously, differences between the analogue oligomers are observed in the pattern of aromatic
protons (e) that directly reflect the phenyl substitution. The para-nitrobenzyl-containing oligomer S35
is characterized of two sets of aromatic signals in the 'H NMR spectrum due to the symmetric phenyl
substitution. The spectrum of the ortho-nitrobenzyl analogue $29 clearly shows four sets of aromatic
protons because the aromatic protons at positions 3, 4, 5, and 6 of the phenyl ring are in chemically
different environment. It is also evidenced by NMR that the oligo(phosphodiester)s are isolated as
triethylammonium salts. Corresponding signals are marked with TEA in Figure IV-15. 3P NMR confirms
that phosphate groups reflected by signals around 0 ppm are present.

After successful synthesis of test sequences $35 and $29, their behavior under irradiation with UV light
should be investigated. While S35 is expected not to show a side chain modification, the ortho-
nitrobenzyl analogue S$29 is known to release the nitrobenzyl group quantitatively from its side chains.
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Figure IV-17: Photomodifiation test of sequences $35 and $29. (ESI(-)-MS spectra shown in the m/z range
450 - 1400.)

For sake of completeness and to demonstrate this comparative study, analysis of photoirradiation is
shown for both sequences S35 and S29 in Figure IV-17. It could indeed be confirmed by MS that S35
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remained intact when triggered with light and no considerable side chain modification was detected.
Irradiated S35’ is thus the same sequence as non-irradiated S35.

These very promising results allowed to go on to the implementation of the property B to reveal
sequence information. A series of information-containing oligo(phosphodiester)s $S36-S41 with a
leading dT monomer was synthesized from phosphormaidites 109 and 113. By intentionally defining
ortho-nitrobenzyl (motif 2) and the para-nitrobenzyl ether side chains (motif 3) as 1 (bold) and 1 bits,
respectively, each digital oligomers of the series was hiding the binary code (ASCIl) of a letter of the
alphabet. Analysis by *H NMR, 3P NMR and MS (see Annex: 6 Analysis of Key Compounds from Chapter
IV, pp. 209ff.) showed that sufficiently pure analytes were isolated. Analysis by means of MS/MS gave
identical spectra for each sequence of the series $29+535-S41. It was consequently not possible to
distinguish between a 1 bit (bold) and a 1 bit because the underlying monomeric units were
regioisomers with the same weight. Yet, it could be shown that the ortho-nitrobenzyl groups could be
chemoselectively removed from the sequences upon irradiation with light. The modified side chains
showed a short hydroxy chain end. These modified monomeric units were defined as 0 bits. Thus, the
1 bit (bold) units were transformed to 0 bit units during irradiation with UV light and the series of
sequences $36’-S41’ could be efficiently analyzed by MS/MS to decipher the encoded binary data by
determination of the exposed sequence information.
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Figure IV-18: Revealing sequence information from sequence S40 by chemoselective photomodification to
obtain readable sequence S40’. ESI(-)-MS spectra of $40 and $40’ shown in m/z range 400 — 1600.

The whole procedure is exemplary shown for sequence S40 in Figure 1V-18. On the top of the figure, a
cartoon gives an overview of the selective modification of the 1 bit-coding ortho-nitrobenzyl units to
yield 0 bit-coding hydroxy side chain motifs upon irradiation. The 1 bit-coding para-nitrobenzyl units
are inert under these conditions and are thus retained. The light-triggered modification can be
followed by mass spectrometry as it is shown for $40 and S40’ in the center of Figure IV-18. While the
MS/MS analysis of the [S40-3H]* peak at 850.4 resulted in the identical and trivial spectrum as for the
other entities of the digital oligomer series $29+535-541, tandem mass spectrometry sequencing was
enabled for modified S40’. The respective MS/MS analysis of the [S40’-3H]* peak at 715.4 shown in
the Annex in Figure V-21 on page 199 was used to deduce the primary sequence. It could thus be

125



| CHAPTER IV: ERASING AND EXPOSING SEQUENCE INFORMATION

evidenced that the primary structure of sequences $40’ was T01110011 which is coding in the ASCII
alphabet for the letter s. The in-depth analysis of MS/MS fragments and a brief description of tandem
mass spectrometry sequencing is given for sequences $36’-S41’ in the Annex: 3.2 (pp. 194ff.).

An overview of sequence series $29+535-S41 (before irradiation) and S29’+S35’-S41’ (after irradiation)
as well as their analysis by ESI(-)-HRMS is given in Table IV-2.

Table IV-2: Overview and ESI(-)-HRMS characterization of sequences $29 and $35-S41 synthesized from
phosphoramidite monomers 109 and 113.

before irradiation after irradiation

Sequencel®! A|S;C m/z! M/ Zexp Sequencel® Aﬁc m/z® M/ Zexp
S35 | T11111111 — 850.4499 850.4520 | S35’  T11111111 — 850.4499 850.4484
$29 | T11111111 — 850.4499  850.419 | S29’  T00000000 — 4903717  490.44
$36 | 711111111 — 850.4499 850.4504 | S36’  T01000101 E 6253965 625.3934
S37 | T11111111 — 850.4499 850.4527 | S37° 701111000 X 670.4072 670.4061
$38 | 711111111 — 850.4499 850.4589 | S38’  T01110000 p  625.3965 625.3924
S39 | T11111111 — 850.4499 850.4538 | S39’ To01101111 o 760.4285 760.4254
S40 | T11111111 — 850.4499 850.4537 | S40’  T01110011 S 715.4178  715.4148
S$41 | T11111111 — 850.4499 850.4522 | S41’  T01100101 e 670.4072 670.4073

[a] The numbers 1, 1 (bold) and 0 denote for phosphate linked repetitive units derived from diols 107, 111 and 85, respectively;
[b] [M-3H]3 measured in their respective MS/MS spectra using an internal fragment as an internal standard; [c] determined by

ESI(-)-MS (not high-resolution MS).

3 Conclusion and Outlook

A new conceptual design of information-containing oligo(phosphodiester)s was described in the
present chapter. A photoinduced side chain modification was used to either erase the sequence
information from a polymer backbone or to reveal a molecularly encoded message with a light
stimulus. The design of the approach was based on tandem mass spectrometry sequencing to retrieve
the information that was stored in the primary sequence of digital oligo(phosphodiester)s. Sequences
were containing different nitrobenzyl moieties in their side chains and could be analyzed by MS/MS
before and after the photorelease of defined side chain motifs.

In several studies—also including nitrobenzyl-substituted amines and carbamates—it was found that
nitrobenzylic ethers are the better-suited motifs to be insert on side chains of monomeric units. Such
nitrobenzylic ether phosphoramidite monomers could be efficiently synthesized and could be used to
yield pure sequence-defined oligo(phosphodiester)s. The obtained digital oligo(phosphodiester)s
showed a chemoselective photorelease of different ortho-nitrobenzyl groups which was the
fundamental basis of the described concepts.

It was reported that digital oligo(phosphodiester)s being built from analogue ortho-nitrobenzyl and
ortho-nitroveratrylbenzyl-containing monomeric units—defined as bit 0 and bit 1, respectively—could
be used as temporary molecular data storage. Their sequence information could be erased upon
irradiation. Thus, an analyte being composed of two different coding units was sequencable by means
of tandem mass spectrometry. Yet, after modification of all side chains to identical hydroxy motifs, the
analyte loses its sequence information and the information read-out becomes trivial. This concept was
demonstrated with a series of sequences $30-S34 each coding for a letter in the ASCII alphabet. The
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results are, however, not satisfying until now because the efficient analysis by mass spectrometry is
hindered by abundant contaminations.

Very good results were reported for the implementation of a concept to secretly transmit information
via digital oligo(phosphodiester)s. Their sequence information is to be exposed by irradiation with
light. Hence, an unreadbale analyte becomes sequencable after triggering it with UV light. This feature
is achieved by synthesizing information-containing oligo(phosphodiester)s from regioisomeric ortho-
nitrobenzyl and para-nitrobenzyl-containing comonomers. Both monomeric units are thus
characterized by the same weight and cannot be distinguished by analysis using mass spectrometry.
The hidden sequence information can, however, be exposed when chemoselectively releasing the
ortho-nitrobenzyl motifs yielding hydroxy-terminated side chains at these positions. As a result, the
monomeric units—being hydroxy side chains and para-nitrobenzylic ether side chains, intentionally
defined as bit 0 and bit 1, respectively—are distinguishable by their different weight after
photomodification. MS/MS analysis clearly evidenced that a non-readable analyte could be rendered
MS/MS-readable upon irradiation with UV light. The concept was demonstrated with a series of
sequences $36-541 each coding for a letter in the ASCII alphabet.

Hiding and erasing information does in each case imply that one of the two forms of a digital polymer
(before modification or after) is filled with trivial information like a repeating 1 bit. Future works could
aim for a simple system using the light-trigger and another orthogonal reaction relying on four
comonomers A, B, C, and D. If all parameters are well designed, it should be possible to have
monomeric units A and D, that persistently code for bit 0 and bit 1, respectively. Comonomer B
converts from a bit 0 to a bit 1 upon treatment with trigger I. Trigger Il converts selectively comonomer
C from bit 1 to a bit 0. In this way, arbitrary binary information could be stored in the original and in
the modified digital polymer. In the context of espionage, one of the two states could thereby serve
as a jammer or contain the encryption key for the other state.
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General Conclusion

Abiotic sequence-defined oligo- and poly(phosphodiester)s have been extensively investigated in the
frame of the doctoral studies. The research was situated in precision macromolecular chemistry, a
relatively young discipline within polymer science. Methods and tools of neighboring fields could be
employed to develop the research area of digital polymers further.

Digital polymers are defined macromolecules whose sequence exhibits a code that can be processed
to digital information. A sequence-defined copolymer—composed of two different comonomers that
are intentionally defined as 0 bit and 1 bit—for instance, is an information-containing polymer. Its
primary sequence can thus be interpreted as a sequence of 0 and 1 bits. That is a bitstream and the
prerequisite for digital data storage and transmission. A very efficient, mild and user-friendly strategy
to obtain such sequence-defined polymers relatively fast and in high purity is phosphoramidite
chemistry. It was originally conceived by biochemists to synthesize long oligonucleotides with high
fidelity. Phosphoramidite chemistry was consequently adapted to the tool box of polymer chemistry
and new phosphoramidite monomers were polymerized with ultimate precision.

The latter monomers are freely select abiotic motifs that can be precisely designed to meet required
criteria. In the context of digital polymers, poly(phosphodiester)s were envisioned that have
implemented new beneficial features for data storage.

The study presented in Chapter Il (pages 61ff.) shows how the side chain information in digital
poly(phosphodiester)s can be controlled. A binary modification protocol was developed to precisely
insert two sets of arbitrary chosen side chains into a defined poly(phosphodiester) precursor sequence.
The latter was composed of two information-coding comonomers that bear terminal alkyne units and
TIPS-protected alkyne units, respectively. By performing a first CuAAC post-polymerization
modification with an organic azide, the monomers characterized by the terminal alkyne moieties can
be quantitatively converted to side chain-attached 1,4-triazole moieties. The process is chemoselective
because the TIPS-protected alkyne functions are inert under the conditions. After removal of said
protective groups from the remaining alkynes, a second CuAAC modification can be performed to
attach the other side chain of choice to the monomeric units that have not been modified before.
When following this new methodology, diverse binary modified poly(phosphodiester)s can be
obtained.

The efficient synthesis of the phosphoramidite monomers required for precursor synthesis was first
investigated and the optimized synthetic strategy reported. Followingly, the manual synthesis of
phosphodiester tetramers and octamers on self-made solid polystyrene supports was studied and
means were found to suppress the undesired alkyne iodination side reaction. Oligomers could then be
sequentially modified with a short methoxy-PEG chain and a trifluoroacetamide-functionalized PEG
chain. All intermediates that occurred during the process could be characterized by NMR and mass
spectrometry. When longer poly(phosphodiester)s were targeted, the precursor synthesis was
performed on an automated oligonucleotide synthesizer using a commercial CPG support. The
obtained precursor sequences were in fact modified in the first step when still bound to the support.
So, the purification by washing the support prior to cleaving the modified sequence from the carrier is
rendering the reaction very efficient. The target binary modified poly(phosphodiester) was then
obtained by TIPS deprotection and a final CUAAC modification in solution. Also here, the intermediates
were analyzed by NMR and mass spectrometry.

In a collaborative work with experts in nanopore sequencing it was examined how abiotic
poly(phosphodiester)s interact with several transmembrane proteins. It was further investigated in
which way digital poly(phosphodiester)s could be designed—in particular by screening several side
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chain motifs benefiting from the described post-polymerization modification methodology—to
ultimately yield an analyte whose sequence-information could be deciphered efficiently by using
nanopores.

When storing large amounts of data on the molecular level, it is of outstanding importance that the
information-containing molecules can be sequenced with high fidelity and in relatively short time.
Nanopore sequencing meets this criterion. Hence, making digital polymers readable by this technique
would have a tremendous impact on this research area.

Besides improvements in polymer sequencing it is of equal importance to develop schemes organizing
molecularly stored data. For obvious reasons like a limited degree of polymerization, many digital
polymers would have to be organized in libraries, where each polymeric entity would contain a fraction
of the archived bitstream. A way to organize large amounts of non-identical polymers at defined
locations is the fabrication of digital microarrays. Microarrays are 2D objects below the mm scale that
contain hundreds of thousand defined positions or spots who each express a group of defined
substrate-bound polymeric species. A digital polymer microarray would consequently contain on each
of the microspots a fraction of the data that is stored in the library. Microarrays can be synthesized by
photolithographic means benefitting from the chemical trigger light. The latter can be addressed to
distinct spots on the array surface with high temporal and spatial resolution.

In this context a preliminary study was executed. It was thus the task to develop a synthetic strategy
that allows the light-dependent synthesis of digital poly(phosphodiester)s. Inspired by the state-of-
the-art in DNA microarray fabrication, an adapted photocontrolled phosphoramidite strategy was
employed for the synthesis of abiotic sequence-defined oligo(phosphodiester)s. It is described in
Chapter lll (pages 89ff.) how simple coding monomers could be synthesized that were equipped with
a NPPOC photoreleasable protective group. Instead of using the standard acid-labile DMT protective
group, this protection strategy is a prerequisite for the photocontrolled polymerization. While
phosphoramidite coupling and oxidation would be performed under the commonly used conditions,
the liberation of a terminal hydroxy function on the growing chain end would occur by a terminal
NPPOC photorelease.

When the oligomer synthesis was performed on a polystyrene support, it was evidenced that the
photodeprotection step remained incomplete even when a high intensity UV source was used to
facilitate NPPOC cleavage. The support material is possibly absorbing too strongly the UV light. An
inefficient photodeprotection step does imperatively yield samples with a high degree of dispersity
which is not acceptable for data storage application. The use of a soluble linear ATRP-made polystyrene
support was found to allow for a quantitative photodeprotection of NPPOC groups. The underlying
optimization of this step was greatly facilitated as the soluble conjugate polystyrene-b-
oligo(phosphodiester) system could be analyzed by UV, NMR and SEC at each stage of reaction. After
each reaction step (coupling/oxidation or photodeprotection), the immobilized growing chain was
purified from excess reagents by precipitation in a polar non-solvent. It was found that the higher the
reaction scale the better recovery yields were obtained after precipitation. Working above a 100 mg
or above a 500 mg scale allowed for a stepwise yield above 90 % or above 95 %, respectively. The
oligomers were obtained after cleavage from the soluble support with high purity confirming that
abiotic sequence-defined oligo(phosphodiester)s could be synthesized using a photocontrolled
phosphoramidite strategy. It was furthermore shown that classic DMT-protected phosphoramidite
monomers coupled to the growing oligomer as the last monomers enabled a DMT-ON purification of
oligo(phosphodiester)s. That perspective could be beneficial when longer sequences should be
synthesized.

Future investigations will show whether the abiotic oligo(phosphodiester)s could be synthesized in
parallel on a microarray using a maskless array synthesizer. The fabrication of those digital polymer
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microarrays would be a milestone as it would efficiently organize digital polymer libraries with high
information density.

A new concept is demonstrated in Chapter IV (pages 103ff.). It allows to either hide information in a
dormant state of a digital poly(phosphodiester)s. Or the concept is applied to provide freely readable
information in the original analyte that can easily be erased to render the molecular data storage
unreadable. This project showed that a wide chemical space is available when envisioning new digital
polymers and that very interesting features can thus be induced by a sophisticated monomer and
polymer design.

The read-out should be achieved for the here-described binary-coded oligo(phosphodiester)s using
tandem mass spectrometry sequencing. The distinction between a 0 bit and a 1 bit monomer is
consequently based on their weight. When information should be hidden in the primary structure of a
sequence, regioisomers were chosen as coding monomer units. Hence, tandem mass spectrometry
sequencing cannot discriminate between the two coding units. Yet, the regioisomers were chosen to
be orthogonally addressable by a certain stimulus. Here, it was shown that an ortho-nitrobenzyl moiety
could be cleaved from one of the coding monomers by irradiation with UV light while the analogue
para-nitrobenzyl moiety stayed intact. The digital oligomer would contain two monomeric units with
a distinguishable weight and the encoded information could be exposed by tandem mass spectrometry
sequencing. When using as an alternative to the inert para-nitrobenzyl motif a comonomer with an
ortho-nitroveratrylbenzyl motif, the binary coded oligomer constitutes a MS-readable analyte. After
photoremoval of both the ortho-nitro and the ortho-nitroveratrylbenzyl groups, the previously
different 0 bit and 1 bit monomers are converted to identical entities. After the treatment with light,
the analyte has lost the encoded sequence information. The encoded information is thus erased.

It has been shown that the series of nitrobenzyl groups could be attached to monomers at nitrogen
atoms or analogous to oxygen atoms in their side chains. Consequently, a series of para-nitro-, ortho-
nitro-, and ortho-nitroveratrylbenzylamines and corresponding ethers was under investigation. The
nitrobenzylamine phosphoramidite monomers had to bear an additional amine protective group to
allow their use in phosphoramidite chemistry. Nevertheless, impure sequences were obtained in a first
attempt and when studying the photorelease in smaller test systems, a complex photochemistry was
observed. Optimization of both, oligomer synthesis and a clean photoremoval of nitrobenzyl groups
was believed to be feasible. Yet, the series of nitrobenzyl ethers showed excellent purity for oligomers
and the treatment with light followed the desired path. Finally, the implementation of the
conceptional approach of erasing sequence information by light irradiation was shown for a series of
one byte-coding oligomers. Exposure of before hidden information was shown for an equivalent series
of digital oligomers

Overall, new perspectives for sequence-defined poly(phosphodiester)s were described in chapter Il,
lll, and IV. Recapitulating the research projects, it is demonstrated that this class of polymers is very
versatile and makes a promising candidate for molecular data storage. Digital poly(phosphodiester)s
can be synthesized efficiently in a process that tolerates manifold structural motifs. As a result, the
information-containing polymers can be tailor-made for their very purpose. It can hence be reasonably
anticipated that future demands for specialty application in molecular data storage will be satisfied by
tailor-made poly(phosphodiester)s.
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Experimental Section

1 Materials and Methods
1.1 Materials and Reagents

1.1.1 Materials and Reagents of Commercial Source

Acetic acid (99.8 %, Fischer Chemical), acetic anhydride (>99 %, Alfa Aesar), acetone (Carlo Erba),
acetonitrile (99.8 %, MeCN, Carlo Erba), anhydrous acetonitrile (99.8 %, anh. MeCN, Sigma-Aldrich),
allyl bromide (99 %, stab. with 300 - 1000 ppm propylene oxide), aminomethylated polystyrene (HL,
100-200 mesh, Merck/Novabiochem), aqueous ammonia (28 w% NH; in H.O, VWR), ammonium
chloride (99.5 %, VWR), 11-azido-3,6,9-trioxaundecan-1-amine (93 %, TCl), benzoic anhydride (98 %,
Alfa Aesar), benzyl bromide (98 %, Sigma-Aldrich), bromoacetyl bromide (98 %, Alfa Aesar), 4-
(bromomethyl)benzoic acid (97 %, Alfa Aesar), 11-bromoundecanoic acid (>97 %, TCl), 1-bromo-3-
propanol (97 %, Sigma-Aldrich), tetra-n-butylammonium fluoride (1 M in THF, TBAF, Aldrich), n-
butyllithium (2.5 M in hexane, n-Buli, Aldrich), tert-butyl alcohol (extra pure, tBuOH, Fisher
Scientific/Acros Organics), carbon tetrabromide (99 %, TCl), chloroform (99.8 %, UV/IR-Grade, Roth),
chloroform (Carlo Erba), 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (97 %, ABCR),
cyclohexane (Carlo Erba), dichloromethane (99.95 %, DCM, cont. amylene as stabilizer, Carlo Erba),
anhydrous dichloromethane (99.8 %, anh. DCM, cont. amylene as stabilizer, Sigma-Aldrich), N,N'-
dicyclohexylcarbodiimide (99 %, DCC, Alfa Aesar), N,N-diisopropylethylamine (>99.0 %, DIPEA, TCl),
diethyl malonate (99 %, Alfa Aesar), diethylether (Carlo Erba), anhydrous diethyl ether (99.7 %, 1 ppm
BHT as inhibitor, anh. Et,0, Sigma-Aldrich), 3,4-dihydro-2H-pyran (97 %, Aldrich), 4,4’-dimethoxytrityl
chloride (DMTrCl, ChemGenes), 4-(dimethylamino)pyridine (99 %, DMAP, Aldrich), DMSO (99.6 %,
Aldrich), anhydrous dimethyl sulfoxide (99.9 %, anh. DMSO, Alfa Aesar), 2,2-dimethyl-1,3-propanediol
(99 %, Alfa Aesar), 1,4-dioxane (99.5 %, Alfa Aesar), diphenyl phosphoryl azide (97 %, Aldrich), n-
dodecylamine (99 %, Aldrich), anhydrous ethylene glycol (99.8 %, AcroSeal, Acros Organics), ethyl
acetate (EtOAc, Carlo Erba), fluorescein 5-isothiocyanate (95 %, isomer |, TCl Europe), 9-
fluorenylmethoxycarbonyl chloride (98 %, Fmoc-Cl, Roth), glycerol (1,2,3-propanetriol, cont. water,
Merck), iodine (99 %, Prolabo), L-ascorbic acid (99 %, Sigma-Aldrich), L-ascorbic acid sodium salt (99 %,
Alfa Aesar), lithium aluminum hydride (2.0 M in THF, Aldrich), 2,6-lutidine (98 %, Alfa Aesar),
methanesulfonyl chloride (98 %, MsCl, Alfa Aesar), methanol (MeOH, 99.9 %, Carlo Erba), anhydrous
methanol (99.8 %, anh. MeOH, Sigma-Aldrich), aqueous methylamine (40 w% MeNH, in H,O, Fluka),
methyllithium (1.6 M in Et,0O, Sigma-Aldrich), molecular sieves (3 A, Merck), 2-nitrobenzaldehyde
(98 %, Alfa Aesar), 4-nitrobenzaldehyde (98 %, Alfa Aesar), 2-nitrobenzyl bromide (98 %, Alfa Aesar),
4-nitrobenzyl bromide (97 %, Alfa Aesar), 2-(2-nitrophenyl)propyl chloroformate (95 % chlorine basis,
NPPOC chloride, Sigma), 2-nitroveratraldehyde (98 %, Alfa Aesar), para-toluenesulfonic acid
monohydrate (99 %, Sigma-Aldrich), para-toluenesulfonyl chloride (98 %, TsCl, Alfa Aesar), phosphorus
tribromide (99 %, Sigma-Aldrich), piperidine (99 %, Alfa Aesar), potassium dihydrogen phosphate (99.9
%, KH2PO4, VWR), 1,3-propanediol (99 %, Alfa Aesar), propargyl bromide (80 w% in toluene, stabilized
with MgO, Alfa Aesar), anhydrous pyridine (99.8 %, anh. pyr, in Sure/Seal™, Sigma-Aldrich), R-glycidol
(98 %, TCl), serinol (98 %, 2-amino-1,3-propanediol, TCl), silica gel (high-purity grade, pore size 60 A,
230 - 400 mesh, for flash chromatography, SiO,, Fluka), sodium azide (99 %, Alfa Aesar), sodium
bicarbonate (99 %, SDS), sodium borohydride (98 %, Aldrich), sodium chloride (for brine solution,
ESCO), sodium hydride (60 w% suspension in mineral oil, Aldrich), anhydrous sodium sulfate (99.6 %,
VWR), sodium thiosulfate (Fisher Scientific), succinic anhydride (99 %, Sigma-Aldrich), 1H-tetrazole
(~0.45 M in MeCN, Sigma), titanium tetrachloride (98 %, Fluka), toluene (Carlo Erba), anhydrous
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toluene (99.8 %, anh. toluene, Sigma-Aldrich), trichloroacetic acid (99 %, TCA, Sigma-Aldrich),
triethylamine (97 %, TEA, Acros Organics), triethylene glycol monomethyl ether (95 %, Sigma-Aldrich)
and triisopropylsilyl chloride (97 %, TIPS-CI, Aldrich) were used as received without further purification.

For synthesis using an oligonucleotide synthesizer anhydrous acetonitrile (phosphoramidite diluent &
dry washings, ChemGenes), acetonitrile (299.9 %, washings, Roth), activation reagent (0.25 M 5-
ethylthio tetrazole in MeCN, ChemGenes), Cap A (acetic anhydride/pyridine/THF, ChemGenes), Cap B
(10 % N-methylimidazole in THF, ChemGenes), DMT removal reagent (3 w% TCA in DCM, Roth), drying
traps (small, 10 - 15 mL, ChemGenes), dT-CPG 1000 (1 pmol in cartridge, 1000 A pore size,
Glen Research), oxidizer (0.02 M iodine/pyridine/H,0/THF, ChemGenes) were used as received.

1.1.2 Reagents Synthesized In-House

Copper (I) bromide (98 %, CuBr, Alfa Aesar) was purified by stirring in acetic acid and rinsed with
ethanol and diethyl ether, then dried. The synthesis of the TBTA ligand was adapted from the
literature.®””! A 0.78 M solution of fluoride quencher methoxytrimethylsilane in diethylether was
prepared by reacting methanol with trimethylsilyl chloride in diethylether and in the presence of
triethylamine and subsequent filtration. Synthesis of hydroxyl-terminated soluble support 57 was
described earlier.?*! DMT-protected glycerol chloride 95 was synthesized by stepwise addition of
DMTr chloride to a solution of 93 in anh. pyridine and anh. THF.

1.2 Measurement & Analysis, Laboratory Equipment, General Methods
1.2.1 Measurement & Analysis

1.2.1.1 Nuclear Magnetic Resonance (NMR)

All NMR spectra were recorded on a Bruker Avance 400 spectrometer equipped with an Ultrashield
magnet. Chemical shifts (8) are reported in parts per million (ppm) against solvent residual signal (*H
NMR CDCls: 6 = 7.26 ppm; *H NMR CD;0D: & = 3.31 ppm; *H NMR (CD3),CO: 2.05 ppm; *C NMR, CDCls:
5 =77.16 ppm; 3C NMR CD30D: & = 49.00 ppm; 3C NMR (CD3),CO: 6 = 29.84 ppm, 206.26 ppm). H
NMR spectra were recorded at 400.13 MHz, 3C NMR spectra at 100.62 MHz. °F NMR spectra were
recorded at 376.46 MHz and were externally referenced to trichlorofluoromethane. The NMR solvents
deuterated acetone (99.8 %, acetone-d®), deuterated chloroform (99,8 %, chloroform-d*), deuterated
methanol (99,8 %, methanol-d*) were purchased from Aldrich.

1.2.1.2 Electrospray lonization Mass Spectrometry (ESI-MS)

High resolution MS and MS/MS experiments were performed using a QqTOF mass spectrometer
(QsStar Elite, Applied Biosystems SCIEX, Concord, ON, Canada) equipped with an ESI source operated in
the negative ion mode (capillary voltage: —4200 V; cone voltage: —75 V). Accurate mass measurements
in the MS mode were most performed in the positive ion mode due to the limited availability of
standards that can be used for proper internal calibration, in the negative mode, of the orthogonal
acceleration time-of-flight (0oa-TOF) mass analyzer. MS/MS experiments were conducted in collision-
induced dissociation conditions, where precursor ions were selected in a quadrupole mass analyzer
prior entering a collision cell filled with nitrogen, and products ions were measured in the oa-TOF. In
this instrument, air was used as nebulizing gas (10 psi) while nitrogen was used as curtain gas (20 psi).
Instrument control, data acquisition and data processing were achieved using Analyst software
(QS 2.0) provided by Applied Biosystems.
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Each polymer/oligomer (1-2 mg) was dissolved in 300 pL of water/acetonitrile (50/50, v/v), and further
diluted (1/102 to 1/103, v/v) in a methanolic solution of ammonium acetate (3 mM) prior to being
injected in the ESI source at a 10 pL-min! flow rate using a syringe pump.

1.2.1.3 Size Exclusion Chromatography (SEC)

Analytes were solubilized in THF and filtered (0.45 um filter, Captiva by Agilent). SEC analysis was
performed at 30 °C in THF (flow rate: 1 mL-min’’; flow rate marker: toluene) using a Shimadzu LC20-
AD pump and a Shimadzu CT0-10AC column oven. The set-up was equipped with four monoporosity
columns (granulometry: 5 mm), PL Gel 30 cm (internal diameter = 7.5 mm) of 50 A, 100 A, 500 A, and
1000 A (separation range: 100 — 20000 g-mol) and polymers were detected with a Shimadzu RID 10A
refractometer and a Shimadzu SPD-10Avp UV detector. PS calibration was performed with 10 linear
polystyrene standards (Polymer Laboratories) with a range of 162 - 20650 g-mol™.

1.2.1.4 UV-Vis Spectrophotometry

UV-Vis spectra were recorded on a Perkin Elmer Lambda 25 UV-Vis spectrometer using the
Perkin Elmer UV WinLab software.

1.2.2 Laboratory Equipment

1.2.2.1 Shaker

An IKA KS 130 basic shaker was used to agitate polystyrene supports in reagents solutions in a home-
made glass reactor.

1.2.2.2 Centrifuge

An ExtraGene mini centrifuge, Model: 6K, was used to separate small amounts of solids from
suspensions in Eppendorf tubes.

1.2.2.3 UV Lamps for Sample Irradiation

Samples were irradiated using a lamp by Vilber Lourmat (VL-115.L, 2x 15W, | = 1100 uW-cm™ at 15 cm
distance to surface, A = 365 nm).

For higher intensity two HPK 125 W high-pressure mercury vapor lamps from Heraeus Noblelight
(maximum energy at 365 nm, substantial radiation also at 435, 404, 313, and 253 nm; continuum
200 — 600 nm peaking at 260 nm) were used in an aluminum housing under air ventilation.

1.2.2.4 Oligonucleotide Synthesizer

An Expedite DNA synthesizer (Perseptive Biosystem 8900) was employed.
123 General Methods

1.2.3.1 Automated Poly(phosphodiester) Synthesis

All needed commercial reagents (see Experimental Section: 1.1.1 Materials and Reagents of
Commercial Source, pp. 133f.) were used as received and installed in the Expedite DNA synthesizer.
The synthesized phosphoramidite monomers were charged to the synthesizer as 100 mM solutions in
anhydrous MeCN under argon counter flow. The reservoirs were equipped with a drying trap. Before
the start of each automated synthesis, all reagents were primed twice and argon was flushed through

135



| EXPERIMENTAL SECTION

the utilized supply line. Then, a solid support-filled column (dT-CPG, 1 umol scale) was connected to
the synthesizer.

The method for the iterative phosphoramidite cycles deviated from standard protocols by prolonged
capping steps (2x 90 s). The command lines that were applied are followingly given with comments
between quotation marks or after an asterisk. The first number in each line defines the reagent
positions (or commands for UV detection), the second defines the number of pump pulses that deliver
reagents to the column (CPG support cartridge) and the third number defines in which time frame (in
seconds) these pulses should be performed. In the case of a “0” the pumps work at maximum speed.
The protocol reveals that the dead volume between reagent pump and the column is the equivalent
of seven pulses (each pulse comprises a volume of 16 uL). The protocol is shown exemplary for the
coupling of a monomer at position 8 (25):

SDeblocking

144  /*Index Fract. Coll. */ NA 1 0 "Event out ON"

0 /*Default */ WAIT 0 1.5 "Wait"

141 /*Trityl Mon. On/Off  */ NA 1 1 "START data collection"

16 /*Dblk */ PULSE 10 0 "Dblk to column"

16 /*Dblk */ PULSE 50 49 "Deblock"

38 /*Diverted Wsh A */ PULSE 80 0 "Flush system with Wsh A"
141 /*Trityl Mon. On/Off  */ NA 0 1 "STOP data collection"

38 /*Diverted Wsh A */ PULSE 80 0 "Flush system with Wsh A"
144  /*Index Fract. Coll. */ NA 2 0 "Event out OFF"
SCoupling

1 /*Wsh */ PULSE 5 0 "Flush system with Wsh"

2 /*Act */ PULSE 5 0 "Flush system with Act"

25 /*8 + Act */ PULSE 6 0 "Monomer + Act to column"

25 /*8 + Act */ PULSE 1 8 "Couple monomer"

2 /*Act */ PULSE 4 32 "Couple monomer"

1 /*Wsh */ PULSE 7 56 "Couple monomer"

1 /*Wsh */ PULSE 8 0 "Flush system with Wsh"
$Capping

12 /*Wsh A */ PULSE 20 0 "Flush system with Wsh A"

13 /*Caps */ PULSE 8 0 "Caps to column"

12 /*Wsh A */ PULSE 6 90 "Cap"

12 /*Wsh A */ PULSE 14 0 "Flush system with Wsh A"
SOxidizing

15 /*0Ox */ PULSE 15 0 "Ox to column"

12 /¥*Wsh A */ PULSE 60 0 "Flush system with Wsh A"

136



2 EXPERIMENTAL PROTOCOLS CHAPTER Il |

$Capping
13 /*Caps */ PULSE 7 0 "Caps to column"
12 /*Wsh A */ PULSE 6 90 "Cap"
12 /*Wsh A */ PULSE 30 0 "End of cycle wash"

A synthesis can be performed in DMT-ON mode. Thus, the synthesis stops after the last monomer
addition with its last capping step and finally a wash with MeCN. Consequently, the desired sequences
exhibit a DMT-protected terminus. In the DMT-OFF mode, an additional DMT deprotection step
(SDeblocking ) is added after the final monomer coupling to result in hydroxy-terminated sequences
on the CPG support.

The synthesized polymers were cleaved from the CPG support by passing 0.5 mL of a solution of
ammonia (ag., 28 w%) and methylamine (aqg., 40 w%) (1 : 1, v : v) for 30 min between two syringes that
are installed at the ends of the support cartridge. After recovering the solution another 0.5 mL of said
ammonia/methylamine (AMA) solution was passed through the cartridge and the unified
poly(phosphodiester)-containing solutions were removed from solvent under reduced pressure to
obtain the desired polymers after a DMT-OFF synthesis. After a DMT-ON synthesis the latter solution
was entering the DMT-ON purification methodology described below.

1.2.3.2 Manual DMT-ON Purification

A reverse phase chromatography cartridge (DNA purification kit) was flushed with 0.5 mL MeCN and
1 mL of a 2 M aqueous triethylammonium acetate buffer solution Then, the poly(phosphodiester)-
containing AMA solution was mixed with 1 mL of a NaCl solution (aq., 10 w%) and applied to prepared
purification device. The cartridge was washed with 1 mL of a salt wash solution (5 v% MeCN in aq.,
10 w% NaCl solution) to wash the failure sequences from the cartridge. The cartridge was then washed
with 2 mL of 2 w% TCA in H,O to remove the last terminal DMT group and it was further washed with
2 mL H,0 to remove the acid. The polymer was then washed out with 1 mLofa1: 1 (v: v)-mixture of
MeCN and H,O containing an additional 0.5 v% ammonia (aqg., 28 w%). The solution was thereby
collected in several fractions. The first six drops did usually not contain the desired polymer, however,
all fractions showing UV absorption were dried under reduced pressure and analyzed. The principle of
DMT-ON purification is explained in detail in the Annex, subchapter 1.1 DMT-ON Purification on page
185.

2 Experimental Protocols Chapter

2.1 Monomer Synthesis

The synthesis of monomers 5 and 10 is described herein. The synthetic route following strategy A is
first described as the recommended strategy (see Scheme V-1). Synthesis of 7 from 2 and 8 from 3
(via 11) is detailed afterwards.
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Scheme V-1: Overview synthetic routes of monomer synthesis in Chapter I/

2.1.1 Malonate 2

Under argon atmosphere, sodium hydride (4.822 g, 60 wt% in mineral oil, 121 mmol, 2.02 eq.) was
suspended in 200 mL THF (anh.). Diethylmalonate (9.556 g, 60 mmol, 1.0 eq.) was added dropwise to
the ice-cold reaction mixture that was afterwards stirred for 2 h and allowed to warm to RT. Then,
propargylbromide (22.650 g, 80 w% in toluene, stabilized with MgO, 152 mmol, 2.5 eq.) was added
dropwise at 0 °C and the reaction mixture was stirred overnight and allowed to reach RT. The reaction
mixture was quenched with NH4Cl (aq., sat.), THF was removed. The slurry was taken in 100 mL EtOAc
and 100 mL NH4CI (ag., sat.) were added and it was further extracted with EtOAc (3x 150 mL). The
combined organic layer was washed with brine (3x 50 mL), dried over Na,SO,, filtered and the solvent
was removed. The crude yellow oil was purified by column chromatography (SiO> vs 10 v% EtOAc in
cyclohexane) to obtain 14.192 g (60 mmol, full conversion) of the product as colorless crystals.

IH NMR (400.1 MHz, CDCls, &, ppm): 1.23 (t, 3/ = 7.1 Hz, 6H, CH,CH3), 2.02 (t, #J = 2.7 Hz, 2H, CH,C=CH),
2.99 (d, ¥J = 2.7 Hz, 4H, CH,C=CH), 4.23 (q, 3/ = 7.1 Hz, 4H, CH,CHs).

The analysis data harmonizes with the reported values in the literature.3%®!

2.1.2 Diol 3

HO OH

Under argon atmosphere, lithium aluminum hydride solution (15 mL, 2 M in THF, 30 mmol, 1.2 eq.)
was diluted in 120 mL THF (anh.). At -10 °C a solution of malonate 2 (6.013 g, 25.5 mmol, 1.0 eq.) in
20 mL THF (anh.) was added dropwise to the solution. The reaction mixture was stirred overnight and
allowed to reach RT. At 0 °C the reaction was quenched with 10.0 mL brine. The slurry was taken in
50 mL Et;0 and 50 mL NH4CI (aqg., sat.) were added and it was further extracted with Et,0 (3x 50 mL).
The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the
solvent was removed to yield 3.773 g (24.8 mmol, 97 %) of the product as colorless crystals.
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'H NMR (400.1 MHz, CDCls, 8, ppm): 2.05 (t, “J = 2.7 Hz, 2H, CH,C=CH), 2.10 (bs, 2H, CH,0H), 2.37 (d,
) =2.7 Hz, 4H, CH,C=CH), 3.76 (s, 4H, CH,OH).

The analysis data harmonizes with the reported values in the literature.3%!

2.1.3 Precursor Alcohol 4

To a stirred solution of diol 3 (1.060 g, 7.0 mmol, 1.1 eq.) in 75 mL THF (anh.) : pyridine (anh.) =2 :1
(v :v) 4,4 -dimethoxytrityl chloride (2.155 g, 6.3 mmol, 1.0 eq.) was added in four intervals of each
40 min at RT and under argon atmosphere. The reaction mixture was stirred overnight until the
reaction was quenched by the addition of MeOH. The solvent was removed, 200 mL NaHCOs (sat., aqg.)
were added and it was extracted with EtOAc (4x 100 mL). The combined organic layer was washed with
brine (2x 50 mL), dried over Na,SO,, filtered and the solvent was removed. The yellow crude oil was
purified by column chromatography (SiO; vs 20 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain
2.566 g (5.6 mmol, 89 %) of the product as a pale yellow oil.

IH NMR (400.1 MHz, CDCls, 8, ppm): 1.90 (t, %/ = 6.2 Hz, 1H, CH,0H), 1.95 (m, 4H, CH,C=CH), 2.40 (m,
4H, CH,C=CH), 3.20 (s, 2H, CH,ODMT), 3.62 (d, 3/ = 6.2 Hz, 2H, CH,OH), 3.79 (s, 6H, ArOCH), 6.83 (m,
4H, ArH), 7.23 (m, 1H, ArH), 7.29 (m, 2H, ArH), 7.33 (m, 4H, ArH), 7.44 (m, 2H, ArH) ppm.

The analysis data harmonizes with the reported values in the literature!*® where spectra were
recorded in deuterated acetone.

2.1.4 Phosphoramidite monomer 5

To a solution of mono-protected diol 4 (1058.9 mg, 2.33 mmol, 1.0 eq.) in 25 mL DCM (anh.) was added
DIPEA (2.5 mL, 14.3 mmol, 6.1 eq.) and 200 mg of molecular sieves (3 A) under argon atmosphere at
0 °C. To the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (562.5 mg,
2.38 mmol, 1.02 eq.) was then added. The reaction mixture was stirred at 0 °C for another hour and
then allowed to warm to RT for 1 h. The solvent was removed and the residue purified by column
chromatography (SiO; vs 30 v% EtOAc in cyclohexane + 2 v% DIPEA) to obtain 1494.1 mg (2.28 mmol,
98 %) of the product as a colorless foam.

'H NMR (400.1 MHz, CDCls, &, ppm): 1.14 (m, 12H, N(CH2(CHs)»)), 1.89 (m, 2H, CH,C=CH), 2.42 (m, 4H,
CH,C=CH), 2.54 (m, 2H, CH,CH,C=N), 3.17 (m, 2H, CH,ODMT), 3.62 (m, 6H, CH,CH,C=N, CH,OP,
N(CH,(CHs)2)2), 3.79 (s, 6H, ArOCHs), 6.81 (m, 4H, ArH), 7.20 (m, 1H, ArH), 7.26 (m, 2H, ArH), 7.33 (m,
4H, ArH), 7.44 (m, 2H, ArH).
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The analysis data harmonizes with the reported values in the literature!*® where spectra were
recorded in deuterated acetone.

2.1.5 TIPS-protected propargyl bromide 6

BrNSi
—T

At -78 °C and under argon atmosphere n-butyllithium (2.5 M in hexanes, 32.0 mL, 80 mmol, 1 eq.) was
added dropwise to 150 mL of THF (anh.). Propargyl bromide (80 w% in toluene, stabilized with MgO,
14.9 g, 100 mmol, 1.25 eq.) was then added dropwise under continuous stirring. After 15 min
triisopropylsilyl chloride (15.4 g, 80 mmol, 1 eq.) was added dropwise at -78 °C. After stirring the
reaction mixture overnight and allowing it to warm to RT, it was quenched with NH4Cl (aq., sat.) and
the solvent was removed. The slurry was taken in 50 mL of DCM, 100 mL NH4Cl (aq., sat.) were added
and it was further extracted with DCM (3x 50 mL). The org. phase was washed with brine (3x 50 mL),
dried over Na,SO,, filtered and the solvent was removed. The yellow crude oil (m = 17.94 g) was
purified by column chromatography (SiO2 vs 5 v% DCM in cyclohexane) to obtain 9.4610 g (34.4 mmol,
43 %) of the product as a colorless oil.

'H NMR (400.1 MHz, CDCls, 6, ppm): 1.07 (m, 21H, Si(CH(CHs),)s), 3.95 (s, 2H, CH,Br) ppm.

The analysis data harmonizes with the reported values in the literature.3%!

2.1.6 TIPS malonate 7

(iPr);Si  Si(iPr);

Under argon atmosphere, sodium hydride (1.10 g, 60 wt% in mineral oil, 27.5 mmol, 2.1 eq.) was
suspended in 100 mL THF (anh.). Diethylmalonate (2.10 g, 13.1 mmol, 1.0 eq.) was added dropwise to
the ice-cold reaction mixture that was afterwards stirred for 2 h and allowed to warm to RT. Then, 3-
bromoprop-1-yn-1-yl)triisopropylsilane 6 (9.00 g, 32.7 mmol, 2.5 eq.) was added dropwise at 0°C and
the reaction mixture was stirred overnight and allowed to reach RT. The reaction mixture was
qguenched with NH4Cl (aq., sat.), THF was removed. The slurry was taken in 50 mL EtOAc and 100 mL
NH.CI (aq., sat.) were added and it was further extracted with EtOAc (3x 100 mL). The combined
organic layer was washed with brine (2x 50 mL), dried over Na,SQO,, filtered and the solvent was
removed. The crude yellow oil (m = 8.99 g) was purified by column chromatography (SiO, vs 10 v%
EtOAc in cyclohexane) to obtain 6.7672 g (12.3 mmol, 94 %) of the product as a colorless crystalline
powder.

IH NMR (400.1 MHz, CDCls, &, ppm): 1.04 (m, 42H, Si(CH(CHs)2)3), 1.25 (t, 3/ = 7.0 Hz, 6H, CH,CH), 3.08
(s, 4H, CH,C=CTIPS), 4.19 (q, 3/ = 7.0 Hz, 4H, CH,CHs); **C NMR (100.6 MHz, CDCls, &, ppm): 11.3, 14.1,
18.6,24.1,56.8, 61.9, 77.2, 84.1, 102.6, 168.8.

2.1.7 TIPS diol 8

HO OH

(iPr);Si  Si(iPr);
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Under argon atmosphere, lithium aluminum hydride solution (7.1 mL, 2 M in THF, 14.2 mmol, 1.2 eq.)
was diluted in 50 mL THF (anh.). At -6 °C a solution of diethyl malonate 7 (6.5048 g, 11.85 mmol, 1.0 eq.)
in 20 mL THF (anh.) was added dropwise to the solution. The reaction mixture was stirred overnight
and allowed to reach RT. At 0 °C the reaction was quenched with 10.0 mL brine. The slurry was taken
in 50 mL Et,0 and 50 mL NH4CI (aq., sat.) were added and it was further extracted with Et,0 (3x 50 mL).
The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO., filtered and the
solvent was removed to yield 5.5096 g (11.85 mmol, full conversion) of the product as a red oil.

'H NMR (400.1 MHz, CDCls, &, ppm): 1.06 (m, 42H, Si(CH(CHs))s), 2.14 (bs, 2H, CH,OH), 2.43 (s, 4H,
CH,C=CTIPS), 3.76 (s, 4H, CH,OH); *C NMR (100.6 MHz, CDCl;, 8, ppm): 11.4, 18.7, 23.2, 42.7, 66.7,
83.6,104.5.

2.1.8 TIPS precursor alcohol 9

o/

HOTTO Q
i C

(iPr)sSi  Si(iPr); &
7~

To a stirred solution of diol 8 (2.74 g, 5.9 mmol, 1.0 eq.) in 30 mL THF (anh.) : pyridine (anh.) =2 :1
(v:v) 4,4-dimethoxytrityl chloride (2.00 g, 5.9 mmol, 1.0 eq.) was added in four intervals of each
40 min at RT and under argon atmosphere. The reaction mixture was stirred overnight until the
reaction was quenched by the addition of MeOH. The solvent was removed, 200 mL NaHCOs (sat., aq.)
were added and it was extracted with EtOAc (4x 100 mL). The combined organic layer was washed with
brine (2x 50 mL), dried over Na,SO,, filtered and the solvent was removed. The yellow crude oil was
purified by column chromatography (SiO2 vs 10 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 3.84 g
(5.0 mmol, 85 %) of the product as a pale yellow oil.

IH NMR (400.1 MHz, CDCls, 8, ppm): 1.05 (m, 42H, Si(CH(CHs)2)s), 2.01 (m, 1H, CH,0H), 2.55 (m, 4H,
CH,C=CTIPS), 3.29 (M, 2H, CH,ODMT), 3.70 (m, 2H, CH,0H), 3.79 (s, 6H, ArOCHs), 6.85m (m, 4H, ArH),
7.23 (m, 1H, ArH), 7.29 (m, 2H, ArH), 7.33 (m, 4H, ArH), 7.44 (m, 2H, ArH) ppm; 3C NMR (100.6 MHz,
CDCls, 6, ppm): 11.5, 18.8, 23.8, 42.9, 55.3, 66.3, 67.2, 83.4, 86.6, 104.2, 113.4, 127.0, 128.1, 128.2,
130.2,135.9, 144.9, 158.7.

2.19 TIPS phosphoramidite monomer 10

N o~

\\ko O
)\N’F"\o (o] Q
A
I O

(iPr)sSi  Si(iPr);
~

To a solution of mono-protected diol 9 (320.0 mg, 0.42 mmol, 1.0 eq.) in 15 mL DCM (anh.) was added
DIPEA (0.44 mL, 2.6 mmol, 6.1 eq.) and 105 mg of molecular sieves (3 A) under argon atmosphere at
0 °C. To the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (101.7 mg,
0.43 mmol, 1.0 eq.) was then added. The reaction mixture was stirred at 0 °C for another hour and
then allowed to warm to RT for 30 min. The solvent was removed and the residue purified by column
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chromatography (SiO; vs 10 v% EtOAc in cyclohexane + 2 v% DIPEA) to obtain 398.7 mg (0.41 mmol,
99 %) of the product as a colorless oil.

IH NMR (400.1 MHz, (CH3),CO, &, ppm): 1.04 (m, 42H, Si(CH(CHs),)s), 1.17 (m, 12H, N(CH2(CHs)2)), 2.59
(m, 4H, CH,C=CTIPS), 2.67 (m, 2H, CH,CH,C=N), 3.28 (m, 2H, CH,0P), 3.75 (m, 2H, CH,CH,C=N), 3.77
(m, 2H, CH,ODMT), 3.79 (s, 6H, ArOCHs), 6.88 (m, 4H, ArH), 7.22 (m, 1H, ArH), 7.32 (m, 6H, ArH), 7.47
(m, 2H, ArH); 3C NMR (100.6 MHz, CDCls, &, ppm): 11.4, 18.8, 20.8, 23.8, 27.1, 42.9, 48.7, 55.3, 66.3,
67.1, 83.3, 86.5, 104.7, 113.1, 113.3, 127.0, 128.0, 128.2, 130.2, 130.5, 135.9, 144.9, 158.7; 3'P NMR
(161.9 MHz, (CHs)2CO, &, ppm): 147.9.

2.1.10 TIPS malonate 7 (Strategy B)

(iPr);Si  Si(iPr)3

N-Buli (26.5 mL, 2.5 M in hexanes, 66.3 mmol, 3.0 eq.) was added dropwise to a stirred solution of
malonate 2 (5.145 g, 21.8 mmol) in 50 mL THF (anh.) at — 77 °C. After 90 min TIPS chloride (9.22 g,
47.8 mmol, 2.2 eq.) was added dropwise. The reaction mixture was stirred overnight and was thereby
allowed to reach RT. After quenching with brine, 100 mL Et,O were added and the organic phase was
washed with 50 mL NaHCOs (sat., aq.) and 50 mL brine, dried over Na,SO,, filtered and the solvent was
removed to obtain a dark red crude oil (m = 13 g). The residue was purified by column chromatography
(Si02 vs 5->10v% EtOAc in cyclohexane) to obtain 7.242 g (13.2 mmol, 61 %) of the product as a red
oil.

The analysis data corresponds to the values previously reported for TIPS malonate 7 in 2.1.6 on page
140.

2.1.11 Intermediate 11 (Strategy C)

(iPr)sSi  Si(iPr);

To astirred solution of diol 3 (1.618 g, 10.6 mmol, 1.0 eq.) in 30 mL DCM (anh.) was added 3,4-dihydro-
2H-pyran (4.471 g, 53.2 mmol, 5.0 eq.), a 1 mol% of para-toluenesulfonic acid monohydrate (24.1 mg,
0.1 mmol) and 80 mg of molecular sieves (3 A) under argon atmosphere. After 3 h the reaction mixture
was diluted with 75 mL Et,0 and washed with 50 mL water, 50 mL NaHCO; (sat., ag.) and 10 mL brine,
dried over Na,SQ,, filtered and the solvent was removed to obtain the intermediate tetrahydropyranyl
(THP) ether as a colorless oil that is then without further purification dissolved in 30 mL THF (anh.) and
stirred under argon atmosphere. At—77 °C, n-BuLi (13 mL, 2.5 M in hexanes, 32 mmol, 3.0 eq.) is added
dropwise to the solution that is then stirred for another 90 min until TIPS chloride (4.461, 23.1 mmol,
2.2 eq.) is added dropwise. The reaction mixture was stirred overnight and was thereby allowed to
reach RT. After quenching with brine, 100 mL Et,O were added and the organic phase was washed with
50 mL NaHCOs (sat., ag.) and 50 mL brine, dried over Na,SO,, filtered and the solvent was removed to
obtain a yellow crude oil (m = 7.881 g). The residue was purified by column chromatography (SiO; vs
5 v% EtOAc in cyclohexane) to obtain 4.885 g (7.7 mmol, 73 %) of the product as a colorless oil.

H NMR (400 MHz, CDCls, &, ppm): 1.06 (m, 42H, Si(CH(CHs)>)s), 1.65 (m, 12H, CH,CH,CH,), 2.48 (s, 4H,
CH,C=CTIPS), 3.59 (m, 4H, CH,OTHP), 3.69 (m, 4H, OCHarrp), 4.64 (m, 2H, (RO).CHR).
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2.1.12 TIPS diol 8 (Strategy C)

HO OH

(iPr);Si  Si(iPr),

To a stirred solution of TIPS-protected THP-ether 11 (432.0 mg, 0.68 mmol, 1.0 eq.) in 20 mL MeOH
was added para-toluenesulfonic acid monohydrate (167.7 mg, 0.88 mmol, 1.3 eq.) at RT. After 1 h the
solvent was removed and the residue was taken in 20 mL Et,0 and 20 mL NaHCOs (sat., aq.) were
added. It was extracted with Et;O (2x 20 mL) and the organic phase was washed with 20 mL brine,
dried over Na,SO,, filtered and the solvent was removed to obtain 260.1 mg (0.56 mmol, 82 %) of the
product as a pale yellow oil.

The analysis data corresponds to the values previously reported for TIPS diol 8 in 2.1.7 on page 140.

2.2 Synthesis of other Reagents

Synthetic access to model azides 14 and 17 following Scheme V-2 is described as well as the access to
azides 20, 21, 24, 26, and 34.

(o Nye]
N
Ho/\/o\/\o/\/o\ —_—> /S\o/\/o\/\o/\/o\ e L NJ/\/O\/\O/\/O\

12 13 14
0.0

N

/©/S//\°/\/°\/\O/\/°\ —> 14
15

o
R

16 17

Scheme V-2: Overview Synthesis of other reagents for Chapter Il.

2.2.1 Mesylate 13

To a stirred solution of triethylene glycol monomethyl ether 12 (8.22 g, 50 mmol, 1.0 eq.) and
triethylamine (15.29 g, 150 mmol, 3.0 eq.) in 100 mL DCM anh. was added dropwise methanesulfonyl
chloride (5.73 g, 50 mmol, 1.0 eq.) at 0 °C. The reaction mixture was stirred overnight and thereby
allowed to reach RT and then filtered. The solvent of the filtrate was removed, the crude was taken in
50 mL EtOAc, 50 mL NaHCOs (sat., aq.) was added and it was further extracted with EtOAc (4x 100 mL).
The organic phase was washed with 50 mL brine, dried over Na,SO,, filtered and the solvent was
removed to obtain 9.28 g (38.3 mmol, 77 %) of the product as a colorless oil.

H NMR (400.1 MHz, CDCls, &, ppm): 3.00 (s, 3H, SO.CHs), 3.30 (s, 3H, OCHs), 3.47 (m, 2H, CH,0), 3.59
(m, 6H, CH,0), 3.69 (m, 2H, CH,0), 4.30 (m, 2H, CH,0OMs).

The analysis data harmonizes with the reported values in the literature.*3"

2.2.2 Azide 14 from mesylate 13

N /\/0\/\0/\/0\
3

Mesylate 13 (2.51 g, 10.4 mmol, 1 eq.) and sodium azide (3.37 g, 51.8 mmol, 5 eq.) were dissolved in
50 mL DMF. The reaction mixture was stirred at 80 °C overnight and then poured in 300 mL ice-cold
water. The product was extracted with Et,O (5x 100 mL) and the organic phase was washed with H,0
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(2x 100 mL), brine (2x 100 mL), dried over Na,SO., filtered and the solvent was removed to obtain
850 mg (4.5 mmol, 43 %) of the product as a pale yellow oil.

'H NMR (400.1 MHz, CDCls, 8, ppm): 3.38 (s, 3H, OCHs), 3.39 (m, 2H, CH,Ns), 3.55 (m, 2H, CH,0), 3.66
(m, 8H, CH,0), 4.30 (m, 2H, CH,0).

The analysis data harmonizes with the reported values in the literature.®3!

223 Azide 14 from tosylate 15
N3/\/°\/\o/\/°\

Tosylate 15 (6.00 g, 18.7 mmol, 1 eq.) and sodium azide (6.12 g, 93.5 mmol, 5 eq.) were stirred in 30 mL
DMSO overnight at RT. The reaction mixture was diluted with 100 mL ice-cold water and extracted
with Et,0 (4x 50 mL) and the organic phase was washed with 20 mL H;0, brine (2x 50 mL), dried over
Na,S0,, filtered and the solvent was removed to obtain 3.07 g (16.2 mmol, 87 %) of the product as a
pale yellow oil.

The analysis data harmonizes with the reported values in 2.2.2 above and in the literature.33%

224 Azide 17

(o}

Ns/\/o\/\o/\/o\/\N)kCF

H 3

To a solution of 11-Azido-3,6,9-trioxaundecan-1-amine 16 (2.33 g, 10.2 mmol, 1.0 eq.) and
triethylamine (1.21 g, 12.2 mmol, 1.2 eq.) in 3 mL DCM anh. was added dropwise 2,2,2-trifluoroacetic
anhydride (2.36, 11.2 mmol, 1.1 eq.) at 0 °C. The reaction mixture was stirred overnight and thereby
allowed to reach RT. The solvent removed and the crude was purified by column chromatography (SiO,
vs EtOAc) to obtain 2.97 g (9.5 mmol, 93 %) of the product as a pale yellow oil.

'H NMR (400.1 MHz, CDCls, 8, ppm): 3.35 (m, 2H, CH,Ns), 3.53 (m, 2H, CH,NH), 3.55 (m, 2H, CH,0),
3.63 (m, 12H, CH,0), 7.13 (bs, 1H, NHCOCFs) ppm; **F NMR (376.5 MHz, CDCls, &, ppm): -75.9.

The *H NMR data harmonizes with the reported values in the literature.!333!

2.2.5 Azide 20

©/\N3

Benzyl bromide 18 (1241.5 mg, 7.3 mmol, 1.0 eq.) and sodium azide (591.1 mg, 9.1 mmol, 1.25 eq.)
were dissolved in 20 mL DMSO. The reaction mixture was stirred at RT overnight and then poured in
300 mL NH4CI (aq., sat.) The product was extracted with Et;0 (3x 100 mL) and the organic phase was
washed with H,O (5x 100 mL), brine (3x 50 mL), dried over Na,SQO,, filtered and the solvent was
removed to obtain 792.8 mg (6.0 mmol, 82 %) of the product as a colorless oil.

IH NMR (400.1 MHz, CDCls, &, ppm): 4.52 (s, 2H, CH,N3), 7.37 (m, 5H, ArH).

The analysis data harmonizes with the reported values in the literature.’8!

N3
HO

o

2.2.6 Azide 21
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4-(Bromomethyl)benzoic acid 19 (1327.7 mg, 6.2 mmol, 1.0 eq.) and sodium azide (584.5 mg,
9.0 mmol, 1.45 eq.) were dissolved in 20 mL DMSO. The reaction mixture was stirred at RT overnight
and then poured in 300 mL NH4CI (aqg., sat.) The product was extracted with Et,O (3x 100 mL) and the
organic phase was washed with H,O (5x 100 mL), brine (3x 50 mL), dried over Na,SQy,, filtered and the
solvent was removed to obtain 939.5 mg (5.3 mmol, 86 %) of the product as a colorless crystalline
solid.

'H NMR (400.1 MHz, CDCls, 8, ppm): 4.45 (s, 2H, CH,Ns), 7.44 (d, 3/ = 10.9 Hz, 2H, ArH), 8.13 (d,
3) = 10.9 Hz, 2H, ArH).

The analysis data harmonizes with the reported values in the literature.”!

2.2.7 Bromide 23

H

Br/ﬁ( N

o

To a solution of n-dodecylamine 22 (5577.0 mg, 30 mmol, 1.0 eq.) in 50 mL DCM was first added K,CO3
(6226.5 mg, 45 mmol, 1.5 eq.) in 50 mL H;0. To the stirred reaction mixture was added dropwise
bromoacetyl bromide (4.0 mL, 45 mmol, 1.5 eq.) in 40 mL DCM at 0 °C. The reaction mixture was then
stirred for 2 h and allowed to react RT until the organic phase was separated and the aqueous layer
was extracted with DCM (3x 50 mL). The organic phase was then washed with 50 mL H,O, brine
(2x 50 mL), dried over Na,SQ,, filtered and the solvent was removed to obtain 9.08 g (29.6 mmol, 99 %)
of the product as a colorless oil.

H NMR (400.1 MHz, CDCls, 8, ppm): 0.78 (m, 3H, CH2CHs), 1.19 (m, 18H, CH,), 1.44 (m, 2H, CH,), 3.17
(m, 2H, CH,NHCO), 3.77 (COCH,Br), 7.05 (m, 1H, NHCO).

The analysis data harmonizes with the reported values in the literature.®%

2.2.8 Bromide 24

H

Ng/ﬁ(N

o

2-Bromo-N-dodecylethanamide 23 (5.00 mg, 16.3 mmol, 1.0 eq.) and sodium azide (5.07 g, 78.0 mmol,
4.8 eq.) were dissolved in 20 mL DMSO. The reaction mixture was stirred at RT overnight and then
poured in 300 mL NH4CI (aq., sat.) The product was extracted with Et,0 (3x 100 mL) and the organic
phase was washed with H,O (5x 100 mL), brine (3x 50 mL), dried over Na,SO,, filtered and the solvent
was removed to obtain 4.16 g (15.5 mmol, 95 %) of the product as a colorless oil.

H NMR (400.1 MHz, CDCls, 8, ppm): 0.74 (m, 3H, CH,CHs), 1.14 (m, 18H, CH,), 1.36 (m, 2H, CH,), 3.11
(m, 2H, CH,NHCO), 3.76 (COCH,Ns3), 6.94 (m, 1H, NHCO).

The analysis data harmonizes with the reported values in the literature. 8

2.2.9 Azide 26

N MOH

3

11-Bromoundecanoic acid 25 (5302.1 mg, 20 mmol, 1.0 eq.) and sodium azide (6505.0 mg, 100 mmol,
5 eq.) were dissolved in 20 mL DMSO. The reaction mixture was stirred at RT overnight and then poured
in 300 mL NH4Cl (aq., sat.) The product was extracted with Et,0 (3x 100 mL) and the organic phase was
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washed with H,O (5x 100 mL), brine (3x 50 mL), dried over Na,SO,, filtered and the solvent was
removed to obtain 4556.6 mg (full conversion) of the product as a colorless powder.

'H NMR (400.1 MHz, CDCls, 8, ppm): 1.31 (m, 12H, CH,), 1.59 (m, 4H, CH,), 2.23 (m, 2H, CH,COOH),
3.24 (m, 2H, CH,N3), 11.15 (bs, 1H, COOH).

The analysis data harmonizes with the reported values in the literature. 282

Br/\/oY©

(o)

2.2.10 Bromide 28

1-bromo-3-propanol 27 (1.2530 mg, 10.0 mmol, 1.0 eq.) and DIPEA (6.56 g, 50 mmol, 5 eq.) were
dissolved in 25 mL anh. DCM. To the stirred reaction mixture was added dropwise benzoic anhydride
(3395.8 mg, 15 mmol, 1.5 eq.) at 0 °C. After 3 h the reaction mixture was stirred under reflux for 8 h.
The solvent was removed, 100 mL NH4Cl (aq., sat.) were added and it was extracted with EtOAc
(3x 100 mL) and the organic phase was washed with brine (2x 50 mL), dried over Na,SO,, filtered and
the solvent was removed. The crude was purified by column chromatography (SiO vs 20 v% acetone
in cyclohexane) to obtain 831.5 mg (3.63 mmol, 36 %) of the product as a pale yellow oil.

IH NMR (400.1 MHz, CDCls, 8, ppm): 3.65 (t, J = 6.1 Hz, 2H, CH,Br), 4.63 (t, %/ = 6.1 Hz, 2H, CH0), 7.46
(m, 2H, ArH), 7.58 (m, 1H, ArH), 8.06 (m, 2H, ArH).

The analysis data harmonizes with the reported values in the literature.®34

Ns/\/o\ /(j

(o]

2.2.11 Azide 29

2-Bromoethylbenzoate 28 (632.7 mg, 2.8 mmol, 1.0 eq.) and sodium azide (903.0 mg, 13.8 mmol,
5.0 eq.) were dissolved in 10 mL DMSO. The reaction mixture was stirred at RT overnight and then
poured in 100 mL NH4CI (ag., sat.) The product was extracted with Et,O (3x 50 mL) and the organic
phase was washed with H,O (5x 50 mL), brine (3x 50 mL), dried over Na,SQ,, filtered and the solvent
was removed to obtain 537.7 mg (full conversion) of the product as a yellow oil.

'H NMR (400.1 MHz, CDCls, 8, ppm): 3.60 (t, 3/ = 5.1 Hz, 2H, CH;,Ns), 4.50 (t, ° = 5.1 Hz, 2H, CH,0), 7.46
(m, 2H, ArH), 7.58 (m, 1H, ArH), 8.07 (m, 2H, ArH).

2.2.12  Fluorescent Azide 34
"o O o O o
Q o
HN

H
S)\N N D S VN

2x H:NA\

o

To a stirred solution of 11-azido-3,6,9-trioxaundecan-1-amine 16 (52.6 mg, 270 umol, 1.0 eq.) and
DIPEA (87.5 mg, 680 umol, 2.5 eq.) in 8 mL CDCls; was added fluorescein isothiocyanate 30 (104.5 mg,
270 umol, 1.0 eq.) and it was stirred overnight at RT. It was coevaporated with chloroform to remove
excess DIPEA. The DIPEA-salt of the product was quantitatively recovered as a red oil.
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HRMS m/z: [M+H]* calculated for C2sH30Ns0sS* 608.1810; found 608.1817; *H NMR (400.1 MHz, CDs0D,
6, ppm): 1.22 (m, 30H, HN(CH,CHs)(CH(CH3).).*), 3.03 (m, 4H, HN(CH,CHs)(CH(CHs).),*), 3.32 (m, 2H,
CH;N3), 3.52 (m, 4H, HN(CH2CHs)(CH(CHs)2)2%), 3.66 (m, 14H, CH,CH,0), 6.58 (m, 6H, ArH), 7.14 (m, 3H,
ArH), 7.88 (m, 2H, (NH).C=S).

2.3 Support Synthesis

Synthetic access to solid polystyrene supports 37 and 38 following Scheme V-3 is described below.
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4:R=H 18:R=H 20:R=H
9: R = Si(iPr); 19: R = Si(iPr) 21: R = Si(iPr),;

Scheme V-3: Overview of solid polystyrene support synthesis.
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Precursor alcohol 4 (273.0 mg, 0.6 mmol, 1.0 eq.) was co-evaporated with 5 mL of pyridine (anh.), dried
under vacuum for 30 min, and reacted with succinic anhydride (91.6 mg, 0.9 mmol, 1.5 eq.) and DMAP
(110.7 mg, 0.9 mmol, 1.5 eq.) in 4 mL of pyridine (anh.) at 35 °C for 5 h and allowed to cool to RT. The
reaction was quenched with methanol, and the solvent was removed. The resulting slurry oil was taken
in 30 mL EtOAc, washed with 50 mL H,0, 50 mL K;HPO, (sat., aq., pH 5.0) and brine (3x 20 mL). The
organic phase was dried over Na,SO,, filtered and the solvent was removed to obtain 329.9 mg
(0.6 mmol, 99 %) of the product as a pale yellow oil.

2.3.1 Succinate 35

'H NMR (400.1 MHz, CDCls, 6, ppm): 1.93 (m, 2H, CH,C=CH), 2.41 (m, 4H, CH,C=CH), 2.54 (m, 4H,
CH,C00), 3.15 (s, 2H, CH,ODMT), 3.78 (s, 6H, ArOCHs), 4.15 (s, 2H, CH,0CO), 6.82 (m, 4H, ArH), 7.20
(m, 1H, ArH), 7.27 (m, 2H, ArH), 7.31 (m, 4H, ArH), 7.42 (m, 2H, ArH).

The analysis data has not been reported along with the literature protocol.™*”

2.3.2 Succinate 36

(Pr);Si Si(iPr); §
TIPS precursor alcohol 9 (834.0 mg, 1.1 mmol, 1.0 eq.) was co-evaporated with 5 mL of pyridine (anh.),

dried under vacuum for 30 min, and reacted with succinic anhydride (175.6 mg, 1.8 mmol, 1.6 eq.) and
DMAP (207.8 mg, 1.7 mmol, 1.6 eq.) in 4 mL of pyridine (anh.) at 35 °C overnight and allowed to cool
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to RT. The reaction was quenched with methanol, and the solvent was removed. The resulting slurry
oil was taken in 50 mL EtOAc, washed with 50 mL of H,0, 50 mL of K;HPOq (sat., aqg., pH 5.0) and brine
(3x 20 mL). The organic phase was dried over Na,;SO,, filtered and the solvent was removed to obtain
917.7 mg (1.1 mmol, 97 %) of the product as a pale yellow oil.

H NMR (400.1 MHz, CDCls, &, ppm): 1.05 (m, 42H, Si(CH(CHs),)s), 2.53 (m, 4H, CH,C=CTIPS), 2.59 (m,
4H, CH,COO), 3.24 (s, 2H, CH,ODMT), 3.79 (s, 6H, ArOCHs), 4.27 (s, 2H, CH,OCO), 6.83 (m, 4H, ArH),
7.21 (m, 1H, ArH), 7.29 (m, 6H, ArH), 7.42 (m, 2H, ArH); 3C NMR (100.6 MHz, CDCls, &, ppm): 11.3, 18.7,
23.8,28.8,28.9,41.7,55.2, 63.7, 66.4, 83.5, 86.0, 103.8, 113.1, 126.8, 127.8, 128.3, 130.3, 136.0, 145.0,
158.5,171.4, 178.2.

233 Solid Polystyrene Support 37

. o QJ
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To a home-made peptide synthesis reaction vessel equipped with a fritted glass plate and a stopcock,
aminomethylated polystyrene resin (1135.2 mg, loading: 1.4 mmol-g™}, 1.6 mmol functionalities,
1.0 eq.) was charged and washed with DCM (anh.) (2x 10 mL), dried under vacuum and purged with
argon. A solution of succinate 35 (1327.4 mg, 2.4 mmol, 1.5 eq.), DMAP (439.9 mg, 3.6 mmol, 2.25 eq.),
and DCC (748.2 mg, 3.6 mmol, 2.25 eq.) in 15 mL DCM (anh.) was prepared under argon atmosphere
and transferred to the reaction vessel which was then shaken overnight at RT. The resin was then
washed with DCM (3x 5 mL), MeOH (3x 5 mL), MeCN (3x 5 mL), and Et;0 (3x 5 mL) and dried under
vacuum for 2 h. The unreacted amino groups were capped with 3 mL acetic anhydride in 10 mL pyr
(anh.) while shaking for 3 h. The resin was finally washed with DCM (3x 5 mL), MeCN (3x 5 mL), and
Et,0 (3x 5 mL) and dried under vacuum overnight.

The loading of the support was measured by the removal of the DMT group of an aliquot and analyzing
its absorbance at 504 nm to find a loading of 0.77 mmol-g™.

2.3.4 Solid Polystyrene Support 38
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To a homemade peptide synthesis reaction vessel equipped with a fritted glass plate and a stopcock,
aminomethylated polystyrene resin (734.9 mg, loading: 1.4 mmol-g™%, 1.0 mmol functionalities, 1.0 eq.)
was charged and washed with DCM (anh.) (2x 5 mL), dried under vacuum and purged with argon.
A solution of succinate 36 (900.0 mg, 1.0 mmol, 1.0 eq.), DMAP (192.2 mg, 1.6 mmol, 1.5 eq.), and DCC
(328.9 mg, 1.6 mmol, 1.5 eq.) in 10 mL DCM (anh.) was prepared under argon atmosphere and
transferred to the reaction vessel which was then shaken overnight at RT. The resin was then washed
with DCM (3x 5 mL), MeOH (3x 5 mL), MeCN (3x 5 mL), and Et,0 (3x 5 mL) and dried under vacuum for
2 h. The unreacted amino groups were capped with 2 mL acetic anhydride in 8 mL pyr (anh.) while
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shaking for 2 h. The resin was finally washed with DCM (3x 5 mL), MeCN (3x 5 mL), and Et;0 (3x 5 mL)
and dried under vacuum for 3 h.

The loading of the support was measured by the removal of the DMT group of an aliquot and analyzing
its absorbance at 504 nm to find a loading of 0.69 mmol-g™.

2.4 Phosphodiester Synthesis

2.4.1 Manual Synthesis on Solid Polystyrene Supports

Sequence-coded precursors $1-S4 were prepared following a previously reported procedure.'? In
brief, anhydrous solvents were used and a homemade peptide synthesis reaction vessel equipped with
a fritted glass plate and a stopcock was employed to ensure phosphoramidite couplings under dry
conditions using vacuum-argon purges. Depending on the desired sequence’s leading monomer, one
equivalent of modified support 37 or 38 was charged to the reactor and the terminal DMT protective
group was removed by repeated treatment with 3 w% TCA solution in DCM until non-occurrence of
red coloration. Remaining acid was removed by washing with 2 v% pyridine in MeCN and with pure
MeCN. In the coupling step, the resin was first swollen in DCM for 5 min and then shaken at RT for
40 min with a solution of two equivalents of the desired phosphoramidite monomer 5 or 10 in
acetonitrile (=100 mM) and four equivalents of tetrazole in MeCN (0.45 M). The solution was then
removed and the resin washed with MeCN. The immobilized phosphite triester was then oxidized to
the corresponding phosphate triester by treating it two times for 5 min with an iodine solution
(H20 : 2,6-lutidine : THF =2 : 20 : 80 (v : v : v), 0.1 M iodine). Remaining reagents were removed by
washing with acetonitrile and DCM. DMT deprotection, phosphoramidite coupling and oxidation were
iteratively repeated until the formation of the desired sequence. To avoid random iodination when
monomer 5 exhibiting a terminal alkyne moiety was used, remaining iodine could be removed by
shaking the resin with a saturated aqueous sodium thiosulfate solution for 30 min and washing the
resin subsequently with a 1 : 1 (v : v)-mixture of H,O and THF. Then, the 2-cyanoethyl phosphate
protective groups were removed by treatment with 10 v% piperidine in MeCN for 5 min to form the
corresponding phosphodiester bonds. The terminal DMT group was removed in a final deprotection
step and the desired polymers were cleaved from the polystyrene resin by adding a solution of
ammonia (ag., 28 w%) and methylamine (aq., 40 w%) (1 : 1, v : v) and heating the mixture for 2 h to
50 °C. The mixture was filtered and washed with 1,4-dioxane, ammonia was removed by argon
bubbling and the solvent was removed under reduced pressure to obtain the desired polymers.

24.2 Automated Synthesis on an Expedite Oligonucleotide Synthesizer

Polymers S5-S8 were prepared following a reported procedurel® described in the Experimental
Section: Automated Poly(phosphodiester) Synthesis on pages 135f. $5-S8 were synthesized in the
DMT-OFF mode and recovered together with defect-containing capped chains (see explanation in the
Annex, subchapter 1.1 DMT-ON Purification, p. 185). However, when the precursors were kept for
subsequent modification steps on the CPG support, the DMT-ON mode was used.

2.5 Sequential Modification

2.5.1 Oligomer Maodification

37.4 mg S4 (26.4 umol), 0.9 mg CuBr (6.3 umol), 9.5 mg TBTA (17.9 umol) and 293.9 mg azide 14
(1.5 mmol) were added to a small round bottom flask. After removal of oxygen by subsequent vacuum-
argon purges, 1.2 mL of a degassed 3 : 1 (v : v)-mixture of DMSO and tert-BuOH were added and the
mixture was stirred overnight under argon. When a color change to green was observed, three drops
of a 100 mM sodium ascorbate in degassed H,O were added until a slightly yellow solution was
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maintained. All solvents were removed under reduced pressure. The crude was taken in MeOH and
dialyzed overnight in MeOH (dialysis membrane: MWCO: 1000 Da, regenerated cellulose, flat
width: 45 mm, Roth SpectraPor). The solvent was then removed under reduced pressure to obtain
53.0 mg (24.4 umol, 92 %) of modified polymer S4’ as a slightly yellow oil.

26.2 mg TIPS protected polymer S4’ (11.7 umol) was dissolved in 1 mL 250 mM TBAF in THF and stirred
for 2 hat 70 °C. The reaction mixture was allowed to cool to RT, fluoride ions were quenched with 1 mL
of a solution of methoxytrimethylsilane in diethylether and all solvents were removed under reduced
pressure. The crude was taken in MeOH and dialyzed for 8 h in MeOH (dialysis membrane:
MWCO: 1000 Da, regenerated cellulose, flat width: 45 mm, Roth SpectraPor). The solvent was then
removed under reduced pressure to obtain 13.8 mg (8.9 umol, 76 %) of TIPS-deprotected polymer S4”
as a slightly yellow oil.

13.7 mg S4” (8.9 umol), 1.0 mg CuBr (6.9 umol), 7.5 mg TBTA (14.1 umol) and 471.4 mg azide 17
(1.5 mmol) were added to a small round bottom flask. After removal of oxygen by subsequent vacuum-
argon purges, 1.2 mL of a degassed 3 : 1 (v : v)-mixture of DMSO and tert-BuOH were added and the
mixture was stirred overnight under argon. All solvents were removed under reduced pressure. The
crude was taken in MeOH and dialyzed overnight in MeOH (dialysis membrane: MWCO: 1000 Da,
regenerated cellulose, flat width: 45 mm, Roth SpectraPor). The solvent was then removed under
reduced pressure to obtain 5.6 mg (2.0 umol, 22 %) of binary modified polymer $4’” as a slightly yellow
oil.

2.5.2 Polymer Modification

7.4 mg CuBr (52 umol), 55.8 mg TBTA (105 umol), 768.9 mg azide 14 (4.0 mmol) and 41.7 mg sodium
ascorbate (210 umol) were added to a round bottom flask. After removal of oxygen by subsequent
vacuum-argon purges 4.0 mL of a degassed 3 : 1 (v : v)-mixture of DMSO and tert-BuOH were added
under argon. 0.5 mL of the freshly prepared solution were taken in a syringe together with 2.5 mL
argon. During the connection to a CPG column immobilized with precursor S7 (synthesized in DMT-ON
mode, see previous page), an argon counter flow was maintained from the syringe as well as the
column side. The connected syringe was flushed with argon again and the CPG column was connected
to another argon flushed syringe in an argon counter flow. The solution was then passed repeatedly
between the syringes and the system was gently shaken overnight at RT. The syringes were then
removed and the solid support-filled column was washed with each 6 mL of a 3 : 1 (v : v)-mixture of
DMSO and tert-BuOH, Et,0, H,0, and MeCN and finally flushed with argon. Modified polymer S7’ was
cleaved from the support by pressing repeatedly 0.5 mL of a solution of ammonia (aq., 28 w%) and
methylamine (aq., 40 w%) (1 : 1, v : v) for 30 min through the column, from a connected syringe on the
one end to a syringe on the other end. The support material was another time washed with 0.5 mL of
said cleavage solution and the collected solutions were unified and the solvent was removed under
reduced pressure.

In total, four CPG columns with immobilized precursor S7 (4.0 umol) were subject to the procedure
that yielded 29.3 mg (2.0 umol, 51 %) of S7’ as a blue oil.

Note: Reverse phase column purification was not performed after this step because of the presence
of TIPS-side groups chains (see explanation in the Annex, subchapter 1.1 DMT-ON Purification, p. 185).
Nevertheless, all reagents (with the exception of coordinated copper explaining the blue appearance
of the product) were removed during the washing steps.

17.6 mg TIPS protected polymer S$7’ (1.23 umol) were dissolved in 2 mL 250 mM TBAF in THF and
stirred for 2 h at 70 °C. The reaction mixture was allowed to cool to RT, fluoride ions were quenched
with 2 mL of a solution of methoxytrimethylsilane and all solvents were removed under reduced
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pressure. The dry reaction mixture was solubilized in 2 mL NaCl solution (ag., 10 w%) and filtered. The
filtrate was recovered and applied to a modified DMT-ON purification method (see Experimental
Section: 1.2.3.2 Manual DMT-ON Purification, p. 137) leaving out the TCA wash. The polymer-
containing solution was collected in 0.5 mL fractions. After lyophilization 10.0 mg (0.8 umol, 67 %) of
TIPS-deprotected S7”’ were recovered as a slightly yellow oil.

Note: Reverse phase column chromatography was here mostly used to remove excess
tetrabutylammonium ions.

9.5 mg $7” (0.8 umol), 2.3 mg CuBr (16.0 umol), 17.4 mg TBTA (32.8 umol), 11.3 mg sodium ascorbate
(57.0 umol) and 316.9 mg azide 17 (1.0 mmol) were added to a small round bottom flask. After removal
of oxygen by subsequent vacuum-argon purges, 1.0 mL of a degassed 3 : 1 (v : v)-mixture of DMSO and
tert-BuOH was added and the mixture was stirred overnight under argon. All solvents were removed
under reduced pressure. The dry reaction mixture was solubilized in 2 mL NaCl solution (ag., 10 w%)
and filtered. The filtrate was recovered and applied to a full DMT-ON purification method (see
Experimental Section: 1.2.3.2 Manual DMT-ON Purification, p. 137). After lyophilzation 4.9 mg
(0.3 umol, 39 %) of binary modified $7””’ were recovered as a slightly yellow oil.

Note: Since S7’”” does not contain TIPS groups, reverse phase column chromatography was employed
at this final stage to remove the capped fractions left from the synthesis of S7 (see explanation in the
Annex, subchapter 1.1 DMT-ON Purification, p. 185).

NMR and MS analysis of the described intermediates is provided in the Annex: 1.2 Sequential
Modification of Poly(phosphodiester)s on pages 186f. together with further details.

2.6 Perspective Synthesis of an Alkene-bearing Phosphoramidite monomer

The synthetic access to alkene monomer 44 is described herein in detail.

2.6.1 Malonate 41

o O

/\o o/\
= A

Under argon atmosphere, sodium hydride (4.80 g, 60 wt% in mineral oil, 120 mmol, 2.0 eq.) was
suspended in 80 mL THF (anh.). Diethylmalonate (9.56 g, 60 mmol, 1.0 eq.) was added dropwise to the
ice-cold reaction mixture that was afterwards stirred for 2 h and allowed to warm to RT. Then, allyl
bromide (18.38 g, 152 mmol, 2.5 eq.) was added dropwise at 0°C and the reaction mixture was stirred
for 3 h and allowed to reach RT. The reaction mixture was quenched with NH4Cl (aq., sat.), THF was
removed. The slurry was taken in 100 mL EtOAc and 100 mL NH,4CI (aqg., sat.) were added and it was
further extracted with EtOAc (3x 150 mL). The combined organic layer was washed with brine
(3x 50 mL), dried over Na,SO,, filtered and the solvent was removed. Without further purification
14.85 g (full conversion) of the product were obtained as colorless oil.

H NMR (400.1 MHz, CDCls, 8, ppm): 1.24 (t, ) = 7.1 Hz, 6H, CH,CHs), 2.63 (m, 4H, CH,CH=CH.), 4.18 (q,
3J=7.1 Hz, 4H, CH,CHs), 5.10 (m, 4H, CH,CH=CH,), 5.65 (m, 2H, CH,CH=CH,).

The *H NMR data harmonizes with the reported values in the literature.!3*!!

HO OH
= A

2.6.2 Diol 42
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Under argon atmosphere, lithium aluminum hydride solution (37 mL, 2 M in THF, 74 mmol, 1.2 eq.)
was diluted in 50 mL THF (anh.). At -10 °C a solution of malonate 41 (14.82 g, 59.6 mmol, 1.0 eq.) in
10 mL THF (anh.) was added dropwise to the solution. The reaction mixture was stirred overnight and
allowed to reach RT. At 0 °C the reaction was quenched with 10.0 mL brine. The slurry was taken in
50 mL Et;0 and 50 mL NH4CI (aqg., sat.) were added and it was further extracted with Et,0 (3x 50 mL).
The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the
solvent was removed to yield 9.10 g (58.3 mmol, 98 %) of the product as a colorless oil.

'H NMR (400.1 MHz, CDCls, 8, ppm): 2.09 (bs, 2H, CH,OH), 2.10 (m, 4H, CH,CH=CH,), 3.59 (m, 4H,
CH,0OH), 5.11 (m, 4H, CH,CH=CH,), 5.85 (m, 2H, CH,CH=CH>).

The *H NMR data harmonizes with the reported values in the literature.®*?!

2.63 Alcohol precursor 43

To a stirred solution of diol 42 (4.43 g, 28.4 mmol, 1.5 eq.) in 150 mL THF (anh.) : pyridine (anh.) =2 :1
(v:v) 4,4 -dimethoxytrityl chloride (6.47 g, 19.1 mmol, 1.0 eq.) was added in six intervals of each 30 min
at RT and under argon atmosphere. The reaction mixture was stirred overnight until the reaction was
guenched by the addition of MeOH. The solvent was removed, 200 mL NaHCOs (sat., aq.) were added
and it was extracted with EtOAc (4x 100 mL). The combined organic layer was washed with brine
(2x 50 mL), dried over Na,SQ,, filtered and the solvent was removed. The yellow crude oil was purified
by column chromatography (SiO2 vs 20 v% EtOAc in cyclohexane + 2 v% DIPEA) to obtain 8.83 g (full
conversion) of the product as a colorless oil.

'H NMR (400.1 MHz, CDCls, 6, ppm): 1.99 (t, *J = 6.5 Hz, 1H, CH,0H), 2.10 (m, 4H, CH,CH=CH,), 3.04 (s,
2H, CH,ODMT), 3.48 (d, %/ = 6.5 Hz, 2H, CH,0H), 3.80 (s, 6H, ArOCH3), 5.02 (m, 4H, CH,CH=CH,), 5.69
(m, 2H, CH,CH=CH,), 6.84 (m, 4H, ArH), 7.22 (m, 1H, ArH), 7.29 (m, 2H, ArH), 7.32 (m, 4H, ArH), 7.42
(m, 2H, ArH) ppm.

2.6.4 Phosphoramidite Monomer 44

Ny

o
)N;P\O/}io

To a solution of mono-protected diol 43 (3.54 g, 7.7 mmol, 1.0 eq.) in 30 mL DCM (anh.) was added
DIPEA (8.5 mL, 47.2 mmol, 6.1 eq.) and 100 mg of molecular sieves (3 A) under argon atmosphere at
0 °C. To the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.89 g,
8.0 mmol, 1.04 eq.) was then added. The reaction mixture was stirred at 0 °C for another hour and
then allowed to warm to RT for 1 h. The solvent was removed and the residue purified by column
chromatography (SiOz vs 20 v% EtOAc in cyclohexane + 2 v% DIPEA) to obtain 4.80 g (7.3 mmol, 94 %)
of the product as a colorless foam.
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'H NMR (400.1 MHz, (CDs),CO, &, ppm): 1.18 (m, 12H, N(CH»(CHs))2), 2.14 (m, 4H, CH,CH=CH,), 2.71
(m, 2H, CH,CH,C=N), 3.01 (m, 2H, CH,ODMT), 3.69 (m, 6H, CH,CH,C=N, CH,OP, N(CHa(CHs),)2), 3.79 (s,
6H, ArOCHs), 4.98 (m, 4H, CH,CH=CH,), 5.69 (m, 2H, CH,CH=CH,), 6.89 (m, 4H, ArH), 7.22 (m, 1H, ArH),
7.32 (m, 2H, ArH), 7.35 (m, 4H, ArH), 7.49 (m, 2H, ArH); >'P NMR (161.9 MHz, (CD3),CO, &, ppm): 146.9.

2.7 Synthesis of Sequences S9 — S14 for Analysis by Nanopore

Poly(phosphodiester)s $9-S13 were synthesized according to the general procedure described in
Automated Poly(phosphodiester) Synthesis (pp. 135ff.) and purified by DMT-ON purification described
in subchapter Manual DMT-ON Purification (p. 137).

S$14 was synthesized starting from CPG-immobilized precursor S13 that was modified with diphenyl
phosphoryl azide in an adapted experimental setup from the procedure described before in Polymer
Moadification pp. (150f.). The cleavage conditions using AMA were thereby sufficient to quantitatively
hydrolyze the P-N bond. A DMT-ON purification described in subchapter Manual DMT-ON Purification
(p. 137) yields the modified sequence S14.
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3 Experimental Protocols Chapter llI

3.1 Monomer Synthesis

The synthesis of monomers 47, 50, 52, and 54 following the strategy depicted in Scheme V-4 is
described herein.

\\\
o o o
|
—> Ho%o)ko E— )\N F'\o/§@o)ko
NO, R R NO,
46:R=H 47:R=H
49:R = CH, 50: R = CH,
HO OH
/R>(R\ o~ Na o~
45:R=H O \L O
48:R=CH, o
L HO <o O _ )\N’P\O o O
R* R )\ R R
o _o
51:R=H 52:R=H
53:R=CH, 54:R = CH,

Scheme V-4: Overview synthetic routes of monomer synthesis in Chapter Ill

311 NPPOC-protected alcohol 46

(o}

Ho/\/\oko
NO,

Protocol 1: To a stirred solution of 1,3-propanediol 45 (920.8 mg, 12.1 mmol, 1.2 eq.) in 10 mL
anhydrous pyridine, NPPOC chloride (2506.3 mg, 9.8 mmol, 1.0 eq.) in 20 mL anh. DCM was added
dropwise at RT and under argon atmosphere. The reaction mixture was stirred overnight until the
reaction was quenched by addition of MeOH. The solvent was removed, 50 mL NaHCO; (sat., aq.) were
added and it was extracted with EtOAc (3x 50 mL). The combined organic layer was washed with 50 mL
NaHCOs (sat., aq.), brine (2x 25 mL), dried over Na,SO,, filtered and the solvent was removed. The
yellow crude oil was purified by column chromatography (SiO, vs 20 v% EtOAc in cyclohexane -
100 v% EtOAc) to obtain 2418.0 mg (8.5 mmol, 87 %) of the product as a pale yellow oil.

H NMR (400 MHz, CDCls, 8, ppm): 1.30 (m, 3H, OCH,CHCHs), 1.80 (m, 2H, HOCH,CH,CH,ONPPOC), 2.58
(bs, 1H, HOCH.), 3.60 (m, 2H, HOCH,), 3.66 (m, 1H, OCH,CHCHs), 4.17 (m, 2H, CH,ONPPOC), 4.24 (m,
2H, OCH,CHCHs), 7.31 (m, 1H, ArH), 7.43 (m, 1H, ArH), 7.52 (m, 1H, ArH), 7.70 (m, 1H, ArH); *C NMR
(100.6 MHz, CDCls, 8, ppm): 17.6, 31.5, 33.2, 58.7, 65.1, 71.4, 124.2, 127.5, 128.2, 132.7, 136.8, 150.1,
155.1.

Protocol 2: To a stirred solution of 1,3-propanediol 45 (3.97 g, 50 mmol, 5.1 eq.) in 10 mL anhydrous
pyridine : anhydrous DCM (1 :1; v : v), NPPOC chloride (2.48 g, 9.7 mmol, 1.0 eq.) in 40 mL anh. DCM
was added dropwise at RT and under argon atmosphere. The reaction mixture was stirred overnight
until the reaction was quenched by addition of MeOH. The solvent was removed, 50 mL NaHCO:s (sat.,
aq.) were added and it was extracted with EtOAc (3x 50 mL). The combined organic layer was washed
with 100 mL NaHCOs; (sat., aq.), brine (2x 50 mL), dried over Na,SO,, filtered and the solvent was
removed. The yellow crude oil was purified by column chromatography (SiO2 vs 33 v% - 50 v% EtOAc
in cyclohexane) to obtain 2632.8 mg (9.3 mmol, 96 %) of the product as a pale yellow oil.
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3.1.2 Phosphoramidite monomer 47

I
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To a solution of mono-protected diol 46 (2.63 g, 9.3 mmol, 1.0 eq.) in 20 mL anhydrous DCM, were
added DIPEA (13.80 g, 58.3 mmol, 6 eq.) and molecular sieves (3 A) under argon atmosphere at 0 °C.
To the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (2.30 g,
9.7 mmol, 1.05 eq.) was then added. The reaction mixture was stirred at 0 °C for 1 h and then allowed
to warm to RT for 30 min. The solvent was removed and the residue purified by column
chromatography (SiO, vs 33 v% EtOAc in cyclohexane + 2 v% DIPEA) to obtain 4.1856 mg (8.7 mmol,
94 %) of the product as a pale yellow oil.

N

HRMS m/z: [M+H]* calculated for C2H3sN30,P* 484.2207; found, 484.2206; *H NMR (400 MHz, CDCls,
6, ppm): 1.11 (m, 12H, N(CH(CH3)3),), 1.31 (m, 3H, OCH,CHCH35), 1.88 (m, 2H, POCH,CH,CH,ONPPQC),
2.57 (m, 2H, POCH,CH,CN), 3.65 (m, 7H, POCH,CH,CN, OCH,CHCHs, N(CH(CH3)2),
POCH,CH,CH,ONPPQOC), 4.16 (m, 2H, POCH,CH,CH,ONPPOC), 4.24 (m, 2H, OCH,CHCH3), 7.32 (m, 1H,
ArH), 7.43 (m, 1H, ArH), 7.52 (m, 1H, ArH), 7.70 (m, 1H, ArH); 3C NMR (100.6 MHz, CDCls, &, ppm):
17.7,20.3,24.5,30.2, 33.2,42.9, 58.3,59.6, 64.9, 71.2, 117.6, 124.2, 127.5, 128.2, 132.7, 136.8, 150.2,
154.9; 3P NMR (161.9 MHz, CDCl, 6, ppm): 147.7.

3.1.3 NPPOC-protected alcohol 49

o
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To a stirred solution of 2,2-dimethyl-1,3-propanediol 48 (1249.0 mg, 12.0 mmol, 1.2 eq.) in 10 mL
anhydrous pyridine, NPPOC chloride (2558.5 mg, 10.0 mmol, 1.0 eq.) in 20 mL anhydrous DCM was
added dropwise at RT and under argon atmosphere. The reaction mixture was stirred overnight until
the reaction was quenched by addition of MeOH. The solvent was removed, 50 mL NaHCOs (sat., aq.)
were added and it was extracted with EtOAc (3x 50 mL). The combined organic layer was washed with
50 mL NaHCO;s (sat., aq.), brine (2x 25 mL), dried over Na,SQ, filtered and the solvent was removed.
The yellow crude oil was purified by column chromatography (SiO, vs 10 v% = 50 v% EtOAc in
cyclohexane) to obtain 2604.6 mg (8.4 mmol, 84 %) of the product as a pale yellow oil.

HRMS m/z: [M+H]* calcd for C1sH2,N306* 321.1442; found, 321.1452; 'H NMR (400 MHz, CDCls, 6, ppm):
0.91 (s, 6H, HOCH,C(CH3),CH,ONPPOC), 1.38 (m, 3H, OCH,CHCHs3), 1.99 (bs, 1H, HOCH,), 3.31 (m, 2H,
HOCH;), 3.77 (m, 1H, OCH>CHCH3), 3.95 (m, 2H, CH,ONPPOC), 4.31 (m, 2H, OCH,CHCHs), 7.38 (m, 1H,
ArH), 7.48 (m, 1H, ArH), 7.58 (m, 1H, ArH), 7.78 (m, 1H, ArH); *C NMR (100.6 MHz, CDCls, &, ppm):
17.8,21.4,33.4,36.6,68.2,71.8,73.1,124.5, 127.8, 128.4, 132.9, 137.0, 150.5, 155.8.
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3.14 Phosphoramidite monomer 50
}° 2
N/P\O o” O
)\ /><\ 5/"‘02

To a solution of mono-protected diol 49 (2600.0 mg, 8.4 mmol, 1.0 eq.) in 15 mL anhydrous DCM, were
added DIPEA (6.69 mL, 51.8 mmol, 6 eq.) and molecular sieves (3 A) at 0 °C under argon atmosphere.
2-Cyanoethyl-N,N-diisopropylchlorophosphoramidite (2107.7 mg, 8.8 mmol, 1.05 eq.) was then added
to the stirring mixture. The reaction mixture was stirred at 0 °C for another hour and then allowed to
warm to RT for 30 min. The solvent was removed and the residue purified by column chromatography
(SiO2 vs 33 v% EtOAc in cyclohexane + 2 v% DIPEA) to obtain 3238.8 mg (6.3 mmol, 76 %) of the product
as a colorless oil.

N

HRMS m/z: [M+H]* calcd for CasH39N3O7P* 512.2520; found, 512.2509; *H NMR (400 MHz, CDCls, 6,
ppm): 0.93 (s, 6H, POCH,C(CH3),CH,ONPPOC), 1.17 (m, 12H, N(CH(CHs),)2), 1.38 (m, 3H, OCH,CHCHs),
2.62 (m, 2H, OCH,CH,CN), 3.37 (m, 2H, POCH,C(CHs),CH,ONPPOC), 3.70 (m, 5H, POCH,CH.CN,
OCH,CHCHs, N(CH(CHs)2)), 3.92 (m, 2H, POCH,C(CHs),CH,ONPPOC), 4.29 (m, 2H, OCH,CHCHs), 7.38
(m, 1H, ArH), 7.48 (m, 1H, ArH), 7.57 (m, 1H, ArH), 7.78 (m, 1H, ArH); 23C NMR (100.6 MHz, CDCls, §,
ppm): 18.0, 20.5, 21.7, 24.7, 33.5, 36.1, 43.3, 58.4, 69.1, 71.5, 73.1, 117.8, 124.4, 127.7, 128.4, 132.8,
137.1, 150.4, 155.3; 3'P NMR (161.9 MHz, CDCls, §, ppm): 148.0.

3.1.5 DMT-protected alcohol 51

To a stirred solution of 1,3-propanediol 45 (915.0 mg, 12.0 mmol, 1.2 eq.) in 75 mL THF (anh.) : pyridine
(anh.)=3:2 (v:v) 4,4’ -dimethoxytrityl chloride (3.39 g, 10.0 mmol, 1.0 eq.) was added in four intervals
of each 40 min at RT and under argon atmosphere. The reaction mixture was stirred overnight until
the reaction was quenched by the addition of MeOH. The solvent was removed, 200 mL NaHCO; (sat.,
aq.) were added and it was extracted with EtOAc (4x 50 mL). The combined organic layer was washed
with brine (2x 50 mL), dried over Na,SQ,, filtered and the solvent was removed. The yellow crude oil
was purified by column chromatography (SiO2 vs 20 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain
2.566 g (5.6 mmol, 89 %) of the product as a colorless oil.

'H NMR (400.1 MHz, CDCl3, &, ppm): 1.86 (m, 2H, CH,CH,OH), 2.25 (m, 1H, CH,OH), 3.29 (m, 2H,
CH,0ODMT), 3.78 (m, 2H, CH,0H), 3.79 (s, 6H, ArOCHs), 6.84 (m, 4H, ArH), 7.22 (m, 1H, ArH), 7.30 (m,
2H, ArH), 7.33 (m, 4H, ArH), 7.44 (m, 2H, ArH).

The analysis data harmonizes with the reported values in the literature.*”!
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3.16 Phosphoramidite Monomer 52

To a solution of mono-protected diol 51 (2.47 g, 6.5 mmol, 1.0 eq.) in 15 mL anhydrous DCM, were
added DIPEA (5.07 g, 39.2 mmol, 6 eq.) and molecular sieves (3 A) under argon atmosphere at 0 °C. To
the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.62 g, 6.8 mmaol,
1.05 eq.) was then added. The reaction mixture was stirred at 0 °C for 1 h and then allowed to warm
to RT for 30 min. The solvent was removed and the residue purified by column chromatography (SiO2
vs 25 v% EtOAc in cyclohexane + 2 v% DIPEA) to obtain 3524.0 mg (6.1 mmol, 93 %) of the product as
a colorless oil.

'H NMR (400.1 MHz, CDCls, §, ppm): 1.15 (m, 12H, N(CH(CH3),)2), 1.93 (m, 2H, CH,CH,ODMT), 2.55 (m,
2H, OCH,CH,CN), .317 (m, 2H, CH,ODMT), 3.50-3.86 (m, 6H, OCH,CH,CN, N(CH(CH3)2),, POCH,C(CH3).),
3.79 (s, 6H, ArOCHs), 6.82 (m, 4H, ArH), 7.20 (m, 1H, ArH), 7.28 (m, 2H, ArH), 7.32 (m, 4H, ArH), 7.44
(m, 2H, ArH).

The analysis data harmonizes with the reported values in the literature.®*”!

3.1.7 DMT-protected alcohol 53

To a stirred solution of 2,2-dimethyl-1,3-propanediol 48 (1.25 g, 12.0 mmol, 1.2 eq.) in 20 ML THF (anh.)
: pyridine (anh.) = 3 :2 (v : v) 4,4’-dimethoxytrityl chloride (3.39 g, 10.0 mmol, 1.0 eq.) was added in
four intervals of each 40 min at RT and under argon atmosphere. The reaction mixture was stirred
overnight until the reaction was quenched by the addition of MeOH. The solvent was removed, 200 mL
NaHCOs (sat., ag.) were added and it was extracted with EtOAc (4x 50 mL). The combined organic layer
was washed with brine (2x 50 mL), dried over Na,SOy, filtered and the solvent was removed. The yellow
crude oil was purified by column chromatography (SiO, vs 20 v% EtOAc in cyclohexane + 3 v% DIPEA)
to obtain 2.86 g (7.6 mmol, 76 %) of the product as a colorless oil.

'H NMR (400.1 MHz, CDCls, 6, ppm): 0.93 (s, 6H, C(CHs)2), 2.23 (t, 3/ = 6.1 Hz, 1H, CH,0H), 2.96 (s, 2H,
CH,ODMT), 3.42 (d, 3/ = 6.1 Hz, 2H, CH,0H), 3.79 (s, 6H, ArOCHs), 6.84 (m, 4H, ArH), 7.21 (m, 1H, ArH),
7.28 (m, 2H, ArH), 7.32 (m, 4H, ArH), 7.43 (m, 2H, ArH).

The analysis data harmonizes with the reported values in the literature!®® where spectra were
recorded in deuterated acetone.
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3.1.8 Phosphoramidite Monomer 54

N

O
)\)N:\o/><\o O
g

To a solution of mono-protected diol 53 (2.62 g, 6.4 mmol, 1.0 eq.) in 16 mL anhydrous DCM, were
added DIPEA (5.1 g, 39.3 mmol, 6.1 eq.) and molecular sieves (3 A) at 0 °C under argon atmosphere. 2-
Cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.60 g, 6.8 mmol, 1.05 eq.) was then added to the
stirring mixture. The reaction mixture was stirred at 0 °C for another hour and then allowed to warm
to RT for 30 min. The solvent was removed and the residue purified by column chromatography (SiO2
vs 20 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 3.76 g (6.2 mmol, 96 %) of the product as a
colorless oil.

'H NMR (400.1 MHz, CDCls, 6, ppm): 0.93 (m, 6H, C(CHs)2), 1.14 (m, 12H, N(CH(CHs)2)2), 2.52 (m, 2H,
OCH,CH,CN), 2.88 (m, 2H, CH,ODMT), 3.35-3.73 (m, 6H, OCH,CH,CN, N(CH(CHs),), POCH,C(CHs),),
3.79 (s, 6H, ArOCHs), 6.81 (m, 4H, ArH), 7.19 (m, 1H, ArH), 7.27 (m, 2H, ArH), 7.31 (m, 4H, ArH), 7.43
(m, 2H, ArH).

The analysis data harmonizes with the reported values in the literature!® where spectra were
recorded in deuterated acetone.
3.2 Support Synthesis

Synthetic access to solid polystyrene support 56 following Scheme V-5 is described below.

2 2 SN
HO N
Ho%o 0" E _— W/\)\o%o 0~ E _— Q v}’/ No%o 0~ E
NO, o NO, [¢] NO,
49 55 56

Scheme V-5: Overview of solid polystyrene support synthesis.

3.2.1 Succinic ester 55
(o] (o]
o} NO,

Precursor alcohol 49 (357.8 mg, 1.2 mmol, 1.0 eq.) was co-evaporated with 5 mL of pyridine (anh.),
dried under vacuum for 30 min, and reacted with succinic anhydride (273.9 mg, 2.7 mmol, 2.5 eq.) and
DMAP (211.5 mg, 1.5 mmol, 1.3 eq.) in 5 mL of pyridine (anh.) at 35 °C overnight and allowed to cool
to RT. The reaction was quenched with methanol, and the solvent was removed. The resulting slurry
oil was taken in 40 mL EtOAc, washed with 20 mL H,0, 20 mL K;HPO, (sat., aqg., pH 5.0) and brine
(3x 20 mL). The organic phase was dried over Na,SO,, filtered and the solvent was removed to obtain
481.9 mg (1.2 mmol, quant.) of the product as a yellow oil.

'H NMR (400.1 MHz, CDCls, 8, ppm): 0.88 (s, 6H, CH>C(CHs)>CH,), 1.30 (m, 3H, OCH,CHCH3), 2.59 (m,
4H, CH,C00), 3.66 (m, 1H, OCH,CHCH), 3.64 (m, 4H, CH,OCO), 4.23 (m, 2H, OCH,CHCH3), 7.31 (m, 1H,
ArH), 7.43 (m, 1H, ArH), 7.52 (m, 1H, ArH), 7.69 (m, 1H, ArH), 10.77 (bs, 1H, COOH); 3C NMR
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(100.6 MHz, CDCls, 6, ppm): 17.63, 21.3, 28.7, 28.8, 33.2, 34.8, 69.2, 71.4, 72.6, 124.2, 127.5, 128.2,
132.7,136.7, 150.2, 155.0, 171.7, 177.8.

3.2.2 Polystyrene Support 56
H (o] o
( V”No%o*og
o NO,

To a homemade peptide synthesis reaction vessel equipped with a fritted glass plate and a stopcock,
aminomethylated polystyrene resin (795.0 mg, loading: 1.4 mmol-g™%, 1.1 mmol functionalities, 1.0 eq.)
was charged and washed with DCM (anh.) (2x 5 mL), dried under vacuum and purged with argon. A
solution of succinic ester 55 (481.9 mg, 1.2 mmol, 1.1 eq.), DMAP (210.3 mg, 1.7 mmol, 1.5 eq.), and
DCC (380.0 mg, 1.7 mmol, 1.5 eq.) in 10 mL DCM (anh.) was prepared under argon atmosphere and
transferred to the reaction vessel which was then shaken overnight at RT. The resin was then washed
with DCM (3x 5 mL), MeOH (3x 5 mL), MeCN (3x 5 mL), and Et,0 (3x 5 mL) and dried under vacuum for
3 h. The unreacted amino groups were capped with 2 mL acetic anhydride in 8 mL pyr (anh.) while
shaking for 2 h. The resin was finally washed with DCM (3x 5 mL), MeCN (3x 5 mL), and Et,O (3x 5 mL)
and dried under vacuum overnight.

The loading of the support was determined by the added weight during immobilization to find a loading
of 0.65 mmol-g™.

3.3 Photocontrolled Liquid-phase Oligo(phosphodiester) Synthesis

The coupling and oxidation steps were adapted from a previous procedure® and reagents and
solutions that were described earlier (see Experimental Section: 2.4.1 Manual Synthesis on Solid
Polystyrene Supports, p. 149f.) were employed. In brief, the hydroxyl-terminated polymer 57 was
charged to a round-bottom flask under argon atmosphere. 2 Equiv. of a phosphoramidite monomer
(either monomer 47, 50, 52, or 54) dissolved in anhydrous DCM (1 mL per 100 mg polymer) were added
under argon. The resulting solution was stirred and 8 equiv. of tetrazole (0.45 M in MeCN) were added
and the reaction mixture was stirred at RT for 15 min. Then, oxidizing solution (1 mL per 100 mg
polymer) was added and the reaction mixture was left stirring for another 15 min. After removal of
solvent, the slurry was taken in DCM (1 mL per 100 mg polymer) and precipitated in ice-cold methanol
(10 mL per 100 mg polymer). The mixture was centrifuged, the supernatant liquid decanted off and
the precipitate was washed with ice-cold MeOH.

For the photodeprotection step, a solution of 2 mg:-mL! NPPOC-terminated polymer in 50 mM
piperidine in CHCI; was prepared under argon atmosphere. Under exclusion of air, vials were charged
with such solution to a max. 3 cm fill level. The vials were placed on the glass surface of a UV lamp
(Vilber Lourmat). The solution was irradiated for 180 min, then combined and neutralized by dropwise
adding of a solution of 3 w% TCA in DCM. The solvent was removed and the slurry was taken in DCM
(1 mL per 100 mg polymer). The formed polystyrene-b-oligo(phosphodiester) conjugate was then
precipitated in MeOH as described above. Cycles of coupling, oxidation, and photodeprotection steps
were repeated until the desired sequences were obtained.

The polystyrene-b-oligo(phosphodiester) conjugate was dissolved in 1,4-dioxane (1 mL per 100 mg
polymer) and stirred. Then, a1 : 1 (v : v) mixture of NHs (aqg., 28 w%) and MeNH; (aq., 40 w%) (1 mL
per 100 mg polymer) was added. After 30 min, the solvent was removed and by means of sonication
the slurry was taken in acetonitrile (1 mL per 100 mg polymer) and precipitated in ice-cold methanol
(10 mL per 100 mg polymer). During centrifugation/methanol washing steps, the supernatant liquid
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was collected and the solvent of the combined phase was removed to obtain the desired sequences
$17, $18, and S23.

When using DMT-protected monomer 52 or 54 in the last coupling step of the iterative process, the
formed polystyrene-b-oligo(phosphodiester) conjugate contains a terminal DMT group allowing
reverse phase purification. After cleavage from the soluble support, the DMT-capped
oligo(phosphodiester) was dissolved in a mixture of 1 mL NHs (aq., 28 w%) and 1 mL NaCl solution (aq.,
10 w%) and it was subject to a DMT-ON purification (see Experimental Section: 1.2.3.2 Manual DMT-
ON Purification, p. 137) to obtain purified sequences $19-S22.

The scale of synthesis as well as the yields that were obtained during the synthesis of $17-S23 are listed
below in Table V-1 and Table V-2.

Table V-1: Yields obtained during synthesis of $17-S22 for coupling/oxidation i)/ii), photodeprotection iii) and
cleavage iv).

cycle 1 cycle 2 cycle 3 cleavage
i) ii) jii) i) ii) jii) i) ii) jii) iv)
662.7 mg 605.7 mg 606.8 mg 545 mg 133.8 mg 117.7 mg 4.3 mg

S17
97 % 97 % 96 % 97 % 90 % 97 % 53 %

409.6 mg 360.4 mg
S23 same as S17  same as S17  sameas S17  same as S17. -

95 % 95 %
309.0 353.8 mg 241.0 mg 204.7 mg 56.0 mg 45.9 mg 4.3 mg
S18
92 % 90 % 93 % 90 % 84 % 89 % 84 %
65.3mg 7.0 mg
S19 same as S18 same asS18 sameasS18  same as S18 -
84 % 99 %
58.8 mg 5.2mg
S20 same as S18 same asS18 sameasS18  same as S18 -
76 % 80 %
98.0 mg 78.0 mg 30.0 mg 2.4 mg
S21 same as S18.  same as S18 -
76 % 90 % 75 % 83 %
24.4 mg 2.1mg
S22 same as S18 sameasS18 sameasS21  same as S18 -
57 % 87 %

Table V-2: Yields obtained during synthesis of $23 for coupling/oxidation i)/ii), photodeprotection iii) and
cleavage iv).

cycle 4 cycle 5 cleavage
i) ii) fii) i) ii) fii) iv)
326.4 mg 297.7 mg 253.5mg 215.7 mg 8.3 mg

§23
99 % 99 % 80 % 96 % 80 %
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4 Experimental Protocols Chapter IV
4.1 Monomer Synthesis Targeting Nitrobenzylamines

411 Synthesis of a DMT-protected Precursor

The synthesis of a DMT-protected precursor molecule 61 is shown in Scheme V-6 and followingly
described.

HO™ > oH > HO™ ™o > HO™™"opmT R HO™ ™ opmT
NH, HN. HN. NH,
Fmoc Fmoc

58 59 60 61

Scheme V-6: Overview synthesis of a DMT-protected precursor 61 for a subsequent nitrobenzylation reaction.

4.1.1.1 Fmoc-protected Serinol 59
Ho/\/\OH

O.__NH
Y

To a stirred solution of serinol 58 (2.77 g, 30.4 mmol, 1.0 eq.) in 75 mL Na,COs (aqg., 10 w%) and 40 mL
1,4-dioxane was added Fmoc-Cl (7.96 g, 30.4 mmol) at 0 °C and it was stirred overnight and thereby
the reaction mixture was allowed to reach RT. The solvent was removed and the residue was taken in
50 mL EtOAc, 100 mL H,O was added and it was extracted with EtOAc (5x 100 mL). The combined
organic layer was washed with brine (2x 50 mL), dried over Na,SQO,, filtered and the solvent was
removed. The product was purified by recrystallization in 1,4-dioxane over cyclohexane to obtain
7.42 g (23.7 mmol, 78 %) of the product as colorless cotton-like crystals.

'H NMR (400.1 MHz, CDCls, 8, ppm): 2.23 (bs, 2H, CH,0H); 3.73 (m, 1H, CHN), 3.83 (m, 4H, CH,OH),
4.22 (t, 3/ = 6.7 Hz, 1H, CHCH,OCON), 4.45 (d, 3/ = 6.7 Hz, 2H, CHCH,OCON), 5.43 (bs, 1H, OCONHCH),
7.32 (m, 2H, ArH), 7.41 (m, 2H, ArH), 7.60 (m, 2H, ArH), 7.77 (m, 2H, ArH).

The analysis data harmonizes with the reported values in the literature.®%!

4.1.1.2 Fmoc-protected Precursor 60

a0

To a stirred solution of Fmoc-protected serinol 59 (1147.6 mg, 3.7 mmol, 1.0 eq.) in 15 mL THF (anh.)
: pyridine (anh.) =3 : 2 (v : v) 4,4’-dimethoxytrityl chloride (1254.6 mg, 3.7 mmol, 1.0 eq.) was added
in three intervals of each 40 min at RT and under argon atmosphere and it was stirred for 2.5 h. The
solvent was removed, 100 mL NaHCOs; (sat., aq.) were added and it was extracted with EtOAc
(4x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SQO,, filtered
and the solvent was removed. The yellow crude oil was purified by column chromatography (SiO; vs
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50 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 1361.6 mg (2.2 mmol, 60 %) of the product as a
colorless oil.

'H NMR (400.1 MHz, CDCls, &, ppm): 1.05 (m, 1H, CH20H), 3.33 (CH,ODMT), 3.77 (m, 6H, AromrOCHs),
3.84 (m, 3H, CH,OH, CHNCOO), 4.22 (t, ) = 7.2 Hz, 1H, CHCH,OCON), 4.39 (d, 3/ = 7.2 Hz, 2H,
CHCH,OCON), 5.34 (m, 1H, CHNHCOO), 6.83 (m, 4H, AropwmrH), 7.22 (m, 1H, AromrH), 7.27 (m, 2H,
AFDMTH), 7.31 (m, 6H, ArpmocH, AFDMTH), 7.40 (m, 4H, ArpmocH, AFDMTH), 7.60 (m, 2H, AI’FmocH), 7.77 (m,
2H, AremocH).

The analysis data harmonizes with the reported values in the literature. %!

4.1.1.3 DMT-protected Precursor 61

Fmoc-protected precursor 60 (490 mg, 0.8 mmol) was dissolved in 20 v% piperidine in DCM and stirred
for 60 min at RT. The solvent was removed and the residue purified by column chromatography (SiO>
vs 2.5 v% - 10 v% MeOH in DCM + 3 v% DIPEA) to obtain 257.9 mg (0.7 mmol, 82 %) of the product
as a colorless oil.

IH NMR (400.1 MHz, CDCls, 6, ppm): 3.08 (m, 1H, CHNH.); 3.13 (CH,ODMT), 3.56 (m, 2H, CH,OH), 3.78

(m, 6H, AI"DMTOC_HQ), 6.83 (m, 4H, AFDMTH), 7.21 (m, 1H, AFDMTH), 7.27 (m, 2H, AFDMTH), 7.30 (m, 4H,
AFDMTH), 7.41 (m, 2H, AFDMTH).

The analysis data harmonizes with the reported values in the literature.3%

4.1.2 Synthesis of Nitrobenzylamine-containing Phosphoramidite Monomers

The synthesis of nitrobenzylamine-containing phosphoramidite monomers shown in Scheme V-6 is
described in the following section.

Ho/\ﬁOH » HO OH » HO OoDMT > )\N’P\O/\(\ODMT
NH, HN HN Ao om
58 R4 R4 R4
Ry Ry Ry
R, R, R,
para-nitro 63 para-nitro 62 para-nitro 64
ortho-nitro 65
ortho-nitroveratryl 66 para-nitro 63, 62, 64: R, =H; R,=NO,; R3=H
ortho-nitro 65 :R;=NO, R,=H; Ry=H

ortho-nitroveratryl 66: R; = NO,; R, = OCH,; R; = OCH,

Scheme V-7: Overview synthesis of nitrobenzylamine-containing phosphoramidite monomer 64 and different
nitrobenzylated serinols 63, 65, and 66.

4.1.2.1 Nitrobenzylated Serinol 63

HN

NO,
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A suspension of serinol 58 (538.1 mg, 5.9 mmol, 1.0 eq.), 4-nitrobenzaldehyde 67 (890.7 mg, 5.9 mmol,
1.0 eq.) and Na,S04(3382.6 mg, 23.8 mmol, 4.0 eq.) in MeOH was stirred at RT overnight. At 0 °C NaBH,
(238.0 mg, 5.9 mmol, 1.0 eq.) was added to that reaction mixture and after 60 min (after full conversion
of the intermediate imine as monitored by TLC) the reaction mixture was filtered. The solvent was
removed from the filtrate and the residue was purified by column chromatography (SiO; vs 3 v% =
10 v% MeOH in DCM + 2 v% DIPEA) to obtain 1149.6 mg (5.1 mmol, 86 %) of the product as a yellow
crystalline solid.

'H NMR (400.1 MHz, CDsOD, &, ppm): 2.72 (m, 1H, CHCH,OH), 3.60 (m, 4H, CHCH,OH), 3.99 (s, 2H,
NCH,Ph), 7.63 (m, 2H, ArH), 8.20 (m, 2H, ArH); 3C NMR (100.6 MHz, CDs0D, 8, ppm): 51.4, 61.3, 62.5,
124.5,130.2, 148.4, 149.4.

The analysis data harmonizes with the reported values in the literature®®* where the NMR was
recorded in CDCls.

4.1.2.2 Nitrobenzylated Serinol 65

Ho/\/\OH
HN

A suspension of serinol 58 (548.0 mg, 6.0 mmol, 1.0 eq.), 2-nitrobenzaldehyde 68 (927.7 mg, 6.0 mmol,
1.0 eq.) and Na;S0,4 (3426.2 mg, 24.0 mmol, 4.0 eq.) in MeOH was stirred at RT overnight. At 0 °C NaBH,4
(250.6 mg, 6.6 mmol, 1.1 eq.) was added to that reaction mixture and after stirring overnight, the
reaction mixture was filtered. The solvent was removed from the filtrate and the residue was purified
by column chromatography (SiO; vs 3 v% - 10 v% MeOH in DCM + 2 v% DIPEA) to obtain 1203.6 mg
(5.3 mmol, 88 %) of the product as a yellow crystalline solid.

'H NMR (400.1 MHz, CDs0D, &, ppm): 2.72 (m, 1H, CHCH,0H), 3.57 (m, 4H, CHCH,0H), 4.11 (s, 2H,

NCH,Ph) , 7.50 (m, 1H, ArH) , 7.66 (m, 1H, ArH) , 7.70 (m, 1H, ArH), 7.99 (m, 1H, ArH); 3C NMR
(100.6 MHz, CDsOD, &, ppm): 49.2, 61.3, 62.5, 125.8, 129.5, 132.9, 134.4, 135.8, 150.5.

4.1.2.3 Nitrobenzylated Serinol 66

Ho/\/\OH

NO,

N

A suspension of serinol 58 (1132.7 mg, 12.4 mmol, 1.1 eq.), 2-nitroveratraldehyde 69 (2392.7 mg,
11.3 mmol, 1.0 eq.) and Na,S0,4 (6639.2 mg, 46.7 mmol, 4.1 eq.) in MeOH was stirred at RT overnight.
At 0 °C NaBH, (463.3 mg, 12.2 mmol, 1.1 eq.) was added to that reaction mixture and after 60 min
(after full conversion of the intermediate imine as monitored by TLC) the reaction mixture was filtered.
The solvent was removed from the filtrate and the residue was purified by column chromatography
(SiO2 vs 3 v% - 10 v% MeOH in DCM + 2 v% DIPEA) to obtain 2578.1 mg (9.0 mmol, 80 %) of the
product as a yellow crystalline solid.

'H NMR (400.1 MHz, CDs0D, &, ppm): 2.74 (m, 1H, CHCH,OH), 3.59 (m, 4H, CHCH,OH), 3.90 (s, 3H,
ArOCHs), 3.97 (s, 3H, ArOCHs), 4.12 (s, 2H, NCH.Ph) , 7.27 (s, 1H, ArH) , 7.69 (s, 1H, ArH); *C NMR
(100.6 MHz, CDsOD, &, ppm): 49.5, 56.8, 56.9, 61.3, 62.7, 109.5, 114.7, 131.4, 142.4, 149.4, 154.8.
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4.1.2.4 DMT-protected Nitrobenzylated Serinol 62

To a stirred solution of nitrobenzylated serinol 63 (502.2 mg, 2.2 mmol, 2.0 eq.) in 7.5 mL
THF (anh.) : pyridine (anh.)=3:2 (v:v) 4,4’-dimethoxytrityl chloride (376.8 mg, 1.1 mmol, 1.0 eq.) was
added in four intervals of each 40 min at RT and under argon atmosphere and it was stirred overnight.
The solvent was removed, 20 mL NaHCOs (sat., ag.) were added and it was extracted with EtOAc
(4x 20 mL). The combined organic layer was washed with brine (2x 20 mL), dried over Na;SQ,, filtered
and the solvent was removed. The yellow crude oil was purified by column chromatography (SiO; vs
20 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 180.4 mg (0.3 mmol, 31 %) of the product as a
colorless oil. Non-reacted starting material 63 was thereby quantitatively recovered.

'H NMR (400.1 MHz, CDs0D, &, ppm): 2.78 (m, 1H, CHCH,OH), 3.17 (m, 2H, CH,ODMT), 3.61 (m, 2H,
CHCH,OH), 3.77 (s, 6H, ArOCHs), 3.83 (bs, 2H, NCH,Ph), 6.82 (m, 4H, AromrH), 7.19 (m, 1H, AromrH), 7.26
(m, 6H, ArpmrH), 7.39 (m, 2H, ArpmrH), 7.51 (m, 2H, ArxgH), 8.15 (m, 2H, ArxgH); 3C NMR (100.6 MHz,
CDsOD, &, ppm): 51.4, 55.7, 59.9, 63.2, 64.2, 87.5, 114.0, 124.4, 127.7, 128.7, 129.2, 130.0, 131.1,
137.2, 146.4, 148.1, 149.4, 159.9.

4.1.2.5 Nitrobenzylamine Phosphoramidite Monomer 64
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N
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To a solution of DMT-protected nitrobenzylated Serinol 62 (600.0 mg, 1.1 mmol, 1.0 eq.) in 3 mL DCM
(anh.) was added DIPEA (980.0 mg, 7.6 mmol, 6.7 eq.) and molecular sieves (3 A) under argon
atmosphere at 0 °C. To the stirring  reaction mixture  2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (310.5 mg, 1.3 mmol, 1.15 eq.) was then added. The reaction
mixture was stirred at 0 °C for 30 min and then allowed to warm to RT for 30 min. The solvent was
removed and the residue purified by column chromatography (SiO; vs 33 v% EtOAc in cyclohexane +
3 v% DIPEA) to obtain 624.2 mg (0.9 mmol, 75 %) of the product as a colorless foam.

'H NMR (400.1 MHz, CDCls, &, ppm): 1.14 (m, 12H, N(CH(CHs))2), 2.55 (m, 2H, CH.CH,C=N), 2.91
(CHNHBn), 3.19 (m, 2H, CH,ODMT), 3.65 (m, 6H, CH.CH,C=N, N(CH(CHs),)2, CH,OP), 3.79 (s, 6H,
ArOCHs), 3.84 (bs, 2H, PhCH,0), 6.80 (m, 4H, ArpmrH), 7.20 (m, 1H, ArpmrH), 7.27 (m, 2H, ArpurH), 7.29
(m, 4H, AromrH), 7.40 (m, 2H, ArpmrH), 7.46 (m, 2H, ArygH), 8.14 (m, 2H, ArysH); 3P NMR (161.9 MHz,
CDCls, &, ppm): 148.1.
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4.2 Monomer Synthesis Targeting Nitrobenzyl-protected 9-Fluorenyl Carbamates

Details to the synthesis of nitrobenzylated 9-fluorenyl carbamate phosphoramidite monomers
depicted in Scheme V-8 are followingly presented.

_N
HO™ ™ oH N HO™ > oH HO™ > opmT )\ EM
> > NP~

N N
Fmoc™ Fmoc™ )\ OMODMT
N
Ry Ry Ry Fmoc”
R
Ry Rs Rs

Ry Ry Ry Ry
R,
para-nitro 63 para-nitro 70 para-nitro 71 para-nitro 72
ortho-nitro 65 ortho-nitro 73 ortho-nitro 74 ortho-nitro 75
ortho-nitroveratryl 66 ortho-nitroveratryl 76 ortho-nitroveratryl 77 ortho-nitroveratryl 78

para-nitro 63, 70,71, 72: R, =H; R,=NO,; R;=H
ortho-nitro 65, 73, 74, 75: R, = NO,; R, = H; Ry=H
ortho-nitroveratryl 66, 76, 77, 78: R, = NO,; R, = OCH3; R; = OCH,

Scheme V-8: Overview synthesis of nitrobenzylated 9-fluorenyl carbamate phosphoramidite monomers 72, 75,
and 78.

421 Nitrobenzylated Carbamate 70

St
aii

NO,

To a stirred solution of nitrobenzylated serinol 63 (2.25 mg, 10 mmol mmol, 1.0 eq.) in 50 mL Na,COs;
(ag., 10 w%) and 100 mL 1,4-dioxane was added Fmoc-Cl (2.6 g, 10 mmol, 1.0 eq.) at 0 °C and it was
stirred overnight and thereby the reaction mixture was allowed to reach RT. The solvent was removed
and the residue was taken in 50 mL EtOAc, 100 mL H,O was added and it was extracted with EtOAc
(4x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SQ,, filtered
and the residue was purified by column chromatography (SiO; vs 50 v% - 80 v% EtOAc in cyclohexane)
to obtain 2.59 g (5.8 mmol, 58 %) of the product as a colorless foam.

IH NMR (400.1 MHz, CDCls, &, ppm): 3.32 (m, 1H, CHCH,OH), 3.70 (m, 4H, CHCH,OH), 3.78 (bs, 2H,
CH,OH), 4.05 (m, 1H, CHCH,OCON), 4.23 (bs, 2H, NCH,Ph), 4.56 (m, 2H, CHCH,OCON), 7.00 (m, 2H,
AremocH), 7.20 (M, 2H, ArtmocH), 7.33 (M, 4H, ArmocH), 7.61 (m, 2H, ArngH), 7.95 (m, 2H, ArxsH); 23C NMR
(100.6 MHz, CDCls, 8, ppm): 47.0, 49.7, 60.7, 61.5, 66.9, 119.8, 123.4, 124.2, 126.9, 127.1, 127.6, 141.1,
143.3, 145.7, 146.7, 157.0.

4.2.2 DMT-protected Precursor 71

To a stirred solution of nitrobenzylated carbamate 70 (2.45 g, 5.5 mmol, 1.0 eq.) in 15 mL
THF (anh.) : pyridine (anh.) = 3 : 2 (v : v) 4,4’-dimethoxytrityl chloride (1852.6 mg, 5.5 mmol, 1.0 eq.)
was added in three intervals of each 40 min at RT and under argon atmosphere and it was stirred
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overnight. The solvent was removed, 50 mL NaHCO; (sat., aq.) were added and it was extracted with
EtOAc (3x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na;SO,,
filtered and the solvent was removed. The yellow crude oil was purified by column chromatography
(SiO2 vs 50 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 1629.4 mg (2.2 mmol, 40 %) of the product
as a colorless oil.

IH NMR (400.1 MHz, CDs0D, &, ppm): 2.34 (m, 1H, CH,OH), 2.93 (m, 1H, CHCH,OH), 3.30 (m, 2H,
CH,ODMT), 3.70 (m, 2H, CHCH,OH), 3.77 (s, 6H, AromrOCHs), 3.96 (m, 1H, CHCH,OCON), 4.20 (m, 2H,
NCH,Ph), 4.64 (m, 2H, CHCH,OCON), 6.62 (m, 4H, AromtH), 6.89 (M, 2H, AremecH), 7.12 (m, 1H, AromrH),
7.25 (m, 12H, AremocH, AromrH), 7.36 (m, 2H, AromrH), 7.61 (m, 2H, ArxgH), 7.90 (m, 2H, ArxsH).

423 Nitrobenzylated Carbamate Phosphoramidite Monomer 72

)\N’P\O i o
OSSR Y

To a solution of DMT-protected precursor 71 (1459.9 mg, 1.9 mmol, 1.0 eq.) in 10 mL DCM (anh.) was
added DIPEA (1557.9 mg, 12.0 mmol, 6.2 eq.) and molecular sieves (3 A) under argon atmosphere at
0 °C. To the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (543.1 mg,
2.3 mmol, 1.2 eq.) was then added. The reaction mixture was stirred at 0 °C for 30 min and then
allowed to warm to RT for 30 min. The solvent was removed and the residue purified by column
chromatography (SiO, vs 50 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 1602.0 mg (1.7 mmol,
87 %) of the product as a colorless foam.

HRMS m/z: [M+H]"* calculated for CssHsoN4O9P* 951.4092; found, 951.4091; *H NMR (400.1 MHz, CDCls,
5, ppm): 1.08 (m, 12H, N(CH(CHs)s)s), 2.50 (m, 2H, CH.CH,C=N), 3.07 (m, 1H, CHNHBn), 3.25 (m, 2H,
CH,ODMT), 3.65 (m, 6H, CH,CH,C=N, N(CH(CHs),),, CH,OP), 3.77 (s, 6H, ArOCH3), 4.07 (m, 1H,
CHCH,0CON), 4.20 (m, 2H, NCH,Ph), 4.57 (m, 2H, CHCH,OCON), 6.77 (m, 4H, ArpmtH), 6.96 (m, 2H,
AremocH), 7.18 (M, 9H, AremocH, AromtH), 7.32 (m, 4H, ArpmrH), 7.41 (m, 2H, ArpmrH), 7.60 (m, 2H, ArngH),
7.87 (m, 2H, ArngH); 3P NMR (161.9 MHz, CDCls, §, ppm): 148.3.

424 Nitrobenzylated Carbamate 73

Slon
O S

To a stirred solution of nitrobenzylated serinol 65 (1169.2 mg, 5.2 mmol mmol, 1.0 eq.) in 10 mL Na,COs
(ag., 10 w%) and 20 mL 1,4-dioxane was added Fmoc-Cl (1470.1 mg, 5.7 mmol, 1.1 eq.) at 0 °C and it
was stirred overnight and thereby the reaction mixture was allowed to reach RT. The solvent was
removed and the residue was taken in 50 mL EtOAc, 100 mL H,0 was added and it was extracted with
EtOAc (4x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na;SO4,
filtered and the residue was purified by column chromatography (SiOz vs 50 v% - 80 v% EtOAc in
cyclohexane) to obtain 1845.0 mg (4.1 mmol, 80 %) of the product as a colorless foam.
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IH NMR (400.1 MHz, CDCls, &, ppm): 3.12 (bs, 2H, CH,0H), 3.31 (m, 1H, CHCH,OH), 3.82 (m, 4H,
CHCH,OH), 4.05 (m, 1H, CHCH,OCON), 4.50 (bs, 2H, NCH,Ph), 4.74 (m, 2H, CHCH,OCON), 7.15 (m, 2H,
AremocH), 7.28 (M, 4H, AremocH), 7.37 (m, 1H, ArngH), 7.47 (m, 1H, ArngH), 7.60 (M, 2H, AremocH), 7.78 (m
1H, ArygH), 8.03 (m, 1H, ArxgH); 3C NMR (100.6 MHz, CDCls, 8, ppm): 46.7, 47.7, 60.3, 61.4, 67.3,119.7,
124.3,124.4,126.7, 127.4,127.5, 127.8, 140.9, 143.3, 147.0, 157.2.

425 DMT-protected Precursor 74

0

To a stirred solution of nitrobenzylated carbamate 73 (1639.1 mg, 3.7 mmol, 1.0 eq.) in 15 mL THF
(anh.) : pyridine (anh.) =3 : 2 (v : v) 4,4’ -dimethoxytrityl chloride (1238.4 mg, 3.7 mmol, 1.0 eq.) was
added in four intervals of each 40 min at RT and under argon atmosphere and it was stirred overnight.
The solvent was removed, 50 mL NaHCOs (sat., ag.) were added and it was extracted with EtOAc
(3x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered
and the solvent was removed. The yellow crude oil was purified by column chromatography (SiO; vs
20 v% - 50 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 1628.1 mg (2.2 mmol, 59 %) of the
product as a colorless oil.

'H NMR (400.1 MHz, CDs0OD, &, ppm): 2.51 (m, 1H, CH,0H), 2.98 (m, 1H, CHCH,0H), 3.37 (m, 2H,
CH,ODMT), 3.76 (s, 6H, ArpmtOCH3), 3.78 (m, 2H, CHCH,0H), 4.03 (m, 1H, CHCH,OCON), 4.45 (m, 2H,
NCH,Ph), 4.76 (m, 2H, CHCH,OCON), 6.76 (m, 4H, ArpmrH), 7.10 (m, 3H, AromrH, AremecH), 7.23 (m, 4H,
AremocH, AFDMTH), 7.30 (m, 6H, AFDMTH), 7.37 (m, 1H, AFNBH), 7.60 (m, 2H, ArpmocH), 7.63 (m, 1H, AFNBH),
7.76 (m, 1H, ArysH), 8.06 (m, 1H, ArxsH).

4.2.6 Nitrobenzylated Carbamate Phosphoramidite Monomer 75

o/\/ O
Yj

To a solution of DMT-protected precursor 74 (1623.1 mg, 2.2 mmol, 1.0 eq.) in 10 mL DCM (anh.) was
added DIPEA (1.80 g, 13.9 mmol, 6.4 eq.) and molecular sieves (3 A) under argon atmosphere at 0 °C.
To the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (549.3 mg,
2.3 mmol, 1.1 eq.) was then added. The reaction mixture was stirred at 0 °C for 30 min and then
allowed to warm to RT for 30 min. The solvent was removed and the residue purified by column
chromatography (SiO; vs 33 v% - 50 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 1815.0 mg
(1.9 mmol, 88 %) of the product as a colorless foam.

A

HRMS m/z: [M+H]" calculated for CssHeoN4O9P* 951.4092; found, 951.4132; *H NMR (400.1 MHz, CDCls,
6, ppm): 1.05 (m, 12H, N(CH(CHs),),), 2.50 (m, 2H, CH,CH,C=N), 3.05 (m, 1H, CHNHBn), 3.20 (m, 2H,

167



| EXPERIMENTAL SECTION

CH,ODMT), 3.61 (m, 6H, CH,CH2C=N, N(CH(CHs)z)2, CH,OP), 3.77 (s, 6H, AromrOCH3), 4.01 (m, 1H,
CHCH,0CON), 4.45 (m, 2H, NCH,Ph), 4.62 (m, 2H, CHCH,OCON), 6.76 (m, 4H, ArpurH), 7.24 (m, 13H,
AromrH, AremocH), 7.42 (m, 1H, ArygH), 7.59 (m, 2H, AremocH), 7.66 (m, 1H, ArngH), 7.78 (m, 1H, ArxsH),
8.04 (m, 1H, ArngH); 3P NMR (161.9 MHz, CDCls, 5, ppm): 148.3.

4.2.7 Nitrobenzylated Carbamate 76

Ho/\/\OH
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To a stirred solution of nitrobenzylated serinol 66 (1547.1 mg, 5.4 mmol, 1.0 eq.) in 10 mL Na,COs (aq.,
10 w%) and 20 mL 1,4-dioxane was added Fmoc-Cl (1537.7 mg, 5.9 mmol, 1.1 eq.) at 0 °C and it was
stirred overnight and thereby the reaction mixture was allowed to reach RT. The solvent was removed
and the residue was taken in 50 mL EtOAc, 100 mL H,0 was added and it was extracted with EtOAc
(3x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered
and the residue was purified by column chromatography (SiO, vs 50 v% EtOAc in cyclohexane - EtOAc)
to obtain 2536.0 mg (5.0 mmol, 92 %) of the product as a slightly yellow foam.

'H NMR (400.1 MHz, CDCls, &, ppm): 2.60 (bs, 2H, CH,OH), 3.64 (m, 1H, CHCH,OH), 3.72 (s, 3H,
ArysOCHs), 3.86 (m, 4H, CHCH,OH), 4.00 (s, 3H, ArysOCHs), 4.07 (m, 1H, CHCH,OCON), 4.57 (m, 4H,
NCH,Ph, CHCH,OCON), 6.73 (m, 1H, ArygH), 7.18 (m, 2H, AremocH), 7.30 (M, 4H, AremocH), 7.52 (m, 2H,
AremocH), 7.69 (m, 1H, ArxgH); 3C NMR (100.6 MHz, CDCls, 8, ppm): 47.1, 49.4, 56.4, 56.5, 61.4, 62.5,
67.3,108.4,109.1, 119.8, 134.2, 127.0, 127.7, 129.9, 139.1, 141.3, 143.5, 147.5, 153.7, 157.7.

4.2.8 DMT-protected Precursor 77
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To a stirred solution of nitrobenzylated carbamate 76 (2506.0 mg, 4.9 mmol, 1.0 eq.) in 15 mL
THF (anh.) : pyridine (anh.) =3 : 2 (v : v) 4,4’-dimethoxytrityl chloride (1683.2 mg, 5.0 mmol, 1.0 eq.)
was added in four intervals of each 40 min at RT and under argon atmosphere and it was stirred for
60 min. The solvent was removed, 50 mL NaHCOs (sat., ag.) were added and it was extracted with
EtOAc (3x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,,
filtered and the solvent was removed. The yellow crude oil was purified by column chromatography
(SiO2 vs 50 v% EtOAc in cyclohexane + 3 v% DIPEA - EtOAc + 3 v% DIPEA) to obtain 2862.1 mg
(2.5 mmol, 72 %) of the product as a yellow oil.

'H NMR (400.1 MHz, CDs0D, &, ppm): 3.30 (m, 2H, CH,ODMT), 3.67 (m, 1H, CHCH,OH), 3.54 (s, 3H,
ArnsOCHs), 3.77 (s, 6H, ArpurOCHs), 3.78 (m, 2H, CHCH,OH), 3.92 (m, 1H, CHCH,OCON), 4.01 (s, 3H,
ArysOCHs), 4.52 (m, 2H, NCH,Ph), 4.63 (m, 2H, CHCH,OCON), 6.57 (s, 1H, ArygH), 6.76 (m, 6H, ArpmrH,
ArtmocH), 7.15 (M, 5H, AromtH, AremocH), 7.24 (m, 6H, ArowmrH), 7.49 (m, 2H, AremocH), 7.69 (m, 1H, ArxgH).
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429 Nitrobenzylated Carbamate Phosphoramidite Monomer 78
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To a solution of DMT-protected precursor 77 (2.70 g, 3.3 mmol, 1.0 eq.) in 10 mL DCM (anh.) was added
DIPEA (2.74 g, 21.2 mmol, 6.4 eq.) and molecular sieves (3 A) under argon atmosphere at 0 °C. To the
stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (830.6 mg, 3.5 mmol,
1.05 eq.) was then added. The reaction mixture was stirred at 0 °C for 30 min and then allowed to
warm to RT for 30 min. The solvent was removed and the residue purified by column chromatography
(SiO2 vs 50 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 3107.8 mg (3.1 mmol, 92 %) of the product
as a yellow oil.

HRMS m/z: [M+H]* calculated for Cs;HgaN4O1:P* 1011.4304; found, 1011.4332; 'H NMR (400.1 MHz,
CDCls, 8, ppm): 1.06 (m, 12H, N(CH(CHs)2)2), 2.51 (m, 2H, CH,CH,C=N), 3.22 (m, 1H, CHNHBN), 3.42 (m,
2H, CH,ODMT), 3.43 (s, 3H, ArysOCHs), 3.65 (m, 6H, CH,CH>C=N, N(CH(CHs)s)2, CH,OP), 3.76 (s, 6H,
ArOCHs), 3.91 (m, 1H, CHCH,OCON), 3.99 (s, 3H, ArnsOCHs), 4.48 (m, 2H, NCH,Ph), 4.62 (m, 2H,
CHC_H;OCON), 6.35 (AFNBH), 6.73 (m, 4H, AFDMTH), 7.08 (m, 1H, AFDMTH), 7.20 (m, 12H, AI"DMTH, ArpmocH),
7.47 (M, 2H, ArmocH), 7.66 (m, 1H, ArngH); 3P NMR (161.9 MHz, CDCls, 8, ppm): 148.1.

4.3 Monomer Synthesis Targeting Nitrobenzyl Ethers

431 Synthesis of Nitrobenzyl Nucleophiles and Electrophiles for Etherifications

The synthesis of benzyl alcohols 79, 81, and 83 as well as benzyl bromides 80, 82, 84 according to the
strategy shown in Scheme V-9 is followingly described.

_0 OH Br
Rq Ry Ry
—_— —_—
Ry Ry Ry
R, R, Ry
para-nitro 67 para-nitro 79 para-nitro 80
ortho-nitro 68 ortho-nitro 81 ortho-nitro 82
ortho-nitroveratryl 69 ortho-nitroveratryl 83 ortho-nitroveratryl 84

para-nitro 67,79, 80: R; =H; R,=NO, R;=H
ortho-nitro 68, 81, 82: R, = NO,; R, = H; Ry=H
ortho-nitroveratryl 69, 83, 84: R, = NO,; R, = OCH3; Ry = OCH,

Scheme V-9: Overview synthetic route to different nitrobenzyl alcohols and bromides.

43.1.1 Nitrobenzyl Alcohol 79

OH

NO,

To a stirred suspension of 4-nitrobenzaldehyde 67 (1552.7 mg, 10.3 mmol, 1.0 eq.) in 10 mL MeOH
(anh.) at 0 °C was dropped DCM (anh.) until a clear solution was obtained. Then, NaBH, (574.6 mg,
15.2 mmol, 1.5 eq.) was added at 0 °C and under argon atmosphere. The reaction mixture was stirred
for 4.5 h and thereby allowed to reach RT. The solvent was removed, the crude was taken in 50 mL
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EtoAc and 100 mL NaHCOs (sat., ag.) were added and it was extracted with EtOAc (4x 50 mL). The
combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the solvent
was removed to obtain 1596.4 mg (quant.) of the product as a yellow crystalline solid.

'H NMR (400.1 MHz, CD30D, 6, ppm): 4.71 (bs, 2H, PhCH,OH), 7.50 (m, 2H, ArH), 8.08 (m, 2H, ArH);
13C NMR (100.6 MHz, CD30D, §, ppm): 63.8, 124.2, 127.9, 148.0, 150.5.

The analysis data harmonizes with the reported values in the literature.®%!

4.3.1.2 Nitrobenzyl Bromide 80

Br

NO,

To a stirred solution of 4-nitrobenzyl alcohol 79 (1535.9 mg, 10.0 mmol, 1.0 eq.) in 100 mL THF (anh.)
at 0 °C was added dropwise PBr; (1.9 mL, 5.4 g, 20.0 mmol, 2.0 eq.) at 0 °C and under argon
atmosphere. The reaction mixture was stirred for further 60 min at 0°C and then overnight and thereby
allowed to reach RT. The reaction was quenched with NaHCOs; (sat., aq.) until a neutral pH was
obtained. The organic solvent was then removed and the slurry was extracted with EtOAc (3x 150 mL).
The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the
solvent was removed to obtain an orange crude oil that was purified by column chromatography (SiO;
vs 10 v% - 20 v% EtOAc in cyclohexane) to obtain 1611.3 mg (7.5 mmol, 75 %) of the product as a
colorless, cotton-like foam.

'H NMR (400.1 MHz, CD30D, &, ppm): 4.52 (s, 2H, PhCH,Br), 7.56 (m, 2H, ArH), 8.21 (m, 2H, ArH);
13C NMR (100.6 MHz, CDs0D, 8, ppm): 31.1, 124.0, 129.9, 144.8, 147.6.

The analysis data harmonizes with the reported values in the literature.*%¢

4.3.1.3 Nitrobenzyl Alcohol 81

OH

To a stirred solution of 2-nitrobenzaldehyde 68 (3043.0 mg, 20.1 mmol, 1.0 eq.) in 10 mL MeOH (anh.)
NaBH,4 (1148.9 mg, 30.4 mmol, 1.5 eq.) was added at 0 °C and under argon atmosphere. The reaction
mixture was stirred overnight and thereby allowed to reach RT. The solvent was removed, the crude
was taken in 50 mL EtoAc and 50 mL NaHCOs (sat., ag.) were added and it was extracted with EtOAc
(4x 50 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered
and the solvent was removed to obtain 3085.2 mg (quant.) of the product as a slightly yellow crystalline
solid.

H NMR (400.1 MHz, CDsOD, &, ppm): 4.92 (s, 2H, PhCH,OH), 7.40 (m, 1H, ArH), 7.63 (m, 1H, ArH), 7.79
(m, 1H, ArH), 7.95 (m, 1H, ArH); *C NMR (100.6 MHz, CDsOD, &, ppm): 61.8, 125.3, 128.7, 129.3, 134.6,
138.7, 148.2.

The analysis data harmonizes with the reported values in the literature.*%”)

4.3.1.4 Nitrobenzyl Bromide 82

Br
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To a stirred solution of 2-nitrobenzyl alcohol 81 (1538.8 mg, 10.0 mmol, 1.0 eq.) in 100 mL THF (anh.)
at 0 °C was added dropwise PBr; (1.9 mL, 5.4 g, 20.0 mmol, 2.0 eq.) at 0 °C and under argon
atmosphere. The reaction mixture was stirred for further 60 min at 0°C and then overnight and thereby
allowed to reach RT. The reaction was quenched with NaHCOs; (sat., aq.) until a neutral pH was
obtained. The organic solvent was then removed and the slurry was extracted with EtOAc (3x 150 mL).
The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the
solvent was removed to obtain a yellow crude oil that was purified by column chromatography (SiO;
vs 20 v% - 33 v% EtOAc in cyclohexane) to obtain 1157.6 mg (5.4 mmol, 54 %) of the product as a pale
yellow powder.

HRMS m/z: [M+NH4]* calculated for CsH1oN,0,Br* 232.9920; found 232.9924; 'H NMR (400.1 MHz,
CDCls, 6, ppm): 4.84 (s, 2H, PhCH,Br), 7.50 (m, 1H, ArH), 7.59 (m, 1H, ArH), 7.62 (m, 1H, ArH), 8.05 (m,
1H, ArH); 23C NMR (100.6 MHz, CDs;0D, &, ppm): 29.0, 125.2, 129.5, 132.3, 132.4, 133.6, 147.6.

The analysis data harmonizes with the reported values in the literature. 2%

4.3.1.5 Nitrobenzyl Alcohol 83

OH

NO,

N

To a stirred suspension of 4,5-dimethoxy-2-nitrobenzaldehyde 69 (1346.0 mg, 6.4 mmol, 1.0 eq.) in
10 mL MeOH(anh.) at 0 °C was dropped DCM (anh.) until a clear solution was obtained. Then, NaBH,4
(364.3 mg, 9.6 mmol, 1.5 eq.) was added at 0 °C and under argon atmosphere. The reaction mixture
was stirred overnight and thereby allowed to reach RT. The solvent was removed, the crude was taken
in 50 mL EtoAc and 50 mL NaHCO; (sat., ag.) were added and it was extracted with EtOAc (4x 50 mL).
The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the
solvent was removed to obtain 1424.8 mg (quant.) of the product as a yellow crystalline solid.

'H NMR (400.1 MHz, CDCls, §, ppm): 2.42 (bs, 1H, PhCH,0H), 3.95 (s, 3H, ArOCH3), 4.00 (s, 3H, ArOCHs),
4.96 (s, 2H, PhCH,0H), 7.17 (m, 1H, ArH), 7.70 (m, 1H, ArH); 3C NMR (100.6 MHz, CD3;0D, §, ppm):
56.5,56.6,62.9,108.4,111.2,132.4, 140.0, 148.2, 154.1.

The analysis data harmonizes with the reported values in the literature.*%

4.3.1.6 Nitrobenzyl Bromide 84

Br

NO,

SN

To a stirred solution of 4,5-dimethoxy-2-nitrobenzyl alcohol 83 (1424.8 mg, 6.4 mmol, 1.0 eq.) and CBr,4
(3170.9 mg, 9.6 mmol, 1.5 eq.) in 40 mL THF (anh.) at 0 °C was added PPh; (2.504.9 mg, 9.6 mmol,
1.5 eq.) at 0 °C and under argon atmosphere. The reaction mixture was stirred overnight and thereby
allowed to reach RT. The solvent was removed and directly purified by column chromatography (SiO;
vs 33 v% EtOAc in cyclohexane) to obtain 1432.2 mg (5.2 mmol, 81 %) of the product as a pale yellow
crystalline solid.

H NMR (400.1 MHz, CDCls, &, ppm): 3.96 (s, 3H, ArOCHs), 4.00 (s, 3H, ArOCHs), 4.87 (s, 2H, PhCH,Br),
6.94 (m, 1H, ArH), 7.67 (m, 1H, ArH); 3C NMR (100.6 MHz, CDsOD, &, ppm): 30.1, 56.6, 56.7, 108.8,
113.9, 127.6, 140.5, 149.2, 153.4.
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The analysis data harmonizes with the reported values in the literature.®%

43.2 Synthesis of Electrophilic Diol Precursors

The synthesis of electrophilic diol precursors 90, 99, 103 shown in Scheme V-10 is followingly described
in detail.

HO > ™on  — » TPso” Yy o, TPso” Yy obMT 5 TIPSO” Y oDMT
OH

OH OH oTs
85 86 89 90
l TIPSO N o
o
H 0/\(\0 ] 88
°j§ 1507 o o / OH o, opmT
87 L 0#\ —_ »
103 98 929

Scheme V-10: Overview synthesis of electrophilic diol precursors 90, 99, 103.

4.3.2.1 TIPS-protected Glycerol 86

OH

YO OH
IS 9

Procedure starting from glycerol 85:

Glycerol 85 (4.84 g, 50 mmol, 3.0 eq.) was coevaporated with pyr (anh.) (3x 10 mL), taken in 15 mL
pyr (anh.) under argon atmosphere, stirred at 0 °C and then TIPS-Cl (3.31 g, 17.2 mmol, 1.0 eq.) was
added. The reaction mixture was stirred overnight and thereby allowed to reach RT. The solvent was
removed, 100 mL H,O was added and it was extracted with DCM (5x 50 mL). The combined organic
layer was washed dried over Na,SQ,, filtered and the crude oil was purified by column chromatography
(SiO2 vs 50 v% EtOAc in cyclohexane) to obtain 3641.1 mg (14.7 mmol, 85 %) of the product as a
colorless oil.

IH NMR (400.1 MHz, CDCls, 6, ppm): 1.08 (m, 21H, Si(CH(CHs))s), 2.12 (bs, 2H, CHOHCH,0H), 2.58 (bs,
1H, CHOH), 3.74 (m, 4H, CH,0); *C NMR (100.6 MHz, CDsOD, &, ppm): 12.0, 18.1, 64.3, 65.3, 71.8.

The analysis data harmonizes with the reported values in the literature.®”

Procedure starting from dioxolane 88:

To dioxolane 88 (3.2 g, 11.0 mmol) was added 10 mL AcOH (ag., 80 w%) and the suspension was stirred
in a closed system under gentle reflux. 10 mL EtOAc were added until a clear solution was maintained.
The reaction mixture was stirred at 80 °C overnight. After removal of the solvent and coevaporation
with H,0, toluene and NEts, the crude was taken in EtOAc and purified by column chromatography
(SiO2 vs 50 v% EtOAc in cyclohexane) to obtain 2481.0 mg (10.0 mmol, 91 %) of the product as a
colorless oil.

The analysis data harmonizes with the values reported above.
4.3.2.2 Dioxolane 87
Hom
A solution of glycerol 85 (5.1 g, < 55 mmol) in 50 mL toluene (anh.) was refluxed in a Dean-Stark

apparatus for 7 h. After the Dean-Stark trap was emptied, 40 mL acetone and pTsOH (monohydrate,
172 mg, 1.0 mmol, cat.) were added to the reaction mixture. The Dean-Stark trap was filled with
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molecular sieves (3 A) and the reaction mixture was stirred under gentle reflux overnight. The solvent
was removed and the crude was purified by column chromatography (SiO; vs Et,0) to obtain 4.99 g
(37.8 mmol, >68 %) of the product as a slightly yellow oil.

As the water contamination in glycerol 85 was not determined, an exact yield could not be calculated.

'H NMR (400.1 MHz, CDCls, §, ppm): 1.37 (s, 3H, CCHs), 1.44 (s, 3H, CCHs), 1.96 (bs, 1H, CH,0H), 3.67
(m, 2H, CH,0OH), 3.91 (m, 2H, CHCH,0), 4.23 (m, 1H, CHCH,0).

The analysis data harmonizes with the reported values in the literature.*%!

4.3.2.3 TIPS-protected dioxolane 88

DI
&ﬁ

A solution of dioxolane 87 (4.99 g, 37.8 mmol, 1.0 eq.) in 10 mL pyr (anh.) and 8 mL DCM (anh.) was
stirred at 0 °C under an argon atmosphere and TIPS-Cl (7.70 g, 39.7 mmol, 1.05 eq.) was added. The
reaction mixture was stirred overnight and thereby allowed to reach RT. The solvent was removed,
100 mL H,0 was added and it was extracted with EtOAc (3x 100 mL). The combined organic layer was
washed with brine (2x 50 mL), dried over Na,SO,, filtered and the crude oil was purified by column
chromatography (SiO; vs 10 v% — 20 v% EtOAc in cyclohexane) to obtain 3184.6 mg (11.0 mmol, 29 %)
of the product as a colorless oil.

'H NMR (400.1 MHz, CDCls, &, ppm): 0.99 (m, 21H, Si(CH(CHs),)3), 1.26 (s, 3H, CCH3), 1.31 (s, 3H, CCHs),
3.65 (m, 2H, CH,0TIPS), 3.88 (m, 2H, CHCH,0), 4.06 (m, 1H, CHCH,0); **C NMR (100.6 MHz, CDs0D, §,
ppm): 12.0, 17.9, 25.4, 26.8, 64.4, 67.0, 67.3, 109.0.

The only available literature protocol®®? does not report analysis data.

4.3.2.4 DMT and TIPS-protected Glycerol 89

To a stirred solution of TIPS-protected glycerol 86 (3641.1 mg, 14.7 mmol, 1.0 eq.) in 30 mL THF (anh.)
: pyridine (anh.) =3 : 2 (v : v) 4,4’-dimethoxytrityl chloride (4967.8 mg, 14.7 mmol, 1.0 eq.) was added
in three intervals of each 40 min at RT and under argon atmosphere and it was stirred overnight. The
solvent was removed, 50 mL NaHCOs; (sat., aq.) were added and it was extracted with EtOAc
(3x 100 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SOj, filtered
and the solvent was removed. The yellow crude oil was purified by column chromatography (SiO; vs
10 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 6279.2 mg (11.4 mmol, 78 %) of the product as a
colorless oil.

IH NMR (400.1 MHz, CDCls, &, ppm): 1.02 (m, 21H, Si(CH(CHs)2)s), 2.50 (m, 1H, CHOHCH,ODMT), 3.20
(m, 2H, CH,0DMT), 3.76 (m, 2H, CH,OTIPS), 3.79 (s, 6H, ArOCHs), 3.84 (m, 1H, CHOH), ), 6.82 (m, 4H,
AFDMTH), 7.20 (m, 1H, AFDMTH), 7.28 (m, 2H, AFDMTH), 7.32 (m, 4H, AFDMTH), 7.43 (m, 2H, AFDMTH),' 13C NMR
(100.6 MHz, CDCls, 8, ppm): 12.0, 18.1, 55.2, 64.4, 64.7, 71.4, 86.1, 113.2, 126.8, 127.8, 128.2, 130.1,
136.2, 145.1, 158.5.
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4.3.2.5 Electrophilic Diol Precursor 90

To stirred a solution of DMT and TIPS-protected glycerol 89 (5.5 g, 10 mmol, 1.0 eq.) in 12 mL pyr (anh.)
was added pTsCl (1.9 g, 10 mmol, 1.0 eq.) at 0 °C. The reaction mixture was stirred overnight and
thereby allowed to reach RT. The solvent was removed, 50 mL H,O were added and it was extracted
with EtOAc (3x 100 mL). The combined organic layer was washed with brine (2x 50 mL), dried over
Na,S0,, filtered and the solvent was removed. The crude oil was purified by column chromatography
(SiO, vs 20 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 6467.2 mg (9.1 mmol, 91 %) of the product
as a colorless oil.

'H NMR (400.1 MHz, CDCls, &, ppm): 1.03 (m, 21H, Si(CH(CHs),)s), 2.45 (s, 3H, ArrCHs), 3.40 (2H,
CH,ODMT), 3.79 (s, 6H, AromrOCHs), 3.79 (m, 2H, CH,OTIPS), 4.70 (m, 1H, CHOTSs), 6.84 (m, 4H, ArpmH),
7.24 (m, 1H, AFDMTH), 7.28 (m, ZH, AFDMTH), 7.31 (m, 6H, AI"DMTH, AFTSH), 7.44 (m, 2H, AFDMTH), 7.88 (m,
2H, ArrsH); 3C NMR (100.6 MHz, CDCl;, &, ppm): 11.7, 17.8, 21.5, 55.3, 62.2, 81.6, 86.1, 113.0, 126.6,
127.7,127.8,128.0,129.1, 129.7, 130.0, 134.2, 135.7, 139.6, 144.5, 158.4.

4.3.2.6 Electrophilic Diol Precursor 99

To stirred a solution of R-glycidol 98 (1481.0 mg, 20 mmol, 1.0 eq.) in 50 mL DCM (anh.) and Et3N
(5915.2 mg, 60 mmol, 3.0 eq.) 4,4’-dimethoxytrityl chloride (7457.8 mg, 22 mmol, 1.1 eq.) was added
at RT and under argon atmosphere and it was stirred for 3 h. The solvent was removed, 100 mL NaHCO;
(sat., ag.) were added and it was extracted with EtOAc (3x 50 mL). The combined organic layer was
washed with brine (2x 50 mL), dried over Na;SO,, filtered and the solvent was removed. The yellow
crude oil was purified by column chromatography (SiO, vs 10 v% EtOAc in cyclohexane + 3 v% DIPEA)
to obtain 7094.9 mg (18.9 mmol, 94 %) of the product as a colorless oil.

'H NMR (400.1 MHz, CDCls, 6, ppm): 2.72 (m, 2H, CH,ODMT), 3.20 (m, 2H, CHCH,0), 3.42 (m, 1H,
CHCH-0), 3.79 (s, 6H, ArpmrOCH3), 6.90 (m, 4H, ArpmrH), 7.25 (m, 1H, ArpmrH), 7.34 (m, 2H, ArpmrH),
7.45 (m, 4H, ArpurH), 7.57 (m, 2H, ArpurH); 3C NMR (100.6 MHz, CDCls, 8§, ppm): 44.2, 51.0, 55.0, 64.6,
86.1,113.1, 126.7, 127.8, 128.1, 130.0, 135.9, 144.8, 158.5.

The analysis data harmonizes with the reported values in the literature.*%!

4.3.2.7 Electrophilic Diol Precursor 103
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To stirred a solution of dioxolane 87 (2.63 mg, 20 mmol, 1.0 eq.) in 10 mL pyr (anh.) was added TsCl
(4.17 g, 22 mmol, 1.1 eq.) at 0 °C. The reaction mixture was stirred overnight and thereby allowed to
reach RT. The solvent was removed, the crude was taken in 50 mL EtOAc, filtered and the solid was
washed with 300 mL EtOAc. The filtrate was washed with 100 mL NH4CI (ag., sat.), 100 mL NaHCO;
(aq., sat.), brine (2x 50 mL), dried over Na,SOy, filtered and the solvent was removed. The crude oil was
purified by column chromatography (SiO, vs 10 v% - 30 v% EtOAc in cyclohexane) to obtain 5328.3 mg
(18.6 mmol, 94 %) of the product as a colorless solid.

H NMR (400.1 MHz, CDCls, &, ppm): 1.31 (s, 3H, CCHs), 1.34 (s, 3H, CCH3), 2.45 (s, 3H, ArCHs), 3.90 (m,
2H, CH,0), 4.00 (m, 2H, CHCH,OTs), 4.28 (m, 1H, CHCH,0), 7.35 (m, 2H, ArH), 7.80 (m, 2H, ArH);
13C NMR (100.6 MHz, CDCls, 8, ppm): 21.7, 25.2, 26.7, 66.2, 69.6, 73.0, 77.2, 110.0, 128.0, 130.0, 132.7,
145.1.

The analysis data harmonizes with the reported values in the literature.***

433 Nucleophilic Linker Insertion

Ry

HO_~ oy - 5 HO\/\O/\©\
Ry

100 para-nitro 101: R; = H; R, = CH;
ortho-nitro 102: R, = CH;; R, = H

4.3.3.1 Nitrobenzyl Ether 101

AR O
NO

Ethylene glycol (anh.) 100 (10 mL, exc.) was stirred at RT under argon atmosphere and NaH (512.4 mg,
60 w%, 12.5 mmol, 1.25 eq.) was added. A solution of nitrobenzyl bromide 80 (2179.1 mg, 10.0 mmol,
1.0 eq.) in 10 mL THF (anh.) was added dropwise when hydrogen formation had stopped and it was
stirred overnight. The reaction mixture was then poured into 300 mL ice-water and it was extracted
with EtOAc (3x 100 mL). The combined organic layer was washed with brine (2x 50 mL), dried over
Na,S0,, filtered and the solvent was removed. The yellow crude oil was purified by column
chromatography (SiO; vs 5 v% MeOH in DCM) to obtain 1980.1 mg (quant.) of the product as a yellow
oil.

2

H NMR (400.1 MHz, CDCls, 8, ppm): 1.84 (bs, 1H, CH,0H), 3.66 (t, *J = 4.6 Hz, 2H, BnOCH,CH,OH), 3.82
(t, %) = 4.6 Hz, 2H, BnOCH,CH,OH), 4.68 (m, 2H, PhCH,0), 7.51 (m, 2H, ArH), 8.21 (m, 2H, ArH); *C NMR
(100.6 MHz, CDCls, 8, ppm): 60.8, 71.0, 71.6, 122.7, 127.0, 145.7, 146.4.

The analysis data harmonizes with the reported values in the literature.”"

4.3.3.2 Nitrobenzyl Ether 102

NO,

e

Ethylene glycol (anh.) 100 (10 mL, exc.) was stirred at RT under argon atmosphere and NaH (122.3 mg,
60 w%, 3.0 mmol, 1.5 eq.) was added. A solution of nitrobenzyl bromide 82 (435.5 mg, 2.0 mmol,
1.0 eq.) in 1 mL THF (anh.) was added dropwise when hydrogen formation had stopped and it was
stirred overnight. The reaction mixture was then poured into 300 mL ice-water and it was extracted
with EtOAc (3x 100 mL). The combined organic layer was washed with brine (2x 50 mL), dried over
Na,S0,, filtered and the solvent was removed. The yellow crude oil was purified by column
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chromatography (SiO2 vs 50 v% EtOAc in cyclohexane) to obtain 393.4 mg (2.0 mmol, 99 %) of the
product as a yellow oil.

'H NMR (400.1 MHz, CDCls, 8, ppm): 1.83 (bs, 1H, CH,0H), 3.71 (t, ) = 4.5 Hz, 2H, BnOCH,CH,0H), 3.83
(t, 3 = 4.5 Hz, 2H, BnOCH,CH,OH), 4.95 (m, 2H, PhCH,0), 7.45 (m, 1H, ArH), 7.65 (m, 1H, ArH), 7.78 (m,
1H, ArH), 8.06 (m, 1H, ArH); 23C NMR (100.6 MHz, CDCls, 8, ppm): 61.7, 69.7, 72.4, 124.6, 128.1, 128.8,
133.6, 134.6, 147.3.

The analysis data harmonizes with the reported values in the literature.??

434 Successful Monomer Synthesis

The synthesis of phosphoramidite monomers 109, 113, and 117 is shown in Scheme V-11 and further
detailed.

Ry R4 Ry Ry
HO/\O(\O o/\o(\o o/\cfou O/\OCODMT O/\(\gDMT
$ R; Ry Ry Ry L \/\\\N
R3 R; Rs T/

o
Ry \(N
87 para-nitro 106 para-nitro 107 para-nitro 108 para-nitro 109
ortho-nitro 110 ortho-nitro 111 ortho-nitro 112 ortho-nitro 113
ortho-nitroveratryl 114 ortho-nitroveratryl 115 ortho-nitroveratryl 116 ortho-nitroveratryl 117

para-nitro 106, 107, 108, 109: R, =H; R,=NO,; R;=H
ortho-nitro 110, 111, 112, 113: R, =NO,; R,=H;  R;=H
ortho-nitroveratryl 114, 115, 116, 117: R, = NO,; R, = OCH3; Ry = OCH,

Scheme V-11: Overview synthetic route to different nitrobenzyl ether phosphoramidite monomers.

4.3.4.1 Dioxolane 106

0 "o
o N/©/\ o$

2!

To a stirred solution of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane 87 (1327.8 mg, 10.0 mmol,
1.0 eq.) and 4-nitrobenzyl bromide 80 (3247.1 mg, 15.0 mmol, 1.5 eq.) in 40 mL MeCN (anh.) at 0 °C
was added NaH (440.6 mg, 60 w%, 11.0 mmol, 1.1 eq.) at 0 °C and under argon atmosphere. The
reaction mixture was stirred for 30 min at 0°C and for further 30 min allowed to reach RT until the
reaction mixture was filtered. The solvent was removed from the filtrate and the crude directly purified
by column chromatography (SiO vs 33 v% EtOAc in cyclohexane) to obtain 1077.4 mg (4.0 mmol, 40 %)
of the product as a yellow solid.

HRMS m/z: [M+H]* calculated for Ci3H1sNOs* 268.1179; found, 268.1180; *H NMR (400.1 MHz, CDCls,
6, ppm): 1.38 (s, 3H, CCHs), 1.43 (s, 3H, CCHs), 3.58 (m, 2H, CH,0Bn), 3.93 (m, 2H, CHCH,0), 4.34 (m,
1H, CHCH,0), 4.68 (m, 2H, PhCH,0), 7.51 (m, 2H, ArH), 8.21 (m, 2H, ArH); 3C NMR (100.6 MHz, CDCls,
S, ppm): 25.2, 26.6, 66.4,71.6, 72.0, 74.6, 109.4, 123.4, 127.6, 145.7, 147.2.

4.3.4.2 Diol 107

/©/\0/\/\OH
O.N OH

2

To dioxolane 106 (1031.4 mg, 3.9 mmol) was added 20 mL AcOH (aq., 80 w%) and the suspension was
stirred in a closed system under gentle reflux. 5 mL DCM were added until a clear solution was
maintained. The reaction mixture was stirred at 80 °C overnight. After removal of the solvent and
coevaporation with H,O, toluene and NEts, the crude was taken in EtOAc and purified by column
chromatography (SiO; vs EtOAc) to obtain 670.2 mg (3.0 mmol, 76 %) of the product as a yellow oil.
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HRMS m/z: [M+Na]* calculated for CioH1sNOsNa* 250.0686; found, 250.0687; 'H NMR (400.1 MHz,
CDCls, &, ppm): 1.60 (bs, 2H, HCOHCH,OH), 3.58 (m, 4H, CH,0Bn, CH,0H), 3.96 (m, 1H, CHCH,0), 4.67
(s, 2H, PhCH,0), 7.50 (m, 2H, ArH), 8.22 (m, 2H, ArH); *C NMR (100.6 MHz, CDCls, §, ppm): 64.0, 70.9,
72.3,72.4,123.8,127.9, 145.5, 147.5.

4.3.4.3 DMT Precursor 108

To astirred solution of diol 107 (660.5 mg, 2.9 mmol, 1.0 eq.) in 30 mL THF (anh.) : pyridine (anh.) =3 : 2
(v : v) 4,4’-dimethoxytrityl chloride (1427.7 mg, 4.2 mmol, 1.5 eq.) was added in five intervals of each
40 min at RT and under argon atmosphere. The reaction mixture was thereby monitored by TLC for
the undesired double DMT protection that did not occur. After another 40 min the solvent was
removed, 100 mL NaHCOs (sat., aq.) were added and it was extracted with EtOAc (4x 50 mL). The
combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the solvent
was removed. The yellow crude oil was purified by column chromatography (SiO2 vs 33 v% EtOAc in
cyclohexane + 3 v% DIPEA) to obtain 1223.8 mg (2.3 mmol, 80 %) of the product as a colorless foam.

HRMS m/z: [M+Na]* calculated for C3;H3:NOsNa* 552.1993; found, 552.1992; *H NMR (400.1 MHz,
CDCls, 6, ppm): 1.60 (m, 1H, HCOH), 3.27 (m, 2H, CH,ODMT), 3.64 (m, 1H, CHCH,0), 3.78 (s, 6H,
AFDMTOCHg), 4.03 (S, ZH, PhC_H;O), 6.83 (m, 4H, AFDMTH), 7.22 (m, 1H, AFDMTH), 7.27 (m, 2H, AI"DMTH), 7.33
(m, 4H, ArpmrH), 7.43 (m, 4H, AromtH, ArngH), 8.17 (m, 2H, ArxsH); 3C NMR (100.6 MHz, CDCls, 8, ppm):
55.27,64.3,70.0,72.1,72.2,86.3,113.2, 123.7,126.9, 127.7 127.9, 128.2, 130.1, 135.9, 144.8, 145.8,
147.4, 158.6.

4.3.4.4 Phosphoramidite Monomer 109

o/

e 1O
0.0
\(NY
_0

To a solution of DMT precursor 108 (1148.4 mg, 2.2 mmol, 1.0 eq.) in 10 mL DCM (anh.) was added
DIPEA (1.85 g, 13.7 mmol, 6.6 eq.) and 100 mg of molecular sieves (3 A) under argon atmosphere at
0 °C. To the stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (600.1 mg,
2.5 mmol, 1.15 eq.) was then added. The reaction mixture was stirred at 0 °C for 30 min and then
allowed to warm to RT for 30 min. The solvent was removed and the residue purified by column
chromatography (SiO; vs 33 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 1520.7 mg (2.1 mmol,
96 %) of the product as a colorless foam.

HRMS m/z: [M+H]* calculated for CaoH49N30gP* 730.3252; found, 730.3251; *H NMR (400.1 MHz, CDCls,
6, ppm): 1.13 (m, 12H, N(CH(CHs),).), 2.52 (m, 2H, CH,CH,C=N), 3.26 (m, 2H, CH,ODMT), 3.70 (m, 6H,
CH,CH2C=N, N(CH(CHs)2)2, CH,0Ph), 3.78 (s, 6H, AromrOCH3), 4.18 (m, 1H, CHOP), 4.62 (m, 2H, PhCH;0),
6.80 (m, 4H, AromrH), 7.21 (m, 1H, AromrH), 7.27 (m, 2H, AromrH), 7.32 (m, 4H, ArpwrH), 7.40 (m, 2H,
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ArpwrH), 7.44 (m, 2H, ArngH), 8.15 (m, 2H, ArygH); *C NMR (100.6 MHz, CDCls, §, ppm): 20.4, 24.8, 43.3,
55.3,58.4,63.9,71.9,72.6, 86.1, 113.2, 117.8, 123.6, 126.9, 127.6, 127.9, 128.2, 128.3, 130.2, 136.2,
145.0, 146.2, 147.4, 158.6; 3'P NMR (161.9 MHz, CDCls, §, ppm): 149.4.

4.3.4.5 Dioxolane 110

SR

To a stirred solution of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane 87 (800.5 mg, 6.1 mmol, 1.2 eq.)
and 2-nitrobenzyl bromide 82 (1087.5 mg, 5.0 mmol, 1.0 eq.) in 40 mL MeCN (anh.) at 0 °C was added
NaH (479.1 mg, 60 w%, 12.0 mmol, 2.4 eq.) at 0 °C and under argon atmosphere. The reaction mixture
was stirred for 30 min at 0°C and for further 30 min allowed to reach RT and the solvent was removed.
50 mL NH4CI (aq., sat.) was added and it was extracted with EtOAc (3x 50 mL). The combined organic
layer was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the solvent was removed. The
yellow crude oil was purified by column chromatography (SiO2 vs 10 v% - 20 v% EtOAc in cyclohexane)
to obtain 658.2 mg (2.5 mmol, 49 %) of the product as a pale yellow solid.

H NMR (400.1 MHz, CDCls, 8, ppm): 1.38 (s, 3H, CCHs), 1.44 (s, 3H, CCHs), 3.64 (m, 2H, CH,0Bn), 3.95
(m, 2H, CHCH,0), 4.36 (m, 1H, CHCH,0), 4.97 (m, 2H, PhCH,0), 7.44 (m, 1H, ArH), 7.65 (m, 1H, ArH),
7.80 (m, 1H, ArH), 8.06 (m, 1H, ArH); 13C NMR (100.6 MHz, CDCls, 8, ppm): 25.5, 26.8, 66.7,70.1, 72.2,
74.7,109.6, 124.7, 128.1, 128.8, 133.7, 134.8, 147.3.

43.4.6 Diol111

OH

Synthesis from dioxolane 110:

To dioxolane 110 (378.1 mg, 1.4 mmol) was added 3.5 mL AcOH (aq., 80 w%) and the solution was
stirred under gentle reflux for 2 h. After removal of the solvent and coevaporation with H,0, toluene
and NEts, the crude was taken in EtOAc and purified by column chromatography (SiO, vs EtOAc) to
obtain 247.4 mg (1.1 mmol, 77 %) of the product as a yellow oil.

IH NMR (400.1 MHz, CDCls, 8, ppm): 3.52 (m, 2H, CH,0Bn), 3.60 (m, 2H, CH,OH), 3.89 (m, 1H, CHCH,0),
3.90 (bs, 2H, HCOHCH,OH), 4.79 (s, 2H, PhCH,0), 7.33 (m, 1H, ArH), 7.54 (m, 1H, ArH), 7.65 (m, 1H,
ArH), 7.90 (m, 1H, ArH); 3C NMR (100.6 MHz, CDCls, §, ppm): 63.7, 69.9, 70.9, 72.2, 124.5,128.1, 128.7,
133.5, 134.3, 147.2.

Synthesis from dioxolane 87:

As for the synthesis of dioxolane 110, to a stirred solution of 2,2-dimethyl-4-hydroxymethyl-1,3-
dioxolane 87 (661.3 mg, 5.0 mmol, 1.0 eq.) and 2-nitrobenzyl bromide 82 (1296.4 mg, 6.0 mmol,
1.2 eq.) in 10 mL MeCN (anh.) at 0 °C was added NaH (240.7 mg, 60 w%, 6.0 mmol, 1.2 eq.) at 0 °C and
under argon atmosphere. The reaction mixture was stirred for 30 min at 0°C and for further 30 min
allowed to reach RT and the solvent was removed. The residue was taken in 2 mL NH,Cl (aq., sat.) and
50 mL EtOAc, dried over Na,SO,, filtered and the solvent was removed. The yellow crude oil with a
solid fraction (1.5 g) was solubilized in 4ml AcOH (aq., 80 w%) and filtered. The filtrate was stirred
under gentle reflux for 3 h. After removal of the solvent and coevaporation with H,0O, toluene and NEts,
the crude was taken in EtOAc and purified by column chromatography (SiO; vs EtOAc) to obtain
763.5 mg (3.4 mmol, 57 %) of the product as a yellow oil.
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The analysis data harmonizes with the values reported above.

4.3.4.7 DMT Precursor 112

To a stirred solution of diol 111 (2405 mg, 1.1 mmol, 10 eq.) in 5 mL
THF (anh.) : pyridine (anh.)=3:2 (v : v) 4,4’ -dimethoxytrityl chloride (360.4 mg, 1.1 mmol, 1.0 eq.)
was added in three intervals of each 40 min at RT and under argon atmosphere and stirred overnight.
Te solvent was removed, 20 mL NaHCOs; (sat., ag.) were added and it was extracted with EtOAc
(3x 50 mL). The combined organic layer was washed with brine (2x 25 mL), dried over Na,SO,, filtered
and the solvent was removed. The yellow crude oil was purified by column chromatography (SiO; vs
20 v% —> 33 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 493.3 mg (0.9 mmol, 88 %) of the product
as a colorless foam.

HRMS m/z: [M+Na]* calculated for Cs;H3:NO;Na* 552.1993; found, 552.1996; 'H NMR (400.1 MHz,
CDCls, 8, ppm): 2.34 (m, 1H, HCOH), 3.27 (m, 2H, CH,ODMT), 3.69 (m, 1H, CHCH.0), 3.78 (s, 6H,
AFDMTOC_Hg), 491 (S, ZH, PhC_H;O), 6.82 (m, 4H, AFDMTH), 7.21 (m, lH, AFDMTH), 7.28 (m, 2H, AI"DMTH), 7.32
(m, 4H, ArpmrH), 7.43 (m, 2H, AromrH), 7.44 (m, 1H, ArngH), 7.60 (m, 1H, ArngH), 7.69 (m, 1H, ArngH),
8.07 (m, 1H, ArngH).

4.3.4.8 Phosphoramidite Monomer 113

SO
0._.0
)
\(NT/
e

To a solution of DMT precursor 112 (1135.9 mg, 2.1 mmol, 1.0 eq.) in 10 mL DCM (anh.) was added
DIPEA (1.66 g, 13.7 mmol, 6.0 eq.) and molecular sieves (3 A) under argon atmosphere at 0 °C. To the
stirring reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (581.4 mg, 2.5 mmol,
1.15 eq.) was then added. The reaction mixture was stirred at 0 °C for 30 min and then allowed to
warm to RT for 30 min. The solvent was removed and the residue purified by column chromatography
(SiO2 vs 33 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 1508.0 mg (2.1 mmol, 97 %) of the product
as a colorless foam.

HRMS m/z: [M+H]* calculated for CaoH49N30gP* 730.3252; found 730.3244; *H NMR (400.1 MHz, CDCls,
6, ppm): 1.12 (m, 12H, N(CH(CHs),).), 2.51 (m, 2H, CH,CH,C=N), 3.27 (m, 2H, CH,ODMT), 3.70 (m, 6H,
CH,CH,C=N, N(CH(CHs),)2, CH,0Ph), 3.78 (s, 6H, ArpmrOCH3), 4.20 (m, 1H, CHOP), 4.91 (m, 2H, PhCH,0),
6.80 (m, 4H, ArpmrH), 7.20 (m, 1H, ArpmtH), 7.25 (m, 2H, ArpmrH), 7.32 (m, 4H, ArpmrH), 7.43 (m, 2H,
AromrH), 7.44 (m, 1H, ArxgH), 7.58 (m, 1H, ArnsH), 7.73 (m, 1H, ArygH), 8.08 (m, 1H, ArysH); 3C NMR
(100.6 MHz, CDCls, 8, ppm): 20.1, 24.5,43.1, 55.0, 58.3, 63.8, 69.8, 71.8, 72.5, 85.9, 113.0, 117.6, 124.4,
126.6,127.6,128.1,128.1, 128.5, 130.0, 133.6, 135.3, 136.0, 144.9, 146.8, 158.4; 3P NMR (161.9 MHz,
CDCls, 6, ppm): 149.4.
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4349 Dioxolane 114

To a stirred suspension of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane 87 (539.8 mg, 4.1 mmol,
1.0 eq.) and 4,5-dimethoxy-2-nitrobenzyl bromide 84 (1432.2 mg, 5.2 mmol, 1.3 eq.) in 20 mL MeCN
(anh.) at 0 °C was added 8 mL DCM (anh.) until a clear solution was maintained. Then, NaH (194.1 mg,
60 w%, 4.8 mmol, 1.2 eq.) was added at 0 °C and under argon atmosphere. The reaction mixture was
stirred for 30 min at 0°C and for further 3 h allowed to reach RT and the solvent was removed. 20 mL
H,O was added and it was extracted with DCM (3x 50 mL). The combined organic layer was washed
with brine (2x 50 mL), dried over Na,SQ,, filtered and the solvent was removed. The yellow crude oil
was purified by column chromatography (SiO; vs 20 v% —> 33 v% EtOAc in cyclohexane) to obtain
565.7 mg (1.7 mmol, 43 %) of the product as a yellow solid. 1.1 mmol of bromide 84 were also
recovered.

H NMR (400.1 MHz, CDCls, &, ppm): 1.33 (s, 3H, CCHa), 1.39 (s, 3H, CCHs), 3.62 (m, 2H, CH,0Bn), 3.89
(s, 3H, ArOCHs), 3.91 (m, 2H, CHCH,0), 3.95 (s, 3H, ArOCHs), 4.33 (m, 1H, CHCH,0), 4.91 (m, 2H,
PhCH,0), 7.28 (m, 1H, ArH), 7.64 (m, 1H, ArH); *C NMR (100.6 MHz, CDCls, 8, ppm): 25.4, 26.8, 56.3,
56.4, 66.4,70.1, 71.9, 74.8, 108.0, 109.5, 109.6, 130.7, 139.2, 147.7, 153.9.

4.3.4.10 Diol 115

o/\/\on

~ OH

o

To dioxolane 114 (560.0 mg, 1.7 mmol) was added 5 mL AcOH (aqg., 80 w%) and the suspension was
stirred in a closed system under gentle reflux. 2 mL THF were added until a clear solution was
maintained. The reaction mixture was stirred at 80 °C for 2.5 h. After removal of the solvent and
coevaporation with H,0, toluene and NEt;, the crude was taken in EtOAc and purified by column
chromatography (SiO; vs EtOAc) to obtain 411.1 mg (1.4 mmol, 84 %) of the product as a yellow solid.

HRMS m/z: [M+NH.]* calculated for Ci;H1N,0;* 305.1343; found, 305.1349; 'H NMR (400.1 MHz,
CDs0D, 6, ppm): 3.63 (m, 4H, CH,0BN, CH,0H), 3.86 (m, 1H, CHCH,0), 3.90 (s, 3H, ArOCHs), 3.97 (s, 3H,
ArOCHs), 4.91 (s, 2H, PhCH,0), 7.43 (m, 1H, ArH), 7.72 (m, 1H, ArH); 3C NMR (100.6 MHz, CDsOD, §,
ppm): 56.8, 56.9, 64.4, 71.0, 72.3, 73.5,109.2, 111.2, 131.7, 140.7, 149.2, 155.3.

4.3.4.11 DMT Precursor 116

To a stirred solution of diol 115 (403.7 mg, 1.4 mmol, 1.0 eq.) in 10 mLTHF (anh.) : pyridine (anh.) =3 : 2
(v :v) 4,4 -dimethoxytrityl chloride (483.2 mg, 1.4 mmol, 1.0 eq.) was added in four intervals of each
40 min at RT and under argon atmosphere and stirred overnight. The solvent was removed, 20 mL
NaHCOs (sat., ag.) were added and it was extracted with EtOAc (3x 50 mL). The combined organic layer
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was washed with brine (2x 50 mL), dried over Na,SO,, filtered and the solvent was removed. The yellow
crude oil was purified by column chromatography (SiO» vs 33 v% EtOAc in cyclohexane + 3 v% DIPEA)
to obtain 419.7 mg (0.7 mmol, 51 %) of the product as a yellow foam.

HRMS m/z: [M+Na]* calculated for CssHssNOsNa* 612.2204; found, 612.2203; 'H NMR (400.1 MHz,
CDCls, &, ppm): 2.51 (bs, 1H, CHOH), 3.27 (m, 2H, CH,ODMT), 3.69 (m, 2H, CH,OBn), 3.77 (s, 6H,
AromrOCH3), 3.88 (s, 3H, ArysOCHs), 3.94 (s, 3H, ArysOCHs), 4.08 (m, 1H, CHOH), 4.92 (s, 2H, PhCH,0),
6.81 (m, 4H, ArpurH), 7.18 (m, 1H, ArowmrH), 7.23 (m, 1H, ArxgH), 7.27 (m, 2H, ArourH), 7.31 (m, 4H,
AromrH), 7.43 (m, 2H, ArpmrH), 7.70 (m, 1H, ArygH); 23C NMR (100.6 MHz, CDCls, 8, ppm): 55.01, 56.1,
56.2, 64.5, 69.8, 69.9, 72.5, 86.1, 107.7, 109.3, 113.0, 126.7, 127.7 128.0, 129.9, 130.7, 135.8, 138.8,
144.7,147.4, 153.7, 158.4.

4.3.4.12 Phosphoramidite Monomer 117

o/
NO, O
0/\/\0 O

o \(NT/ 3

To a solution of DMT precursor 116 (419.7 mg, 0.7 mmol, 1.0 eq.) in 5 mL DCM (anh.) was added DIPEA
(584.3 mg, 4.5 mmol, 6.0 eq.) and molecular sieves (3 A) under argon atmosphere at 0 °C. To the stirring
reaction mixture 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (188.7 mg, 0.8 mmol, 1.12 eq.)
was then added. The reaction mixture was stirred at 0 °C for 30 min and then allowed to warm to RT
for 30 min. The solvent was removed and the residue purified by column chromatography (SiO; vs
30 v% EtOAc in cyclohexane + 3 v% DIPEA) to obtain 463.4 mg (0.6 mmol, 83 %) of the product as a
yellow foam.

HRMS m/z: [M+H]" calculated for C4;HssN3O10P* 790.3463; found 790.3471; *H NMR (400.1 MHz, CDCls,
8, ppm): 1.12 (m, 12H, N(CH(CHs),)2), 2.51 (m, 2H, CH,CH,C=N), 3.24 (m, 2H, CH,ODMT), 3.70 (m, 6H,
CH,CH>C=N, N(CH(CHs),)2, CH,0Ph), 3.69 (m, 3H, ArngOCH3), 3.77 (m, 6H, ArpmrOCHs), 3.95 (m, 3H,
ArnsOCHs), 4.23 (m, 1H, , CHOP), 4.92 (m, 2H, PhCH.0), 6.79 (m, 4H, ArpmrH), 7.18 (m, 1H, ArpwrH), 7.21
(m, 1H, ArngH), 7.24 (m, 2H, AromrH), 7.32 (m, 4H, AromrH), 7.44 (m, 2H, ArpmrH), 7.71 (m, 1H, ArngH);
13C NMR (100.6 MHz, CDCls, 8, ppm): 20.0, 24.3, 42.9, 54.9, 56.0, 56.1, 58.1, 58.3, 63.9, 69.9, 72.3, 85.8,
107.5, 109.2, 112.8, 117.6, 126.5, 126.5, 127.5, 127.9, 129.9, 131.0, 135.8, 138.6, 144.8, 147.2, 153.6,
158.2; 3'P NMR (161.9 MHz, CDCls, 8, ppm): 149.4.

435 Etherification of Nitrophenyl Ethyl Electrophiles

The synthesis of (1-bromoethyl)-nitrobenzenes 119 and 121 as well as the synthesis of corresponding
diol 122 is shown in Scheme V-12 and is described below.

(o] r

_ OH B R,
R, R4 Ry /@)\
e e _—
R OH
Ry

2
R, R,
para-nitro 67 para-nitro 118 para-nitro 119 ortho-nitro 122

ortho-nitro 68 ortho-nitro 120 ortho-nitro 121
para-nitro 67, 118, 119: R; =H; R, =NO,
ortho-nitro 68, 120, 121, 122: R, = NO,; R, =H

Scheme V-12: Overview synthesis of nitrophenyl ethyl electrophiles 119 and 121 and ether formation to diol
122
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4.3.5.1 1-Nitrophenylethan-1-ol 118

OH

NO,

TiCls (0.85 mL, 7.5 mmol, 0.25 eq.) was added to 50 mL THF (anh.) at -78 °C and under argon
atmosphere and stirred for 60 min. MeLi (1.6 M in Et,0, 19 mL, 30.3 mmol, 1.0 eq.) was added dropwise
to the reaction mixture and it was further stirred at -78 °C for 60 min until the solution remains grass-
green. A solution of 4-nitrobenzaldehyde 67 (4535.6 mg, 33.3 mmol 1.1 eq) in 15 mL THF (anh.) was
added dropwise at — 78°C and the reaction mixture was stirred overnight and thereby allowed to slowly
reach RT. The reaction was quenched by the addition of 20 mL H,0, the solvent was removed and
50 mL NaHCOs (sat., ag.) were added and it was extracted with EtOAc (5x 100 mL). The combined
organic layer was washed with brine (2x 50 mL), dried over Na,SQ,, filtered and the solvent was
removed. The crude oil was purified by column chromatography (SiO; vs 30 v% EtOAc in cyclohexan)
to obtain 2228.6 mg (13.3 mmol, 44 %) of the product as a slightly yellow crystalline solid.

IH NMR (400.1 MHz, CDCls, 8, ppm): 1.53 (d, %/ = 6.5 Hz, 3H, PACHOHCH3), 1.83 (bs, 1H, PACHOHCH;),
5.03 (q, %/ = 6.5 Hz, 1H, PhCHOHCHs), 7.55 (m, 2H, ArH), 8.21 (m, 2H, ArH); 13C NMR (100.6 MHz, CDCl,
8, ppm): 25.2, 69.3, 123.5, 126.1, 146.9, 153.4.

The analysis data harmonizes with the reported values in the literature.*%!

4.35.2 (1-Bromoethyl)nitrobenzene 119

Br

NO,

To a stirred solution of 1-(4-nitrophenyl)ethan-1-ol 118 (848.5 mg, 5.1 mmol, 1.0 eq.) in 5 mL DCM
(anh.) at 0 °C was added dropwise PBrs (5 mL, exc.) at 0 °C and under argon atmosphere. The reaction
mixture was stirred for further 60 min at 0°C and then overnight and thereby allowed to reach RT. The
reaction was quenched with NaHCOs (sat., ag.) until a neutral pH was obtained. It was extracted with
DCM (3x 100 mL). The combined organic layer was washed with brine (2x 50 mL), dried over Na,SO,,
filtered and the solvent was removed to obtain 801.4 mg (3.5 mmol, 70 %) of the product as a yellow
oil.

'H NMR (400.1 MHz, CDCls, &, ppm): 2.06 (d, 3/ = 6.9 Hz, 3H, PhCHBrCHs), 5.20 (q, 3) = 6.9 Hz, 1H,
PhCHBrCHs), 7.60 (m, 2H, ArH), 8.21 (m, 2H, ArH); 3C NMR (100.6 MHz, CDCls, 8, ppm): 26.2, 46.6,
123.7,127.7,147.2, 149.9.

The analysis data harmonizes with the reported values in the literature.*%

OH

TiCl, (0.85 mL, 7.5 mmol, 0.25 eq.) was added to 50 mL THF (anh.) at -78 °C and under argon
atmosphere and stirred for 60 min. MelLi (1.6 M in Et,0, 19 mL, 30.3 mmol, 1.0 eq.) was added dropwise
to the reaction mixture and it was further stirred at -78 °C for 60 min until the solution remains grass-
green. A solution of 2-nitrobenzaldehyde 68 (4538.1 mg, 33.3 mmol 1.1 eq) in 15 mL THF (anh.) was

4.3.5.3 1-Nitrophenylethan-1-ol 120
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added dropwise at — 78°C and the reaction mixture was stirred overnight and thereby allowed to slowly
reach RT. The reaction was quenched by the addition of 20 mL H,0, the solvent was removed and
50 mL NaHCOs (sat., ag.) were added and it was extracted with EtOAc (5x 100 mL). The combined
organic layer was washed with brine (2x 50 mL), dried over Na,SQ,, filtered and the solvent was
removed. The crude oil was purified by column chromatography (SiO; vs 33 v% EtOAc in cyclohexan)
to obtain 1807.4 mg (10.8 mmol, 36 %) of the product as a slightly yellow crystalline solid.

IH NMR (400.1 MHz, CDCls, &, ppm): 1.58 (d, 3/ = 6.4 Hz, 3H, PhCHOHCHs), 1.13 (bs, 1H, PhCHOHCHs),
5.42 (q, ¥ = 6.4 Hz, 1H, PACHOHCHs), 7.42 (m, 1H, ArH), 7.65 (m, 2H, ArH), 7.84 (m, 1H, ArH), 7.90 (m,
2H, ArH).

The analysis data harmonizes with the reported values in the literature.%”

Br

To a stirred solution of 1-(2-nitrophenyl)ethan-1-ol 120 (526.6 mg, 3.2 mmol, 1.0 eq.) in 5 mL DCM
(anh.) at 0 °C was added dropwise PBr3 (4.5 mL, exc.) at 0 °C and under argon atmosphere. The reaction
mixture was stirred for further 60 min at 0°C and then stirred for another 4 h and thereby allowed to
reach RT. The reaction was quenched with NaHCOs (sat., aqg.) until a neutral pH was obtained. It was
extracted with EtOAc (3x 100 mL). The combined organic layer was washed with brine (2x 50 mL), dried
over Na,SO,, filtered and the solvent was removed. The crude oil was purified by column
chromatography (SiO2 vs 20 v% EtOAc in cyclohexane) to obtain 495.2 mg (2.2 mmol, 68 %) of the
product as a yellow oil.

4.3.5.4 (1-Bromoethyl)nitrobenzene 121

IH NMR (400.1 MHz, CDCls, &, ppm): 2.08 (d, %/ = 6.8 Hz, 3H, PhCHOHCH:), 5.81 (q, *J = 6.8 Hz, 1H,
PhCHOHCH;), 7.43 (m, 1H, ArH), 7.64 (m, 2H, ArH), 7.83 (m, 1H, ArH), 7.89 (m, 2H, ArH); *C NMR
(100.6 MHz, CDCls, &, ppm): 26.7, 41.7, 124.1, 128.8, 129.5, 133.3, 137.2, 147.3.

The analysis data harmonizes with the reported values in the literature.®%

NO,
@)\o/\/\OH
OH

To a stirred solution of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane 87 (270.7 mg, 2.0 mmol, 1.0 eq.)
in 5 mL MeCN (anh.) at 0 °C was added NaH (85.4 mg, 60 w%, 2.2 mmol, 1.05 eq.) at 0 °C and under
argon atmosphere. The reaction mixture was stirred for 45 min at 0°C and for further 30 min allowed
to reach RT. A solution of 1-(1-bromoethyl)-nitrobenzene 121 (495.2 mg, 2.2 mmol, 1.05 eq.) in 2 mL
MeCN (anh.) added dropwise at 0 °C. The reaction mixture was stirred overnight and thereby allowed

4.3.5.5 Diol 122

to reach RT and the solvent was removed. The residue was taken in 2 mL NH4Cl (ag., sat.) and 50 mL
EtOAc, dried over Na,SQ,, filtered and the solvent was removed. The yellow crude oil was taken in
7 mL AcOH (aq., 80 w%) and stirred under gentle reflux for 90 min. After removal of the solvent and
coevaporation with H,0, toluene and NEts, the crude was taken in EtOAc and purified by column
chromatography (SiO; vs EtOAc) to obtain 58.3 mg (0.2 mmol, 12 %) of the product as a brown oil.

HRMS m/z: [M+NH4]* calculated for Ci1H19N,Os* 259.1288; found, 259.1291; *H NMR (400.1 MHz,
CDCls, &, ppm): 1.50 (m, 3H, PhCHCH3), 3.09 (bs, 2H, HCOHCH,OH), 3.32 (m, 2H, CH,0Bn), 3.58 (m, 2H,
CH,0H), 3.82 (m, 1H, CHCH,0), 5.00 (m, 1H, PhCHCHs), 7.39 (m, 1H, ArH), 7.62 (m, 1H, ArH), 7.70 (m,
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1H, ArH), 7.86 (m, 1H, ArH); **C NMR (100.6 MHz, CDCls, 8, ppm): 23.3, 64.0, 70.7, 70.9, 74.0, 124.3,
127.7,128.3,133.7, 139.1, 148.6.

4.4 Oligomer Synthesis

Oligo(phosphodiester)s $24-S41 were synthesized according to the general procedure described in
Automated Poly(phosphodiester) Synthesis (pp. 135ff.) using phosphoramidite monomers 64, 72, 75,
78, 109, 113, and 117. The sequences were purified by DMT-ON purification described in subchapter
Manual DMT-ON Purification (p. 137). Sequences S28-S41 were obtained as triethylammonium salts
(see NMR spectra on pages 209ff.) and were analyzed by *H NMR, 3P NMR, ESI(-)-MS, ESI(-)-HRMS,
and ESI(-)-MS/MS (see pages 194ff. and 209ff.).

4.5 Photomodification

A 1.0 mM solution of oligo(phosphodiester)s $28-S41 in methanol-d* was prepared under argon
atmosphere. 100 plL od said solution were filled into a small glass vial under exclusion of air and this
vial was placed on the glass surface of a UV lamp (Vilber Lourmat; A = 365 nm). The solution was
irradiated for 60 min and the solvent was afterwards removed to recover the modified sequences $28’-
S41’.
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Annex
1 Comments on Experimental Protocols

1.1 DMT-ON Purification

Sequence definition is guaranteed during phosphoramidite chemistry by additional capping steps that
prevent hydroxy-terminal immobilized sequences that did not react during the phosphoramidite
coupling from participating in further coupling cycles as it is explained in Chapter I: Phosphoramidite
Chemistry (pp. 39ff.). When washing sequences from the support after a DMT-ON synthesis, the
desired sequence is thus obtained with a DMT terminus together with hydroxy-terminated lower
congeners. This mixture is further treated during the DMT-ON purification (see procedure in
Experimental Section: 1.2.3.2 Manual DMT-ON Purification, p. 137) to isolate the desired sequence
from contaminants using a reverse phase column. As shown in Figure V-1 it is the crucial step 2 when
a salt wash solution is passed through the purification kit containing 5 v% MeCN. While alone the DMT
group of the desired sequence is apolar enough to establish sufficient interaction with the static phase
to anchor the whole sequence, lower congeners that do not contain the apolar DMT group are washed
out with the mobile phase.

DNA Principle
purification Kit
— Cleavage Solution Elution Solution
Q desired DMT-
protected sequence DMT-ON. hydroxy-terminated
g volume: purification desired sequence
~ 0.5ml
______ hydroxy-terminated
& D lower congeners

Application Application Application Application Application
Cleavage Salt Wash Solution  Deblock Solution of H,0 Elution Solution
solution (5v% MeCN) (2w% TCA) (50 v% MeCN)

J

2l

J
J

ol

__________________________________
~~~~~~~~~~~~~~

O O
waste: waste: waste: waste: isolation:
VaCl, NH,, MeNH, 1) NaCl, NH,, MeNH, Salt Wash TCA from step 3 desired sequence
in H,0 in H,0 from step 1 from step 2
2) lower congeners

Figure V-1: Overview of DMT-ON purification.
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Afterwards the DMT group is cleaved off with TCA (step 3) in 100 % H,0. Under these conditions the
desired sequence is not polar enough to be washed out. Finally in step 5, 50 v% MeCN are applied to
wash the purified desired sequence from the reverse phase column.

This protocol was originally conceived for the purification of oligonucleotides. Yet, abiotic
poly(phosphodiester)s exhibiting apolar TIPS protective groups were investigated as precursors in
Chapter II. Here, the global polarity of the sequence was not governed by the DMT group anymore and
step 2 (see Figure V-1) did not result in the separation from lower congeners. This is why a DMT-ON
purification could only be applied when all TIPS groups were removed from the intermediates during
the sequential post-polymerization modification. This fact also implies that it is not until the final
purification that sequence-defined polymers were isolated. Strictly speaking, polymer mixtures were
isolated before.

1.2 Sequential Modification of Poly(phosphodiester)s

NMR and mass spectra are presented in this section which were allowing to follow the reaction
progress of sequential post-polymerization modifications. As discussed in the paragraph above, the
sequences S7, S7’, and S7” are strictly speaking not isolated intermediate products because they do
still contain the (modified) lower congeners from the precursor polymer synthesis. Moreover, the first
modification was performed when S7 was immobilized on the support. That is why $7 was synthesized
in another batch and cleaved from the support to access analytic data of that precursor species. In
Figure V-2 the ESI(-) mass spectrum of S7 is depicted. It is striking that only the very low congeners
could be detected by mass spectrometry. During each phosphoramidite coupling cycle the chances of
a missed step and subsequent chain capping are the same. It is consequently supposed that the
potential ionization in MS decreases for poly(phosphodiester)s with increasing length. And as the
desired sequence S7 is detected as the dominant species in multicharged states, S7 was clearly isolated
as the main product.

[S7-8H]®-
945.5
ESI(-)-MS [$7-7H]™
[S7-9H]* 1080.7
840.3

sequence S7

[S7-6H]%
1261.0

[S7-10H]1-

I

I T T T T T T T T T
400 600 800 1000 1200 m/z

Figure V-2: ESI(-) mass spectrum of S7. Sequence S7 detected as [S7 — 6H]¢ at m/z = 1261.0, [S7 — 7H]”- at m/z
=1080.7, [S7 — 8H]® at m/z = 945.5, [S7 — 9H]*- at m/z = 840.3, and [§7 — 10H]% at m/z = 756.3. Some lower
congeners were detected as deprotonated molecules and identified as T0; (m/z = 455.1; z = 1), T0,1; m/z =
1195.4; z=1and 597.7: z = 2), T051; (m/z = 704.7; z = 2), T041; (m/z = 811.7; z = 2), T0s1; (m/z = 919.3; z= 2),
and TOe1; ( m/z = 1026.3; z = 2 and m/z = 683.9; z = 3). Multiple H/Na exchanges account for the peak series
observed at higher masses next to the main signals.

After the CuAAC modification of immobilized DMT-protected S7 and its congeners, the support
material was washed extensively before cleaving the modified sequences from the support. Shown in
Figure V-3, target sequence S7’ was detected by mass spectrometry and *H NMR. It is apparent that it
is even more difficult to analyze the compound by ESI(-)-MS with the insertion of 34 PEG side chains at
the 0 bit monomers. Yet, sequence S7’ was identified in different multicharged states and additionally,
H/Cu exchanges were observed. The presence of copper ions is probably also the reason for isolating
S7’ as a blue oil as well as it can explain the very broad peaks observed in NMR. Importantly,
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methyleneoxy protons (g) are clearly detected as well as the signal for methylene protons adjacent to
the newly formed triazole ring (f) and the signal for the aromatic proton at the triazole ring (i).

17 7 4 T/
ESI(-)-msS [S7-11H+Cu] 20" H NMR
1435.8 [S7*-10H+Cu]®
[S7-1IHI™ (g0 40H10- [$74-12H+2Cu] 2595:5 H,0
12995 1429.6 14420 [S7“9H]>  [S7-11H+2Cu]*

[S7*-12H+Cu]** 1588.5 1602.3
1305.1 ; e

— T T — T T (— T T T T T T T
1300 1350 1400 1450 1500 1550 1600 1650 m/z 9 8 7 6 5 4 3 2 1 ppm

Figure V-3: Analysis of oligomer S7’. Left: ESI(-) mass spectrum; S7’ detected as [S7’ — 9H]°- at m/z = 1588.5,
[S7’ — 10H]19- at m/z = 1429.6, and [S7’ — 11H]*!- at m/z = 1299.5, as well as after one H/Cu exchange ([S7’ -
(z+1) H + Cu]* at m/z = 1595.3 (z=9), m/z = 1435.8 (z = 10), and m/z = 1305.1 (z = 10) or two H/Cu exchanges
([S7’—(z+2)H + 2 Cuj* at m/z =1602.3 (z=9), m/z = 1442.0 (z = 10), and m/z = 1310.9 (z = 11) in the polymer.
Right: 1H NMR spectrum recorded in methanol-d* shown in the range of 9.0 — 0.0 ppm; TIPS protons signals d
detected at 1.0 ppm, the region 3.4 - 3.8 ppm as well as a weak signal at 4.5 ppm indicate side chain
modification through the presence of methylenoxy protons g and methylene protons f adjacent to N1 of
triazole rings, respectively.

|
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Figure V-4: Analysis of §7”. Left: ESI(-) mass spectrum; §7” detected as [S7” — 9H]® at m/z = 1345.3, and [S7”
— 10H]*%- gt m/z = 1210.4. Right: : 1H NMR spectrum recorded in methanol-d* shown in the range of 9.0 — 0.0
ppm; modified monomers 0 are characterized by signals for triazole protons i at 8.1 ppm, methylene protons
f adjacent to N1 of triazole rings at 4.5 ppm, methylenoxy protons g at 3.75 ppm, 3.6 ppm, and 3.4 ppm, and
methylene protons h adjacent to C4 of triazole rings at 2.8 ppm; monomers 1 result in signals for terminal
alkyne protons e at 2.3 ppm and methylene protons neighboring the terminal alkyne c at 2.4 ppm.

Sequence S7”” was obtained after TIPS deprotection with TBAF as indicated by mass spectrometry
shown in Figure V-4 on the left. The 'H NMR spectrum on the right of the same figure shows that $7”
was—even after chromatographic purification from the reagent—isolated as a tetrabutylammonium
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(TBA) salt. The signals at 3.3 ppm, 2.6 ppm, 1.4 ppm, and 1.0 ppm originate from the TBA alkyl chains.
Yet, copper had been removed and relatively sharp peaks indicate the presence of the attained alkyne
proton (e). Quantitative TIPS-deprotection of monomers 1 is indicated by disappearance of signals for
TIPS-protons (d) at 1.0 ppm that were prominent for S7’ in Figure V-3.

Finally, the second modification yielded S7’”’ that could be purified from its lower congeners by a DMT-
ON purification. The NMR spectrum is shown in Figure II-11 on page 81. The signal at 2.3 ppm for free
alkyne protons (e) detected for S7”’ (see Figure V-4) disappeared, indicating a quantitative conversion.
Binary modified sequence $7””’ could not be detected by ESI(-) mass spectrometry.

2 Nanopore Sequencing

In the following sections the behavior of abiotic poly(phosphodiester)s is briefly discussed regarding
the interactions with each of the three biological nanopores depicted before in Figure II-12 on page
83.3 For experimental details, the interested reader is directed to the related publication®* for further
reading.

2.1 Interaction with a-Hemolysin

In a first attempt, a suitable biological pore had to be found and analyzed for its interaction with a
simple abiotic poly(phosphodiester) S9. The first tested biological nanopore was a-hemolysin, a homo-
oligomeric heptamer. It comprises a solvent filled channel that is 100 A in length. Running along the
central sevenfold axis of the protein, its diameter ranges from 14 A to 46 A. Model sequence S9
consisted of three leading dT monomers and a block of 56 1,3-propandiol-based units as it is depicted
in Figure V-5A. When S9 was injected at the cis-side of the membrane and a voltage of +100 mV was
applied, the characteristic open-pore current /o was registered. Negatively charged species ions are
translocating through the channel. Apart from the initial open-pore current, a new slightly lower
current level was detected. Shown in Figure V-5B, it stayed constant over seconds. This observation is
possibly due to strong interaction between S9 and a-hemolysin. The open-pore current /o was not
retrieved as long as an electric field was applied. As a control the electric field was inverted by applying
a voltage of -100 mV. As it is shown in Figure V-5C, following the expectations the inverse open-pore
current stays constant. There is no species at the trans-side of the membrane that could be
electrophoreticly transported to the pore and therefore no current variation is registered. In
conclusion, the applied electric field induces migration of S9 to the cis-side of the pore. Having arrived
there, the sequence blocks the entry of the pore channel to a certain degree in a constant manner as
long as an electric field is applied. a-Hemolysin was, thus, not considered a suitable biological nanopore
for sequencing the supplied class of abiotic poly(phosphodiester)s.

3 Hereby, it is clearly stated that the author of the thesis did supply the collaborators with several analytes and
gave advice regarding chemistry-related questions. Practical experiments employing nanopores, data treatment
and data interpretation as well as visualization was performed by the collaborators M.Sc. Mordjane Boukhet and
her scientific supervisor Jan C. Behrends (both University of Freiburg, Germany). Obtained results are discussed
and printed with their permission.
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Figure V-5: Interaction between S9 and a-hemolysin. A) visualization of sequence $9 and pore; B) current
histogram at positive voltage (+100 mV); C) current histogram at negative voltage (-100 mV).

2.2 Interaction with Aerolysin

The experiment that is depicted above in Figure V-5 was repeated with aerolysin. The transmembrane
protein is also a homo-oligomeric heptamer that comprises a solvent filled channel that shows a
narrowest diameter with 17 A in the channel’s constriction zone.*® When applying S9 to the cis-side

+100 mV I—

I Ts

B)

10 pA

IlH | I [
|

9]

<
-100 mV =

Figure V-6: Interaction between S9 and aerolysin. A) visualization of sequence S9 and pore; B) current
histogram at positive voltage (+100 mV); C) current histogram at negative voltage (-100 mV).

of the membrane (see Figure V-6A) an open pore current /o was observed while short events induced
two different levels of lower currents as it can be seen in the histogram in Figure V-6B. The control
experiment (Figure V-6C) showed that those events are not observed when an inverse electric field is
applied. Hence, S9 was found to interact in short reversible events with aerolysin.

The events that could indirectly reveal information about the sequence were then to be analyzed in
depth. The dwell time of each event was plotted over its current level in Figure V-7A when a 300 mM
concentration of KCl was used. Event 1 with current /; permits less ions to pass and shows a dwell time
of up to 100 ms while event 2 causes a current /> that is closer to the open-pore current and less defined
as I;. Events of type 2 last considerably shorter and are in the range of milliseconds. The situation was
also investigated with higher KCl concentrations. Figure V-7B shows that the relative current of events
1 and 2 does not change, however, dwell times are much longer.
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current histogram dwell time over current level event superposition
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Figure V-7: Event analysis for $9 with aerolysin at 120 mV. A) using 0.3 M KCl; B) using 1.0 M KCl.

When a polymer S10 with a considerably longer abiotic block of 104 phosphate linked 1,3-propandiol
moieties was applied to the cis-side of the same nanopore setup, a very similar characteristics was
observed (see Figure V-8A and B). Both, event 1 and event 2 block the open-pore current slightly less
than it was observed for the shorter $9. Dwell times are similar and apparently not strongly depending
on the abiotic block’s length in the poly(phosphodiester)s.

current histogram
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Figure V-8: Interaction between $10 and aerolysin at 120 mV. A) Visualization of sequence $10 and pore
protein; B) event analysis using 0.3 M KCl.

Very interestingly, a different voltage dependence of dwell time was observed for events 1 and 2.
Relative currents /; and /> were measured, identifying events 1 and 2, respectively, at different applied
electric fields. Dwell time analysis of the events shows that event 1 is characterized by dwell times that
first increase with the applied voltage and after passing a maximum at approximately 150 mV, the
dwell time decreases again with the applied voltage as it is shown in Figure V-9 (A and B, middle).
According to the working hypothesis explaining this observation, at low electric fields a polymer bundle
can block the pore to some degrees and leave the pore again but it is staying at the cis-side of the
membrane. Higher fields increase the force sucking the polymer into its cavity against entropic forces
that would lead to migration on the cis-side of the membrane: The dwell time of events is prolonged.
If a certain critical voltage is reached, the electrical field will be high enough to compensate losses of
entropy when the polymer is forced into a conformation that allows it to pass through the membrane
channel reaching the trans-side of the membrane. The higher the applied voltage is set from this point,
the faster is the induced translocation of the polymer and thus, the dwell time reduces with an
increasing electrical field. The situation for events 2 is different (see Figure V-9A and B, right). The dwell
time increases linearly with the applied voltage, suggesting that the polymer is in a conformation or
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orientation that does not permit translocation (at the range of applied voltages). The working
hypothesis is visualized in Figure V-10.

event analysis at 150 mV dwell time Of eventlatl, dwell time 0/_(9‘/9’” 2atl,
over applied voltage over applied voltage
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Figure V-9: In-depth comparison between events 1 and 2 of $9 (A) and $10 (B) in aerolysin: Voltage dependence
of dwell time.
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Figure V-10: Hypothesis: Different interactions cause distinguishable events 1 and 2.

First insights about the interaction between the biological nanopore aerolysin and abiotic
poly(phosphodiester)s were revealed for S9 and $10. The length of the abiotic part of the polymer with
56 subunits for S9 and 104 for S10, respectively, does not have a qualitative impact on the observation
of two distinguishable events. The next analogue polymer under investigation, $11, was chosen to
exhibit an intermediate length of the abiotic part with 64 subunits while the number of leading
deoxythymidine units was reduced to one. As depicted in Figure V-11.A much shorter dwell times were
observed during the experiment while the distribution of current levels was less sharp. It is suggested
that a decreasing number of deoxythymidine units leads to an overall reduced interaction between
polymer and nanopore. When the 1,3-propandiol motif constitutes the abiotic block like in polymers
$9, 510, and S11, its contribution to interaction with the pore is small compared to the deoxythymidine
chain end. Hence, in analytes S12 and S13 1,3-propandiol moieties were gradually replaced by 2,2-
dipropargyl analogues. For block copolymer $12 that was composed of an equal number of the two
comonomers organized in four blocks with each 16 subunits, the dwell time of events increased slightly
with respect to analyte S11 and two discrete current levels were observed (see Figure V-11A). The
analogue S12 exhibiting an alkyne homopolymer block showed two discrete current levels as well and
the dwell time of events was considerably increased to the range of some hundred microseconds (see
Figure V-11B). When comparing aerolysin interaction of S11 with that of S13 it can be concluded that
the replacement of the unbranched monomeric units with its 2,2-dipropargyl analogues results in a
stronger interaction that is yet still too weak to enable a precise read-out (see Figure V-11C). Thus,
sequence S14, the triazole analogue of S11 and S13, was tested for its interaction with the pore. Shown
in Figure V-12, events with two current levels were observed that showed dwell times above a
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millisecond. Inside the transmembrane protein, the triazole moieties can potentially contribute to
hydrogen bonds as donors and acceptors.
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Figure V-11: Overview interaction of $11 (A), $12 (B), and §13 (C) with aerolysin.

S$14 was synthesized using a post-polymerization modification by CuAAC and it demonstrates that
starting from this point, nanopore interaction can be studied as a function of factors like sterical
demand, polarity, etc. introduced by the side chains.
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Figure V-12: Overview interaction of $14 with aerolysin.

2.3 Interaction with Mycobacterium Smegmatis Porin A

Interaction of sequence S11 with MSpA did not result in comprehensive events as can be seen in Figure
V-13.
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Figure V-13: Interaction of $11 with MSpA.
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3 Additional Discussion and Data to Chapter IV

3.1 Proposed Mechanism for Imine Fragmentation

The proposed mechanism for imine fragmentation during tandem mass spectrometry is depicted in
Figure V-14B giving a possible structure to fragments f;-fs detected during the MS/MS analysis shown
in Figure V-14A.
A)  MS/MS analysis
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Figure V-14: A) Tandem mass spectrum of [imine+H]* peak; B) proposed fragmentation mechanism.

3.2 Tandem Mass Spectrometry Sequencing of Oligomers $S35-S41 and S35’-S41’

The sequences $S35-541 that were synthesized for the concept Reveal sequence information were
analyzed by mass spectrometry. Tandem mass spectrometry of the [SX-3H]* peak at 850.4 yielded
identical spectra to the one of S35 that is depicted on the left of Figure V-15. That harmonizes with the
expectations as the monomeric units were regioisomers and thus not distinguishable by mass
spectrometry. Only for sequence S35, the analyte is not modified upon irradiation due to the fact that
it is only exhibiting inert para-nitrobenzylic ethers. Hence, the MS/MS spectrum of the [$35’-3H]* ion
is identical to the MS/MS spectrum of the [$35-3H]* ion as it is shown in Figure V-15.
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Figure V-15: MS/MS spectra of the [§35—-3H]3~ ion (left) and the [S35’-3H]3~ ion at m/z 850.4.

A brief introduction to the interpretation of the MS/MS spectra should be given here. To deduce the
sequence information, the detected ions have to be assigned to several possible fragmentation
pattern. The result is shown in Table V-1 below. In Figure V-16 the fragmentation for series d and w
are depicted. These fragments do-ds and w;-w7 were detected in their multiple charged states in both
MS/MS spectra (compare above Figure V-15). Either in a—>w direction for series d or in w—>a direction
for series w the mass difference between the entities of the series reveals the primary structure. In
fact that is only the case if each monomeric unit is defined by its weight. Here, it is found that the
repeating mass difference of 289 Da can only stem from a para-nitrobenzylic ether containing
monomer after irradiation. That allows for this case the reconstruction of the primary structure a-
T11111111-w for sequence S35’. This result is already reflected by the middle line in Table V-1. As
ortho- and para-nitrobenzylic ether containing monomers are characterized by the same mass, the
sequence information of S35 as well as the sequence information of all non-irradiated sequence S36-
S$41 cannot be deduced.

Table V-1: List of m/z values measured for fragments of the [§35’-3H]?~ ion at m/z 850.4. n.e.: not expected;
n.d.: not detected.

al bl cd dd w1 x T y z

n.e. n.e. 303.01- 321.0% a n.e. n.e. n.e. n.e.
512.1% 530.1%" 592.1% 610.11- 1 n.e. 769.83%- 749.13- n.d.
801.1%- 819.21- 881.1%- 899.1%- 1 679.43- 1010.6% 979.62 970.6%
1090.2% 1108.2% 1170.2% 1188.21- 1 875.1 866.12 835.12 1653.31-
1379.2%- 1397.2%- 729.1 738.1% 1 730.6 14442 1382.21- 1364.21-
1668.31- 842.6% 873.6%- 882.62 1 586.12- 1155.1% 1093.21- 1075.2%
978.1%- 987.1%- 1018.12 684.43- 1 884.1% 866.11 804.1% 786.11-
1122.7% 1131.7% 774.83 n.e. 1 595.11- 577.1% 515.11- 497.1%-
n.e. n.e. n.e. n.e. 1-0 306.01- n.e. n.e. n.e.
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Figure V-16: Possible fragmentation pattern of the triply charged ion of sequence S35 or identical $35’.

Followingly, the MS/MS spectra of the [SX’-3H]* peak and analysis tables to deduce the sequence

information of irradiated analytes are given for the rest of the series of sequences.
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Deduced from MS/MS analysis (Figure V-17) and shown in Table V-2, the primary structure of
sequence S36’ is determined to be a-T01000101-w, coding for E in the ASCII alphabet.

MS/MS analysis of [$36‘-3H]3- peak at 625.4
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Figure V-17: MS/MS spectrum of the [S36’—3H]3~ ion at m/z 625.4.

Table V-2: List of m/z values measured for fragments of the [S36’-3H]?*~ ion at m/z 625.4 after irradiation. n.e.:
not expected; n.d.: not detected.

al bl cl dd w P x T y T z
n.e. n.e. 303.01- 321.0% a n.e. n.e. n.e. n.e.
377.1% 395.11 457.1% 475.1%- 0 n.e. 544 .73 n.d. 777.6%
666.11- 684.21- 746.11 764.11 1 499.43- 740.62- 709.62- 700.62-
820.21- 838.21- 900.11- 918.11- 0 605.12- 596.0%- 565.12- 1113.2%
974.1% 992.2%- 526.6%- 535.62- 0 528.0%- 1039.1% 977.1% 959.1%-
1128.2% 572.6% 603.62- 612.62 0 451.0 885.11 823.1% 805.11
708.12- 717.1% 748.1%- 504.43- 1 749.1%- 731.1% 669.11- 651.1%
785.12- 794.12- 549.73- n.e. 0 460.1% 442.0- 380.11 362.11
n.e. n.e. n.e. n.e. l-0 306.01- n.e. n.e. n.e.

Deduced from MS/MS analysis (Figure V-18) and shown in Table V-3, the primary structure of
sequence S37’ is determined to be a-T01111000-w, coding for x in the ASCII alphabet.

MS/MS analysis of [$37‘-3H]3 peak at 670.4
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Figure V-18: MS/MS spectrum of the [S37’-3H]3~ ion at m/z 670.4.
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Table V-3: List of m/z values measured for fragments of the [S37°—3H]3~ ion at m/z 670.4 after irradiation. n.e.:
not expected; n.d.: not detected.

al bl cd dJd w P x T y ™ z

n.e. n.e. 303.01 321.0 a n.e. n.e. n.e. n.e.

377.1% 395.11 457.1% 475.1%- 0 n.e. 589.73- n.d. 845.12-
666.11- 684.21- 746.11 764.1% 1 544 .43~ 808.1% 777.0% 768.12-
955.11- 973.2% 1035.1+ 1053.1% 1 672.6% n.d. 632.62- 623.62-
1244 2% 1262.21- 661.62" 670.52 1 528.0 519.0% 977.1% 959.11-
1533.21- 775.1% 603.62- 815.1% 1 383.52 474 5% 688.11- 670.11
843.12- 852.12- 806.12- 594.43- 0 479.01- 461.01- 399.01- 381.01-
920.1%- 929.1%- 549.73- n.e. 0 325.0 307.0% 245.0 227.0%
n.e. n.e. n.e. n.e. 0-o 171.0% n.e. n.e. n.e.

Deduced from MS/MS analysis (Figure V-19) and shown in Table V-4, the primary structure of
sequence S38’ is determined to be a-T01110000-w, coding for p in the ASCII alphabet.

MS/MS analysis of [$38‘-3H]3- peak at 625.4

7105
3160

1034

12442 8

fz622 3
g2 ®

Figure V-19: MS/MS spectrum of the [S38’-3H]3~ ion at m/z 625.4.

Table V-4: List of m/z values measured for fragments of the [S38’-3H]3~ ion at m/z 625.4 after irradiation. n.e.:
not expected; n.d.: not detected.

al bl cd dJ w P x T y ™ z

n.e. n.e. 303.0 321.0% a n.e. n.e. n.e. n.e.
377.1%- 395.11- 457.1% 475.1% 0 n.e. 54473 n.d. 777.6%
666.11- 684.21- 746.1% 764.1% 1 499.33- 740.5%- 709.6%- 700.6%-
955.11- 973.21- 1035.11- 526.17 1 605.12 596.0% 1131.2% 1113.1%
1244.21- 1262.21- 661.62 670.62 1 460.5% 451,52 845.11- 824.11-
1398.21- 707.67 738.6 747.6 0 633.01- n.d. 553.11- 535.11-
775.67 784.67 815.6 549.43- 0 479.0 461.01- 399.01- 381.01-
852.6%- 861.6%- 594.73 n.e. 0 325.0% 307.0% 245.0 227.0%
n.e. n.e. n.e. n.e. 0-0 171.0- n.e. n.e. n.e.

198



3 ADDITIONAL DISCUSSION AND DATA TO CHAPTER IV |

Deduced from MS/MS analysis (Figure V-20) and shown in Table V-5, the primary structure of
sequence S39’ is determined to be a-T01110000-w, coding for o in the ASCII alphabet.

MS/MS analysis of [$39‘-3H]3- peak at 760.4

7604 gsﬁw

£

g
Y
1-5“ O

1245

600-

566.1%
& T

200

Intensity (2.}
g
,462“5
57718
=

éﬁ?l

515,18

475,

!

L, ”

100 200 W0 M0 s

m;uzgzl‘__
FLs
139828

L1s1s.38
1153635
1654 2

a
Ll
a6

5
g

1800 1600 mr

Figure V-20: MS/MS spectrum of the [S39’-3H]3~ ion at m/z 760.4.

Table V-5: List of m/z values measured for fragments of the [$39’-3H]?*~ ion at m/z 760.4 after irradiation. n.e.:
not expected; n.d.: not detected.

al bl cl dJd w P x T y T z

n.e. n.e. 303.01- 321.0% a n.e. n.e. n.e. n.e.
377.1% 395.11 457.1% 475.1%- 0 n.e. 679.73- n.d. 980.1%
666.11~ 684.11- 746.11 764.11 1 634.43- 943.1% 912.1% 903.1%
955.11- 973.2% 1035.1%- 526.12- 1 807.6% 798.62- 1536.31- 1518.31-
1109.2%- 1127.2% 594.12- 603.12- 0 663.12- 1309.2%- 1247.2% 1229.21-
1398.21- 707.6% 738.6%- 747.6% 1 586.12- 1155.21- 1093.21- 1075.2%
843.1%- 852.1% 883.1%- 549.43- 1 884.1%- 866.11 804.21 786.1%
986.7%- 996.62- 684.73- n.e. 1 595.11- 577.1% 515.11 497.1%-
n.e. n.e. n.e. n.e. l-0 306.01 n.e. n.e. n.e.

Deduced from MS/MS analysis (Figure V-21) and shown in Table V-6, the primary structure of
sequence S40’ is determined to be a-T01110000-w, coding for s in the ASCII alphabet.

MS/MS analysis of [S40‘-3H]3 peak at 715.4

[0
oy
7154
08V

4306

1563

4510F
™

1.0E3

2115
=

Infensiy (au)

05E3

Figure V-21: MS/MS spectrum of the [S40’-3H]3~ ion at m/z 715.4.
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Table V-6: List of m/z values measured for fragments of the [S40’—3H]3>~ ion at m/z 715.4 after irradiation. n.e.:
not expected; n.d.: not detected.

al bl cd dJd w P x P y z P

n.e. n.e. 303.01- 321.1% a n.e. n.e. n.e. n.e.
377.1% 395.11- 457.0 475.1% 0 n.e. 634.73 n.d. 912.6=
666.11~ 684.21- 746.11- 764.11- 1 589.43- 875.6% 844.6 835.62
955.11- 973.21- 1035.11- 526.12 1 74017 731.1% 700.1% 1383.21-
1244.21- 1262.21- 661.62 670.6% 1 595.62- 1174.1% 1112.2% 1094.21-
1398.21- 707.6 738.6 747.6% 0 451.1% 885.11- 823.11- 805.11-
775.6% 784.6% 815.6% 549.43- 0 749.11- 731.1% 669.11- 651.11-
920.1% 929.1% 639.73- n.e. 1 595.11- 577.1%- 515.11- 497.1%
n.e. n.e. n.e. n.e. 1-0 306.01 n.e. n.e. n.e.

Deduced from MS/MS analysis (Figure V-22) and shown in Table V-7, the primary

sequence S41’ is determined to be a-T01110000-w, coding for e in the ASCII alphabet.

MS/MS analysis of [S41‘-3H]3- peak at 670.4

1563

Intensity (..

05E

77718

82315

Figure V-22: MS/MS spectrum of the [S41’-3H]3>~ ion at m/z 670.4.

structure of

Table V-7: List of m/z values measured for fragments of the [S41°-3H]3~ ion at m/z 670.4 after irradiation. n.e.:
not expected; n.d.: not detected.

al bl cd dJ w P x T y ™ z

n.e. n.e. 303.0 321.1% a n.e. n.e. n.e. n.e.
377.1%- 395.11- 457.0% 475.1% 0 n.e. 589.73- n.d. 845.1%
666.11~ 684.11- 746.11- 764.1%- 1 544.43 808.1%~ 777.1% 768.1%
955.2%- 973.2% 1035.1% 526.1%" 1 672.6% 663.62 632.62 1248.21-
1109.21- 1127.21- 1189.21- 603.12 0 528.0 1039.1% 977.1%- 959.11-
1263.21- 640.17 671.57 680.12 0 451.0% 885.11- 823.11- 805.11-
775.67 784.67 815.6 549.43- 1 749.0%- 73111 669.11- 651.11-
852.6%- 861.6%- 594.73 n.e. 0 460.01- 442.01- 380.0% 362.1%
n.e. n.e. n.e. n.e. l-o 306.0 n.e. n.e. n.e.
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4 Analysis of Key Compounds from Chapter Il

Phosphoramidite monomer 5

1H NMR I 31p NMR

’ i - "
[ T T T T T T T T T [ T T T T T T T T T T T T T

10 9 8 7 6 5 4 3 2 1ppm 175 150 125 100 75 50 25 0 -25 ppm

Figure V-23: Characterizationo of phosphoramidite monomer 5.

Phosphoramidite monomer 10

1H NMR 31p NMR

Ll Aol

100 9 8 7 6 5 4 3 2 1ppm 175 150 125 100 75 50 25 0 -25 ppm

Figure V-24: Characterization of phosphoramidite monomer 10.

Sequence S1 ESI(-)-MS 7873

755.8

740.8
724.4 818.8
698.9
1050.1

1008.1 :1092.1
481.1

. 1 ‘ 848.1 966.2 1134.4
! \ Lol gl .I l“ I R [ l |
T T f T T T T T

400 600 800 1000 1200 m/z

523.1 656.9
1

Figure V-25: Characterization of sequence S1.

Sequence 52
ESI(-)-MS 784 MS/MS of [S2-2H]?* peak at m/z = 708.4
708.4
491.0
771.2
471.
616.9 378.2
1417.7
! : 677.4

‘ L 83111_29{1'4 19436 0o zu?gll 0 SZT 632.3 t 739.4

P ' T L \ \ \ ‘ \
400 600 800 1000 1200 1400 1600 m/z 200 400 600 800 m/z

Figure V-26: Characterization of sequence S2.
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Sequence S3
ESI(-)-MS 7084 MS/MS of [$3-2H]?* peak at m/z = 708.4 1034
771.2
677.4
053 gor 1417.7 siss s 3782 525.3 677.4
471.9 834.3 16695 543.3 739.4 8915
“ | | . ‘H i ‘ ‘ ‘l - | ‘\ ‘ 475'2.‘ It ‘ A ‘ L
400 600 800 1000 1200 1400 1600 m/z 200 400 600 800 m/z
Figure V-27: Characterization of sequence S3.
Sequence 54
ESI(-)-MS 4, MS/MS of [S4-2H]?* peak at m/z = 708.4
708.4
677.4
989.8 213.0 378.2
525.3
155.0
311 X
1o 6014, 77‘_4 1417~7 233.1 47::2 5‘]3'3 739.4 891.5
e e T T ‘ T ‘ T
400 600 800 1000 1200 1400 1600 m/z 200 400 600 800 m/z
Figure V-28: Characterization of sequence S4.
Sequence $4°
ESI(-)-MS MS/MS of [S4*-2H]?* peak at m/z = 1086.6
989.7 1086.6 93
1086.6
567.3
[1118.6 1055.7|
575.3 543,
791.0
7244 525.3|
3441 1117.6
. 13843 1583.0 ’ 1 8545 10277 ‘
[ T T T I T T T T T [ T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 m/z200 400 600 800 1000 1200 1400 m/z

Figure V-29: Characterization of sequence S4’.

Sequence $4* ESI(-)-MS 775.9
[806.8
77{.3
565.3
515.9
‘ .I‘FL\‘ “’ .[“1‘ s
400 600 800

Figure V-30: Characterization of sequence S4”.
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4 ANALYSIS OF KEY COMPOUNDS FROM CHAPTER I |

Sequence S5 ESI(-)-MS 12895
859.3
f1300.5
1026.3
‘m‘m‘.h | H‘\ I} ‘|m.\ A‘llu = lh . 1‘ ( ‘ ‘
400 600 800 1000 1200 1400 1600 m/z
Figure V-31: Characterization of sequence S5.
Sequence S6
ESI(-)-MS MS/MS of [S6-6H]° peak at m/z = 1027.4
7043 213.0 1027.4
616.3 5253
64635.3 880.4 1027.4
067.9 293.0
666.3 ’
820.4
999.9]
770.2 605.3
: l[l | ‘ll e A! ‘ ‘mlio o |“J ‘Hmw‘ml‘ ‘\“‘l PURRPITIN O N —
600 800 1000 1200 1400 m/z 200 400 600 800 1000 1200 1400 1600m/z
Figure V-32: Characterization of sequence S6
Sequence S7 ESI(-)-MS
455.1 945.5

1400m/z

1000 1200

rmLL
400 600 800

Figure V-33: Characterization of sequence S7.

Sequence $11 ESI(-)-MS

1133.8 1295.8
"
T

1200 1400 m/z

1000

800

600

Figure V-34: Characterization of sequence S11.
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Sequence S12 ESI(-)-MS 5752185

1278.2

alline,

\
1400 m/z

!
600 800 1000 1200

Figure V-35: Characterization of sequence S$12.

Sequence 5§13 ESI(-)-MS

773.9819.4879 7

600 800 1000 1200 1400 m/z

Figure V-36: Characterization of sequence S$13.

Sequence 514 ESI(-)-MS

\ \
600 800 1000 1200 1400 m/z

Figure V-37: Characterization of sequence S14.
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5 Analysis of Key Compounds from Chapter llI

Phosphoramidite monomer 47
1H NMR 13C NMR

| o _ "

JU |’l
[ I I
10 9 8 7 6 5 4 3 2 1lppm 180 160 140 120 100 80 60 40 20 ppm

31p NMR ESI(+)-MS
484.2

506.2
266.1 /

164.1

" L L
I I I I I I [ T T T T T T T

\ T T T
150 125 100 75 50 25 0 -25 ppm 100 200 300 400 500 600 700 m/z

Figure V-38: Characterization of phosphoramidite monomer 47.

Phosphoramidite monomer 50 —
1H NMR 13C NMR

Ll -
[ T T T T T T T T T T T T T T T T T

T [ T T T
10 9 8 7 6 5 4 3 2 1ppm 180 160 140 120 100 80 60 40 20 ppm

31 -
P NMR ESI(+)-MS c12s

524.2

164.1

" Y " y | .
T T T T T T T T T T [ T T T T T

T T T T
150 125 100 75 50 25 0 -25 ppm 100 200 300 400 500 600 700 m/z

Figure V-39: Characterization of phosphoramidite monomer 50.
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Sequence S17 _
1H NMR 31p NMR

10 9 8 7 6 5 4 3 2 1ppm 150 125 100 75 50 25 0  -25ppm

ESI(-)-MS ESI(-)-MS/MS of [S17-H] peak at m/z = 489.1
255.1
255.1 489.1
489.1
351.1
293.0
137.0
2440
363.0 155.0
319.0 333.0
N h’\ | ‘ ‘ 5110 2130 2730 [351.0
E ‘\\\\‘\\\\‘\'\\\‘\\\\‘\\\\“\\\\‘\\\\‘\\\‘\\\\‘\\\\

200 250 300 350 400 450 500 550 600 650 m/z100 150 200 250 300 350 400 450 500 550 m/z

Figure V-40: Characterization of sequence $17.

Sequence S18 _

1H NMR 31p NMR
[ \ \ \ \ \

10 9 8 7 6 5 4 3 2 1 ppm 150 125 100 75 -25 ppm
ESI(-)-MS ESI(-)-MS/MS of [S18-H] peak at m/z = 545.1
545.1 165.0
2721 545.1
155.0 303821'0
183.0 407.1
241.1
137.0

‘ ‘ ‘ {‘ ‘ L | L ‘ L ﬂ i 1 L J ‘46?1

100 200 300 400 500 600 700 m/z 100 200 300 400 500 m/z

Figure V-41: Characterization of sequence S18.
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Sequence S19
1H NMR

5 ANALYSIS OF KEY COMPOUNDS FROM CHAPTER 1 |

31p NMR

A

10 9 8 7 lppm 150 125 100 75 50 25 0 -25 ppm
ESI(-)-MS ESI(-)-MS/MS of [S19-H] peak at m/z = 545.1
545.1
272.1 545.1
165.0
155.0 303.0 3210
407.1
1830 ..
| T ¥ | e
T T ; T T T T [ T T T T T T T T
200 300 400 500 600 700 m/z 100 200 300 400 500 m/z
Figure V-42: Characterization of sequence $19.
Sequence S20 _
1H NMR 31p NMR
VIR W JJLJML
[ T T T T T T T I I I [ T T T T T T T T T T
10 9 8 7 6 5 4 3 2 lppm 150 125 100 75 50 25 0 -25 ppm
ESI(-)-MS ESI(-)-MS/MS of [S20-H] peak at m/z =573.1 573.1
573.1
165.0
183.0
286.1 321'(349.1
155.0 aa11 %0 4352
137.0‘ ‘ ‘ 497.1
\ T T T T I " T e b — ‘
200 300 400 500 600 700 m/z 100 200 300 400 500 m/z

Figure V-43: Characterization of sequence S20.
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Sequence S21
1H NMR

2 1 ppm
ESI(-)-MS ESI(-)-MS/MS of [S21-H] peak at m/z=517.1
319.0
321.0 5171
255.2
517.1 137.0 361.1
363.0 155.0
258.0 389.3 183.0 303.0 3791

o d o L ‘ S I T - 1

200 300 400 500 m/z 100 200 300 400 500 m/z
Figure V-44: Characterization of sequence S21.
Sequence S22 — —
1H NMR
JW\L
[ T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm
ESI(-)-MS 451 ESI(-)-MS/MS of [S22-H] peak at m/z = 545.1
545.1
321.0
361.1
255.2272_0 319.0 183.0
137.0
363.0 567.1 J 303.0
Ll 1 L ‘ | . | L 441.0
\ ‘ T ‘ T T T ‘ \ ‘ T ‘ \ ‘ T ‘
200 300 400 500 600 m/z 100 200 300 400 500 m/z

Figure V-45: Characterization of sequence S22.
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Sequence S23

PTER IV |

: UJM )

10 9 8 7 6 5 1ppm 150 125 100 -25 ppm
ESI(-)-MS ESI(-)-MS/MS of [$23-2H]? peak at m/z = 410.1
410.1
410.1
545.1
341.1 155.0 312.0
255.2 683.1
1370 487.1 665.1
821.1 \
cial | L \ ol 1

L L
[ I ' T T T T T ! T T T T T T [ T I T I ! T T T

T
200 300 400 500 600 700 800 900 m/z 100 200 300 400 500 600 700 m/z

Figure V-46: Characterization of sequence $23.

6 Analysis of Key Compounds from Chapter IV

Phosphoramidite monomer 109  _
1H NMR 3¢ NMR

H' | Hld“!

T T
10 9 8 7 6 5 4 3 2 1ppm 180 160 140 120 100 80 60 40

—
20 ppm

31 _
P NMR ESI(+)-MS 3031 730.3
252.3
3768.3
T T T T T T T T T T T T T T T T e S T T by T T
175 150 125 100 75 50 25 0 ppm 200 400 600 800 1000 m/z

Figure V-47: Characterization of phosphoramidite monomer 109.
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Phosphoramidite monomer 113 _
1H NMR

13C NMR

ai

— Lol
\ \ \ T 1 \ \ \ - T T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 ppm 180 160 140 120 100 80 60 40 20ppm
31p NMR ESI(+)-MS 730.3
303.2
e l \ by \ \ \
175 150 125 100 75 50 25 0 ppm 200 400 600 800 1000 m/z
Figure V-48: Characterization of phosphoramidite monomer 113.
Phosphoramid=i£e monomer 117
1H NMR 13C NMR
lM I |||‘| T .
\ \ T 1 \ \ \ I L A
10 9 8 7 6 5 4 3 2 1ppm 180 160 140 120 100 80 60 40 20ppm
31p NMR ESI(+)-MS 7993
303.1
e S B B R N I I ‘\ . T \ \ \ ‘
175 150 125 10 75 50 25 0 ppm 200 400 600 800 1000 m/z

Figure V-49: Characterization of phosphoramidite monomer 117.
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Sequence S28

'H NMR | 31p NMR

‘ ‘ ‘ ‘ L — ‘ ‘ T \ T ‘ ‘
10 9 8 7 6 5 4 3 2 1ppm 150 125 100 75 50 25 0 -25 ppm

ESI(-)-MS 7576
6Q5.9
; 1010.5
1 ‘MM‘ ‘l‘u\“\"l\\ul Lt Ll : . : . : .
600 800 1000 1200 1400 m/z

Figure V-50: Characterization of sequence $28.

Sequence S29
'H NMR 31p NMR

M UL oot

T [ ‘
lppm 150 125 10 75 50 25 0  -25 ppm

o
©
(o]
~
m;
o ]
I
w
N}

637.6
ESI(-)-MS

850.8

510.1 1276.7

T T T = T T
600 800 1000 1200 1400 m/z

Figure V-51: Characterization of sequence $29.
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Sequence $29°

ESI(-)-MS
490.4
736.1

ol V\L M.L‘ v

xLL “lu‘ "

400 600 800 1000 1200 1400 m/z
Figure V-52: Characterization of photomodified sequence $29’ by ESI(-)-MS.
Sequence $30 _ o
1H NMR

31p NMR

10 9 8 7 6 5 4 3 2 1 ppm
ESI(-)-MsS 6829
910.5
1366.2
| \‘L.n l‘ | : : : .
600 800 1000 1200 1400 mM/z
Figure V-53: Characterization of sequence $30.
Sequence $30°
ESI(-)-MS
490.4 736.1
‘ 1Y I | |
400 600 800 1000 1200 1400 m/z

[
150 125 10 75

Figure V-54: Characterization of photomodified sequence $30’ by ESI(-)-MS.
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Sequence $31

1H NMR 31P NMR

Lt

T [
10 9 8 7 6 5 4 3 2 1lppm 150 125 100 75 50 25 0  -25 ppm

ESI(-)-MS 697.6

930.5
1396.2

557.9 ‘
Ll

L (WHTY L i 1

- \ ‘ T T I
600 800 1000 1200 1400 m/z

Figure V-55: Characterization of sequence S31.

Sequence $31°

ESI(-)-MS
490.4

736.1
| H
I T T T T

400 600 800 1000 1200 1400 m/z

Figure V-56: Characterization of photomodified sequence $31’ by ESI(-)-MS.
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Sequence $32 i
1H NMR 31P NMR

L

0 9 8 7 6 5 4 3 2 1lppm 150 125 100 75 50 25 0  -25 ppm

ESI(-)-MS 682.6

910.5

1366.2
545.9 |
1 I L L Ll | i L

1
600 800

\ \ T
1000 1200 1400 m/z
Figure V-57: Characterization of sequence $32.

Sequence $32°
ESI(-)-MS

490.4

736.1

400 600 800 1000 1200 1400 m/z

Figure V-58: Characterization of photomodified sequence $32’ by ESI(-)-MS.
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Sequence S33
1H NMR

31p NMR

N Y i

10 9 8 7 6 5 4 3 2 1ppm 150 125 100 75 50 25 0  -25 ppm

712.6
ESI(-)-MS

950.5

569.9 1426.2

L Alui‘ ‘.H\‘ RN W i

T T
600 800 1000 1200 1400 m/z

Figure V-59: Characterization of sequence $33.

Sequence $33°
ESI(-)-MS

490.4

736.1

\ ‘ ‘M .
\ \ ‘ \
400 600 1000 1200 1400 m/z

Figure V-60: Characterization of photomodified sequence $33’ by ESI(-)-MS.
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Sequence $34 _
1H NMR 31P NMR

T f T T "
10 9 8 7 6 5 4 3 2 1lppm 150 125 100 7

ESI(-)-MS 697.6

930.5

1396.2
557.9 :

L ‘\“ Lo fiilly ‘n\ L —lu

\ \ |
600 800 1000 1200 1400 m/z

Figure V-61: Characterization of sequence $34.

Sequence $34°
ESI(-)-MS
490.4
736.1
f “\ H \}I“l“ ‘\ ‘ ‘ ‘
400 600 800 1000 1200 1400 m/z

Figure V-62: Characterization of photomodified sequence $34’ by ESI(-)-MS.
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Sequence S35 _
1H NMR 31p NMR

" . mmmmmmmmmmmtﬁmm

T [
10 9 8 7 6 5 4 3 2 1ppm 150 125 100 75 50 25 0  -25 ppm

ESI(-)-MS 0404

1276.2
637.6 i

[ L
T 1 T T

\
400 600 800 1000 1200

\
1400 m/z
Figure V-63: Characterization of sequence $35.

Sequence $35°
ESI(-)-MS

850.4

637.6 1276.2

o

T T i f T T [ T
400 600 800 1000 1200 1400 m/z

Figure V-64: Characterization of photomodified sequence $35’ by ESI(-)-MS.
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Sequence §36 - = =
1H NMR

31P

NMR

ESI(-)-ms 840.4

637.6 1276.2

Ll
\ ' \ \ !

\
400 600 800 1000 1200 1400 m/z
Figure V-65: Characterization of sequence $36.

Sequence $36°
ESI(-)-MS

625.4

938.6

. i [
[ ' I T I I T T
400 600 800 1000 1200 1400 m/z

\
150 1

25 100

Figure V-66: Characterization of photomodified sequence $36’ by ESI(-)-MS.
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Sequence S37

1H NMR 31p NMR

A L LLM‘LJU{M

10 9 8 7 6 5 4 3 2 1lppm 150 125 10 75 50 25 0 -25 ppm

ESI(-)-Ms 840.4

637.6
| L L

400 600 800 1000 1200 1400 m/z

Figure V-67: Characterization of sequence $37.

Sequence $37°
ESI(-)-MS

670.4

1006.1

502.6
ORI W ' L. ‘ ‘

400 600 800 1000 1200 1400 m/z

Figure V-68: Characterization of photomodified sequence $37’ by ESI(-)-MS.
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Sequence S38

'H NMR 31p NMR

I ‘1 mJ&Lj\hLJ NS A
T [ T T T T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1ppm 150 125 100 75 50 25 O -25ppm

ESl(-)-Ms 840.4

637.6 1276.2

| L ‘ |
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Figure V-69: Characterization of sequence $38.
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Figure V-70: Characterization of photomodified sequence $38’ by ESI(-)-MS.
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6 ANALYSIS OF KEY COMPOUNDS FROM CHAPTER IV |

Sequence S39

1H NMR 31p NMR

W Ao A Ao WA

L ML}UJKUL_ -

I T
10 9 8 7 6 5 4 3 2 lppm 150 125 100

ESI(-)-MS
840.4

637.6 1276.2
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1400 m/z
Figure V-71: Characterization of sequence $39.
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Figure V-72: Characterization of photomodified sequence $39’ by ESI(-)-MS.
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| ANNEX

Sequence S40 _ — — _ _
1H NMR 31PNMR

M A }l mdﬂm “Ju
[— \ \ \ \ \ \ \ \ — 1 \ \ \
10 9 8 7 6 5 4 3 2 1ppm 150 125 10 75 50 25 -25 ppm
ESI(-)-MS 8404

1276.2
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T 1 : \l T —— T
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Figure V-73: Characterization of sequence $40.
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Figure V-74: Characterization of photomodified sequence $40’ by ESI(-)-MS.
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6 ANALYSIS OF KEY COMPOUNDS FROM CHAPTER IV |

Sequence S41 _ o
1HNMR T m T T ] 31PNMR
bl my. LJUUJLJ VA O
[ T I I I I I I I I I [ T T T T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 lppm 150 125 100 75 50 25 0 -25 ppm
840.4
ESI(-)-MS
1276.2
637.6
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\ \
400 600 800 1000 1200 1400 m/z
Figure V-75: Characterization of sequence $41.

Sequence $41°
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Figure V-76: Characterization of photomodified sequence $41’ by ESI(-)-MS.
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Résumé :

Récemment, la chimie des phosphoramidites s’est montrée efficace et polyvalente en tant que
plateforme pour accéder a des poly(phosphodiester)s a séquence définies abiotiques. Grace a
cette stratégie, les monomeéres peuvent étre placés dans la chaine a des positions choisies,
ouvrant la voie a de nombreuses possibilités pour la préparation de macromolécules
fonctionnelles.

Ici, la méthode phosphoramidite a été explorée pour la synthése de polymeres dits numériques,
qui contiennent des séquences de monomeéres encodées binairement. Des polymeres dont les
longueurs de chaines et les séquences numériques sont controlées ont été préparés en utilisant
une stratégie phosphoramidite classique impliguant des groupements protecteurs
diméthoxytrityles, ou bien un procédé photocontrélé faisant intervenir des groupements
nitrophénylpropyloxycarbonyles clivables a la lumiere. En outre, plusieurs stratégies pour
modifier I'information contenue dans les chaines latérales ont été étudiées dans cette these. Une
modification binaire post-polymérisation a travers deux cycloadditions alcyne-azoture catalysées
par le cuivre(l) consécutives a été examinée pour optimiser les chafnes latérales des
poly(phosphodiester)s a séquences définies. De plus, la libération photocontrélée de différents
motifs éthers ortho-nitrobenzyliques latéraux a été étudiée. Ces fonctions ont permis la
conception d’oligo(phosphodiester)s numériques dont les séquences d’information peuvent étre
effacées ou révélées grace a la lumiere.

Mots-clés :

polyméres encodés numériquement - polymeres a séquences définies - chimie des
phosphoramidites - synthese en phase solide - modification post-polymérisation - CuAAC -
synthése de poly(phosphodiester)s photocontrolée - effacer/révéler des séquences
d’information.

Abstract:

Phosphoramidite chemistry has recently been evidenced to be an efficient and versatile platform
to access sequence-defined abiotic poly(phosphodiester)s. Using this strategy, monomers can be
placed at defined positions positions in a chain, thus opening up wide possibilities for the
preparation of functional macromolecules.

Here, the phosphoramidite platform was explored to synthesize so-called digital polymers, which
contain monomer-coded binary sequences. Polymers with controlled chain lengths and digital
sequences were prepared using either a standard phosphoramidite strategy involving
dimethoxytrityl protective groups or a photo-controlled process involving light-cleavable
nitrophenylpropyloxycarbonyl protective groups. Additionally, several strategies to modify the
side chain information were investigated in this thesis. A binary post-polymerization modification
by means of sequential copper(l)-catalyzed alkyne-azide cycloadditions was investigated for
tuning the side chain functionality of sequence-defined poly(phosphodiester)s. Moreover, the
photo-controlled release of several ortho-nitrobenzylic ether side chain motifs was studied. These
moieties allowed the design of digital oligo(phosphodiester)s whose sequence information can be
erased or revealed with light as a trigger.

Keywords:

digitally encoded polymers - sequence-defined polymers - phosphoramidite chemistry - solid-
phase synthesis - post-polymerization modification - CUAAC - photocontrolled phosphodiester
synthesis - erase/reveal sequence information




