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Introduction Générale







Dans la société moderne, le volume de données stockées augmente continuellement. Il a été
estimé que 35 zétabytes (10007 bytes) de données digitales seront générées durant 'année
2020.1 Cette grande quantité d’information est stockée dans des centres de données, ou les
conditions de chaleur et d’humidité sont contrélées, ce qui entraine des consommations
d’espace et d’énergie. Une alternative possible a ce mode de stockage de donnée serait
d’encoder l'information dans des molécules. En effet, le stockage de données a I'échelle
moléculaire permettrait d’accroitre considérablement la densité d’information, ce qui
résulterait en une réduction de l'espace dédié aux centres de données. Ces derniéeres
années, des efforts ont été réalisés afin de stocker de I'information a I"échelle moléculaire
dans de biomolécules comme I'’ADN.!Z En effet, différentes méthodes ont été développées
afin de stocker différents formats comme I’ASCII, le PDF ou encore le JPEG dans de ’ADN.[3!
Par ailleurs, une vidéo a aussi été encodée dans le génome d’une bactérie® Néanmoins, des
alternatives aux biopolymeéres ont aussi été proposées. Par exemple, notre équipe a suggéré
I'utilisation de polyméres a séquences définies synthétiques, aussi appelés polyméres
digitaux afin de stocker de I'information.’® Il a déja été montré que de I'information peut
étre contenue dans des polymeéres synthétiques.®! Ainsi, de I'information binaire peut étre
introduite dans un copolymere en utilisant deux monomeres arbitrairement définis comme
« bit 0 » et « bit 1 ». Pour permettre une bonne fiabilité dans le déchiffrement de
I'information, ces molécules doivent étre monodispereses et parfaitement définies en
séquence. De plus, elles doivent aussi permettre un séquencage facile et rapide. Le terme
séquencage fait ici référence a une technique capable de retrouver I'ordre dans lequel des
monomeres sont organisés dans le polymeére, et ainsi pouvoir remonter a l'information
contenu dans ce dernier (Figure 0.1). L’acces a une grande variété de structures chimiques[”
8 confére un avantage a [lutilisation de polyméres synthétiques par rapport aux
biopolyméres. Il est ainsi possible de concevoir des polyméres pouvant étre séquencés de
facon optimale.!

Ecriture

Syntheése

Figure 0.1: Concept général du codage et du décodage d’information dans des polymeéres synthétiques définis

en séquence.

La synthese de polymeéres digitaux est basée sur l'utilisation de la polymérisation multi-
étapes dans lagquelle les monomeres sont ajoutés les uns aprés les autres sur le polymere
croissant. Cette technique, développée par Merrifield pour la synthése de polypeptides, ™
est aujourd’hui la technique la plus utilisée dans la syntheése de polymeres a séquences
définies. Cette approche permet le contréle total de la structure primaire du polymere ainsi



qgue de son degré de polymérisation, ce qui permet un codage fiable. Notre équipe a montré
que l'introduction dans les monoméres de groupements latéraux hydrogene (bit 0) ou
méthyle (bit 1) était suffisant afin d’obtenir un alphabet binaire séquencable par
spectrométrie de masse en tandem.!!l Parmi les polyméres digitaux développés a ce jour,
les poly(phosphodiester)s sont une des classes les plus prometteuses. En effet, de longues
chaines de poly(phosphates)s peuvent étre synthétisées relativement rapidement grace a la
méthode phosphoramidite automatisée.[*2) Néanmoins, ces molécules générent des spectres
de fragmentation complexes, ce qui rend difficile leur séquencage par spectrométrie de
masse en tandem(?3!

La classe des poly(alkoxyamine amide)s quand a elle montre que le séquencage par MS/MS
peut étre simplifié par I'ajout de liaisons alkoxyamines dans la chaine principale.[*¥ En effet,
la liaison alkoxyamine étant labile, elle est fragmentée prioritairement en MS/MS ce qui
génére des spectres de fragmentation faciles a interpréter. La différence de stabilité des
liaisons alkoxyamines des monomeéres O et 1 entraine néanmoins des spectres de
fragmentation dont la prédiction dépend de la séquence des polyméres. Dans ce travail de
these, le développement d’un protocole chimiosélectif pour la synthése d’une nouvelle
classe de polyméres digitaux, les poly(alkoxyamine phosphodiester)s, a été développé.
Comme cela a déja été mentionné, I'avantage d’utiliser des polymeéres définis en séquences
synthétiques pour stocker des données est de pouvoir modifier la chaine principale du
polymeére pour lui donner des propriétés nouvelles. La classe des poly(alkoxyamine
phosphodiester)s a été ainsi concue afin de simplifier le séquencage des
poly(phosphodiester)s via I'insertion de liaisons alkoxyamines dans la chaine principale. La
synthése de ces polymeéres digitaux est une stratégie AB+CD décrite dans la Figure 0.2 a.
Cette stratégie utilise deux monomeres portant chacun deux fonctions différentes. La
fonction A ne pourra réagir qu’avec la fonction C, de méme pour les fonctions B et D, ce qui
empéche la polycondensation entre les monomeres. Le protocole permet d’accélerer la
synthése et améliore I'économie des étapes.['>] La méthode phosphoramidite ainsi que le
couplage radicalaire de nitroxide ont étés employés pour la synthése de ces polymeéres
digitaux. Ces réactions ont été étudiées intensivement par la communauté scientifique
durant ces derniéres années et permettent des rendements quantitatifs et peu de produits
secondaires de réaction. Les liaisons labiles alkoxyamine insérées dans la chaine principale
de phosphodiester permettent le décodage de ces molécules. En effet, dans des conditions
de MS/MS, la liaison alkoxyamine est rompue préférentiellement ce qui génére des
fragments faciles a interpréter. De plus, la chaine principale a été concue afin d’éviter des
phénoménes de fragmentation propres a la séquence, probléme qui existe avec la classe des
poly(alkoxyamine amide)s.



a) Stratégie (AB+CD) pour la synthése de poly(alcoxyamine phosphodiester)s encodés
numériquement
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c) Des poly(alkoxyamine phosphodiester)s avec des liaisons alcoxyamines de stabilités
différentes
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Figure 0.2:Résumé des projets présentés dans cette these. a) Chapitre Il: Protocole itératif pour la synthése de
poly(alkoxyamine phosphodiester)s. Conditions expérimentales: (i1) couplage phosphoramidite: t.a., AcCN, tétrazole; (i2)
oxydation: t.a., 12, 2,6-lutidine, THF/H20; (ii) couplage radicalaire de nitroxydes: CuBr, Me6TREN, DMSO; (iii) clivage:
pipéridine, AcCN, t.a., puis MeNH2, NH40H, H20, t.a.; b) Chapitre Ill: Conception, synthese et séquencgage de
Poly(alkoxyamine phosphodiester)s générant des dyades en MS/MS; c) Chapitre IV :Poly(alkoxyamine phosphodiester)s
modifiés pour I'obtention de clivage sélectif de liaisons alkoxyamine.

Dans le cadre de cette thése, la chaine principale des poly(alkoxyamine phosphodiester)s a
été modifiée afin de conférer de nouvelles propriétés aux polymeres digitaux. Par exemple,
la densité d’information de ces molécules a été augmentée via l'introduction de dyades
clivables en MS/MS (Figure 0.2 b). La détection de dyades en spectrométrie de masse en
tandem rend le décryptage de ces polymeéres digitaux relativement facile. Une autre
modification a été concue afin d’obtenir des poly(alkoxyamine phosphodiester)s a
séquences controlées dont la structure primaire peut étre clivée sélectivement en différents
fragments (Figure 0.3 b). Cette thése est composée de quatre chapitres. Le Chapitre | est un
état de I'art de la recherche sur les polymeéres a séquences contrblées. Dans une premiere
partie, les biopolymeres comme I'ADN et les protéines sont brievement décrits. Une



deuxieme partie discute le contréle de la structure primaire dans les polymeéres
synthétiques, et en particulier des différentes techniques de polymérisation employées afin
d’obtenir des polyméres a séquences contrblées, et plus récemment des polymeres a
séquences définies. Dans cette partie, une importance particuliére sera donnée a I'approche
de polymérisation multi-étapes. La troisieme partie est un rappel historique des différentes
réactions employées pour le protocole de synthése itératif présenté dans cette thése. La
derniere section décrit les polyméres digitaux: leur développement, leur séquencage et leur
lecture.

Le Chapitre Il décrit dans une premiére partie la synthése et le décryptage de
poly(alkoxyamine phosphodiester)s digitaux. Différents monomeres synthétiques ainsi qu’un
bras espaceur ont été utilisées dans le protocole itératif décrit dans la Figure 0.2 a. Un
chimiotheque de poly(alkoxyamine phosphodiester)s digitaux contenant différents
alphabets a été synthétisée. Ces molécules présentent des spectres de fragmentation
MS/MS faciles a interpréter grace au clivage sélectif des liaisons alkoxyamines, ce qui permet
décrypter I'information encodée. La deuxieme partie de ce chapitre décrit I’utilisation de ces
polymeéres avec la technique de séquencage sans fragmentation (F2S). Cette technique a été
développée pour le criblage de chimiotheques de peptides biologiquement actifs par
spectrométrie de masse.l’®l Afin de pouvoir utiliser la méthode F2S avec ces
poly(alkoxyamine phosphodiester)s, un faible pourcentage d’agent de coiffage a été ajouté
durant le couplage phosphoramidite. Apres n+1 cycles, le produit final est un mélange du
polymére visé et des n polyméres de plus faible masse moléculaire coiffés
expérimentalement. En se basant sur la différence de masse entre chaque espéce, cette
analyse permet la reconstruction de la séquence recherchée par spétrométrie de masse,
sans utiliser la technique de MS/MS.

le Chapitre lll décrit le développement de poly(alkoxyamine phosphodiester)s contenant des
dyades binaires clivables en MS/MS. Une nouvelle architecture moléculaire a été
développée pour cette classe de polyméres a séquences définies. Elle permet I'insertion de
deux bits d’information dans chaque unité répétitive. Comme décrit dans la Figure 0.2 b,
quatre monoméres codants différents (deux phosphoramidites et deux nitroxides) ont été
utilisés comme unités codantes afin de permettre le stockage d’information lors du couplage
radicalaire de nitroxide. Trois différent couples de nitroxides codants ont été synthétisés et
testés pour la synthése de polyméres. Le nouveau concept permet d’augmenter la densité
d’information des polymeéres digitaux tout en gardant un séquencage aisé. Dans des
conditions de MS/MS, ces macromolécules générent des dyades de différentes masses
moléculaires. Le processus de séquengage est permis par la détection de ces dyades (Figure
0.2 b) et un algorithme a été développé afin de décoder ces polymeres digitaux en quelques
millisecondes.

Dans le Chapitre IV est présenté le développement de poly(alkoxyamine phosphodiester)s
comprenant des liaisons alkoxyamines sélectivement clivables. Comme présenté



précédemment, la liaison C-ON joue un réle décisif pour le séquengage par MS/MS.
L’énergie requise pour le clivage homolytique dépend de la stabilité des radicaux générés
par les conditions de fragmentation. L'utilisation de différents nitroxides durant le couplage
radicalaire rend possible I'insertion de liaisons alkoxyamines ayant des stabilités différentes
dans la chaine principale du polymere. De plus, les différentes liaisons alkoxyamines peuvent
étre sélectivement fragmentées par spectrométrie de masse en tandem en utilisant des
énergies d’ionisation différentes (Figure 0.2 c). Le chapitre décrit les différentes tentatives
d’obtention d’un couple de monomeres nitroxides ayant les caractéristiques recherchées, la
synthése des monomeéres et leur utilisation dans le protocole itératif préalablement décrit,
ainsi que les études spectroscopiques préliminaires concernant I’énergie requise pour le
clivage homolytique.

Ce travail de these présente le développement de poly(alkoxyamine phosphodiester)s en
tant que polyméres digitaux. De plus, la modification de la chaine principale afin d’obtenir
une augmentation la densité d’information d’une part, et le clivage sélectif de la liaison
alkoxyamine d’autre part y est discuté.

General introduction







General introduction I

In the modern society, the amount of stored data increases constantly; it is estimated that in
2020, 35 zettabytes (10007 bytes) of digital information will be generated.l! This huge
amount of information is stored in data centres in controlled temperature and humidity
conditions, resulting in a high consumption of space and energy. A valid alternative to the
solid-state memories may consist in storing data into molecules. Indeed, molecular data
storage can considerably increase the information data density and be convenient in terms
of space and energy consumption. In the past years, several efforts were made to store
information at the molecular level using biomolecules as DNA.!Zl Recently, different
methodologies allowing to store different data format as ASCII, PDF, JPEG, etc. in DNA B! or
encoding a short movie into bacteria’s genome were developed.! However, new
approaches, alternative to biopolymers, were proposed in the last years.

For instance our group suggested using synthetic sequence-defined polymers, so called
digital polymers, for this purpose.! As it was already demonstrated, it is possible to store
information at the molecular level using synthetic polymers.[®l Indeed, every digital
information is a binary sequence which can be encoded in a copolymer composed of two
monomers intentionally defined as 0 and 1. These molecules must be monodisperse and
perfectly defined to ensure a reliable molecular encryption. Moreover, they also have to
allow fast and easy sequencing. The term sequencing refers to the use of techniques capable
of revealing the monomers sequence in the polymer backbone allowing the information
decryption (Figure 0.1). The advantages in using synthetic polymers for molecular data
storage lies in the fact that these molecules allow to access a very large variety of chemical
structures.l” 8 Moreover, the backbone can be carefully designed in order to have an
optimal read-out.!

Writing

Synthesis

Figure 0.1: General concept of molecular encryption and decryption in synthetic sequence-defined polymers.

The digital polymers synthesis is usually done via a multi-step growth polymerization in
which monomers are added one by one to a growing chain. This technique, initially
developed by Merrifield for the polypeptide synthesis!'® is nowadays the most employed
methodology for the synthesis of sequence-defined polymers. Indeed, this approach ensures
the uniformity of the polymeric chains and the full control over the primary structure hence,
a reliable molecular encryption. In addition, our group showed that the implementation of a
binary alphabet relying on the methyl/hydrogen groups on the backbone side chain is
sufficient to implement a MS/MS readable molecular binary alphabet.”™ Among the digital
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General introduction

polymers developed so far, poly(phosphodiester)s represent one of the most promising
classes. In particular, long digitally encoded poly(phosphodiester) chains can be synthesized
in a relatively short time using an oligonucleotide synthesizer.['? Nevertheless, these
molecules generate a complicated MS/MS spectrum making the sequencing difficult, in
particular for long polymer chains.[*!

On the other hand, the poly(alkoxyamine amide)s class showed that the MS/MS read-out
can be extremely simplified by adding an alkoxyamine bond in the polymer backbone.[#
Indeed, the labile alkoxyamine bond is preferentially cleaved in MS/MS conditions
generating an easy to interpret fragmentation pattern. However, because of the different
stabilities of the alkoxyamine bond generate by monomer 0 and monomer 1, the read-out of
these molecules may depend on the sequence.

In the frame of the PhD project, the development of a chemoselective protocol for the
synthesis of a new class of digital polymers namely the poly(alkoxyamine phosphodiester)s
was developed. As said before, the advantage in using synthetic sequence-defined polymers
for data storage application lies in the fact that it is possible to modify the backbone
structure to improve some features. In this context, the poly(alkoxyamine phosphodiester)s
class was designed with the aim to improve the poly(phosphodiester)s reading by
alkoxyamine bond insertion in the polymer backbone. The synthesis of such digitally
encoded polymers relies on an (AB+CD) approach depicted in Figure 0.2 a. This strategy
employs two heterobifunctional monomers in which A can react only with C and B can react
only with D avoiding the polycondensation of the monomers. The protocol allows to speed
the synthesis up and improving the step economy.™ In particular, phosphoramidite
coupling and nitroxide-radical coupling (NRC) were employed for the synthesis of these
digital polymers. These reactions were intensively studied in the past years and both lead to
guantitative yields in a short time without the generation of side-products. The labile
alkoxyamine bond inserted into the phosphodiester backbone enables the easy read-out of
these molecules. Indeed, in MS/MS conditions the alkoxyamine bond is preferentially
cleaved, generating fragments which are easy to sequence. Moreover, the backbone was
designed in order to avoid sequence-dependent fragmentation phenomena occurring in the
poly(alkoxyamine amide)s class. In the frame of the PhD studies, the poly(alkoxyamine
phosphodiester) backbone was further modified in order to confer additional features to
these digital polymers. For instance, the information density of these molecules has been
increased by encoding dyads insertion in the polymer backbone (Figure 0.2 b). The dyad
detection in tandem MS makes the data extraction from these digital polymers relatively
easy.
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a) (AB+CD) strategy for the synthesis of digitally encoded poly(alkoxyamine phosphodiester)s
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Figure 0.2: Summary of the projects presented in the thesis. a) Chapter IlI: Iterative protocol for the synthesis of
poly(alkoxyamine phosphodiester)s. (i1)) phosphoramidite coupling: rt, CHsCN, tetrazole; (i) oxidation: rt, 1, 2,6-lutidine,
THF/H,0; (ii) nitroxide-radical coupling: CuBr, MecTREN, DMSO; (iii) cleavage: piperidine, CH3CN, rt, then MeNH,, NH40H,
H0, rt; b) Chapter llI: Design, synthesis and sequencing of poly(alkoxyamine phosphodiester)s assessed for encoding dyads
detection; c) Chapter IV:Poly(alkoxyamine phosphodiester)s modified to obtain a selective alkoxyamine bond cleavage.

Moreover, a third modification was designed in order to obtain sequence-defined
poly(alkoxyamine phosphodiester)s in which the primary structure can be selectively cleaved
in defined parts (Figure 0.2 c). The following thesis is formed by four chapters. The Chapter |
reports the state-of-the-art in the field of sequence-controlled polymers. In the first part,
biopolymers as DNA and proteins are briefly described. The second part is about the primary
structure control in synthetic polymers. In particular the different polymerization techniques
which allow to obtain sequence-controlled and more recently sequence-defined polymers
are discussed. In this part, particular importance is given to the multi-step growth
polymerization approach. The third part is a historical background on the reactions
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employed in the iterative protocol presented in this thesis. The last section describes the
digital polymers: their development, sequencing and reading.

The Chapter Il describes the synthesis and the read-out of digitally encoded
poly(alkoxyamine phosphodiester)s. A library of different coding monomers was synthesized
and employed in combination with the linker for the implementation of the iterative
protocol depicted in Figure 0.2 a. A library of different digitally encoded poly(alkoxyamine
phosphodiester)s containing different alphabets was synthesized. It was found that these
molecules are relatively easy to sequence in tandem MS. Indeed, the selective alkoxyamine
cleavage originates easy-to-interpret fragmentation patterns. The second part of the chapter
describes the assessment of sequence-defined poly(alkoxyamine phosphodiester)s for
fragmentation free sequencing approach (F2S). This technique was developed for the
screening of biologically active peptide libraries via MS analysis.[*®! In order to assess
poly(alkoxyamine phosphodiester)s for F2S, a small percentage of a capping agent was added
during the phosphoramidite coupling. After n+1 cycles, the final product is a mixture of the
original polymer and n sequence specific truncated fragments. The MS analysis allows the
reconstruction of the original sequence relying on the MS differences between the truncated
fragments avoiding MS/MS fragmentation.

In Chapter lll, the development of encoding cleavable binary dyads for poly(alkoxyamine
phosphodiester)s is described. A new molecular architecture was developed for this class of
sequence-defined polymer, allowing the insertion of two bits of information in each
repeating unit. As depicted in Figure 0.2 b, in order to enable the information encryption
during the nitroxide radical coupling, a set of four different coding monomers (two
phosphoramidites and two nitroxides) was employed as coding units. In particular, three
different couples of coding nitroxides were synthesized and tested for the polymer
synthesis. The new design allows to increase the information density of digital polymers
maintaining the sequencing easy. Indeed, in MS/MS conditions, these macromolecules
generate encoding dyads containing different molecular weights. The sequencing, which
relies on the dyads detection in MS/MS, is greatly simplified as depicted in Figure 0.2 b.
Moreover, an algorithm was developed for the dyad detection allowing the decoding of
these digital polymers in a few milliseconds.

In Chapter IV the development of a selective alkoxyamine bond cleavage for
poly(alkoxyamine phosphodiester)s is presented. As discussed before, the C-ON bond plays a
decisive role for the sequencing by MS/MS. The energy required for the homolytic cleavage
depends on the stability of the resulting radicals generated in MS/MS conditions. The use of
different nitroxides during the nitroxide-radical coupling makes the insertion of alkoxyamine
bonds with different stability in the polymer backbone possible. Hence, the different
alkoxyamine bonds can be selectively fragmented in tandem MS using different ionization
energies (Figure 0.2 c). The chapter describes the attempts to find a couple of nitroxide
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monomers suitable for this purpose; the synthesis of the different building blocks and their
implementation in the iterative protocol. Moreover, the preliminary MS studies concerning
the energy required for the selective homolytic cleavage are reported.

In the following thesis the development of poly(alkoxyamine phosphodiester)s as digital
polymers is presented. Moreover, the backbone modifications designed for this class of
digital polymers, which allows to increase the information density and obtain a selective
alkoxyamine bond cleavage are discussed.
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1 Introduction

In the past century, the development of polymerization reactions and the resulting use of
synthetic polymers in the everyday life have changed forever our society. Indeed, since 1950
the production of these molecules has constantly increased until reaching the annual
production of 280 Mio.t of plastics in 2016.17! Polymers are molecules composed of several
repeating subunits.['® Because of their different properties and their relatively easy
synthetic access, they were intensively studied and employed over the last 150 years. Just
like synthetic polymers, biopolymers are macromolecules fromed by natural subunits.
Because of their involvement in all the biochemical processes, molecules as DNA, RNA,
proteins, etc. were deeply investigated in the past decades. Biopolymers contain a fully
defined monomer sequence which is the feature enabling them to carry on all the
fundamental biochemical reactions. On the other hand, synthetic polymers generally contain
a statistical monomer composition and different chain lengths. The control of the monomer
sequence in the synthetic polymer backbones and the weight distribution control have
always been one of the main goals for polymer chemists. In the past decades, the efforts
made to regulate these parameters via standard polymerization enabled the synthesis
polymers having a certain degree of control. For instance, synthesis of alternating, gradient,
periodic and block copolymers containing narrow chain length distribution were
described.® Nevertheless, full primary structure control is still far from being achieved with
these techniques. In the last years, polymer chemists importing tools and techniques from
other fields as biochemistry, biology and engineering, achieved the sequence regulation for
synthetic polymers. For instance, techniques as solid-state assisted synthesis, template-
assisted synthesis, etc. are extensively employed for the production of sequence-defined
polymers. This new class of molecules gives the great possibility to finely tune the primary
structure and thus control the macroscopic properties,??! opening the field toward new
polymer designs and applications. In this thesis, the development of a new class of
sequence-defined polymers for data storage application is presented.

2 Sequence-Defined Polymers

2.1 Biopolymers

As written in section 1, several examples of sequence-defined polymers are present in
nature. The fully defined primary structures of these molecules define their functions. This
section is a general introduction about structures, biosyntheses and functions of natural
sequence-defined polymers such as proteins and DNA.

2.1.1 DNA

DNA is a biomolecule that stores the genetic information and is involved in all the
biochemical processes of all living organisms and many viruses. This molecule is composed of
two antiparallel polynucleotides chains (single strands). Each strand is a sequence-defined
polymer containing four nucleobases (adenine, cytosine, thymine and guanine) as repeating
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units. The bases are linked to the backbone which is composed of deoxyribose units and
phosphate groups. The characteristic double helix motif formed by two single strands is due
to the selective hydrogen bonding between the four different nucleobases (adenine with
thymine and guanine with cytosine) called base pairing rule 2% depicted in Figure I.1.
According to this rule, only complementary sequences can interact each other.

.Phosphodiesther Deoxyribose
@ Thymine @ Adenine
. Cytosine Guanine

Figure 1.1: DNA double helix, chemical structure and base pairing rule.

DNA is extremely important for life because it carries the biological information in all the
living species. In 1958, Crick postulated the central dogma of molecular biology, depicted in
Figure 1.2, defining the flow of the genetic information in biological systems: “The central
dogma 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” 122

Transcriptio Translation
Replication CDNA ﬂ RNA =) Proteins

Figure 1.2: Schematic representation of the central dogma of molecular biology.

Replication, transcription and translation are fundamental steps for the control of cell

n.[23 241 The precise control of the primary

growth, differentiation and gene expressio
structure during the DNA and RNA biosynthesis ensures the reliable information transfer
between biomolecules. DNA replication is a process that allows the formation of two
identical DNA copies starting from one original DNA molecule. The DNA synthesis is 5’ to 3’

directed and is catalyzed by DNA polymerase.l?®! This enzyme enables the formation of

22



Chapter | I

phosphodiester bonds between the growing chain and the deoxynucleoside 5’triphosphates.
To ensure the control over the primary structure, the whole process relies on the base
pairing rule between the growing chain and a single strand DNA template. The process is a
semi-conservative synthesis. Indeed, the two new DNA molecules are formed by a template
strand belonging to the original molecule and a new strand synthesized during the
process.[?®l According to the central dogma, during the transcription, the information
contained in the DNA flows toward the RNA. The RNA polymerase is the enzyme catalyzing
the reactions involved in the RNA synthesis.!?3 The control of the primary structure relies on
the base pairing rule between the growing RNA chain and the single strand DNA template.
RNA plays a central role in the translation process and thus in gene regulation. Indeed, this
biomolecule is capable of transfer the information stored into the DNA to the ribosome and
thus activate the protein biosyntheses.?”! Ribosomes are natural molecular machines that
translate the four-letter alphabet encoded in mRNA into the twenty-letter alphabet forming
the polypeptides.

Figure 1.3: Translation table from codons to amino acids.

During the translation, series of three bases called codons translate for a single amino
acid[?®! (Figure 1.3). Also in this case, base pairing between the three bases forming the codon
and the anticodon in the aminoacyl-tRNA?4 is the key step to obtain the sequence
regulation.

2.1.2 Proteins

Proteins are the biopolymers that allow the expression of genetic information. The
sequences of 22 amino acids linked via peptidic bonds, define the properties of the resulting
macromolecules. The control of the amino acids sequence during their biosynthesis enables
the production of enzymes, antibodies, hormones and several other molecules, that play a
decisive role in the biochemical processes.[?* To better understand the relationship between
function and structure in proteins, a hierarchal classification relying on four complexity levels
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is applied. The lower level, called primary structure, takes into account the amino acid
sequence in the backbone (Figure 1.4). The monomer sequence determines the folding and
the higher order self-assembling interactions of the resulting protein.!?® The secondary
structure originates from weak interactions as hydrogen bonding or hydrophobic
interactions. For instance, the alpha helix formation is due to the hydrogen bonding
between an amine group and a carboxylic function located three or four residues earlier in
the backbone.?% The tertiary structure describes the three dimensional folding of the whole
polypeptide sequence which is also due to weak interactions between amino acids involved
in different types of secondary structures.?*! The quaternary structure defines the spatial
organization of the different subunit, forming the protein. According to their architecture,
these macromolecules can carry on several biochemical processes. For instance, many
proteins are enzymes that catalyse the biochemical reactions. Other polypeptides have
mechanical functions as actin and myosin or are involved in the cell signalling, cell growth
mechanisms, etc.[24

Primary structure Secondary structure Tertiary structure Quaternary structure

Figure 1.4: Representation of primary, secondary, tertiary and quaternary structures of a protein.

As said before, proteins are involved in many biochemical processes in all living organisms.
Moreover, some polypeptides show pharmacological activity, and in many cases they are
drug targets. For all these reasons, scientists and in particular biochemists, were deeply
interested in developing methodologies for the chemical synthesis of proteins. However,
before 1963, because of complicated purification processes, polypeptide synthesis was only
possible for small molecules.?Y Bruce Merrifield developed a revolutionary approach for
polypeptide synthesis based on solid state iterative chemistry,3?l simplifying and making
convenient the synthesis of long sequences. Nowadays, solid-state assisted techniques are
the standard method for the synthesis of polypeptide. This approach and other solid-state
methodologies applied for the production of different classes of sequence-defined polymers
is discussed in the next sections.
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2.2 Synthetic polymers

Nowadays, synthetic polymers are produced using three main techniques depicted in Figure
.5: (i) step-growth polymerization, (ii) chain-growth polymerization, (iii) multi-step growth
polymerization. The development of new polymerization techniques as living polymerization
331 and controlled radical polymerization®3¢ improved the control on the primary
structure. Indeed, these techniques enabled the synthesis of sequence-controlled polymers
as block or gradient copolymers containing a narrow molecular weight distribution. The
development of multi-step growth polymerization via solid state chemistry[?% 31 enabled the
synthesis of molecules containing fully defined primary structures and uniform chain length
distributions called sequence-defined polymers. In this section the most relevant
polymerization techniques are discussed highlighting their strengths and weaknesses.

A«l%lel»m & @Ees g gy s a
o e l I

T T T X ﬁi

Figure 1.5: General classification of the polymerization techniques.

2.2.1 Step-growth polymerization

Step-growth polymerization employs bifunctional monomers.3”! As depicted in Figure 1.5,
after the first reaction the dimers may react with another dimer or a monomer forming
respectively, a tetramer or a trimer. The process continues until the formation of high
molecular weight polymers. The pioneer in the field of step-growth polymerization is
Carothers who first studied these reactions.3% 3° Step-growth polymerization is largely
applied in industry for the synthesis of polyesters, polyurethanes and polyamides. However,
the low control over the primary structure and the broad weight distribution obtained
employing standard step-growth methodologies make this technique not appealing for the
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synthesis of sequence-defined polymers. However, in the last years, new toolboxes
improving the control over the primary structure via step-growth polymerization were
developed. For instance ADMET,! % 411 CUAACH*? or the metal-catalyzed step-growth radical
polymerization®3 allow the synthesis of periodic copolymers. ADMET polymerization,
described by Wagener in 1991,1*! relies on the olefin metathesis mechanism and employs
o,w-dienes as monomers. Usually, a side chain group is present in the monomer backbone,
after the polymerization and hydrogenation, uniform side chain distribution is obtained. This
technique was employed for the synthesis of ionomers,* block copolymers, soft
materials**! and for many other applications.[*®! Step growth polymerization via CuAAC is a
powerful tool enabling the synthesis of high molecular weight polymers in a relatively short
time. Several syntheses of block copolymers have been reported in the past years using this
technique.*’l The general procedure for step-growth CuAAC polymerization employs
building blocks functionalized with an alkyne and an azide at the two chain ends, called a-
alkyne, w-azido heterotelechelic polymers. After the building block synthesis, the CuAAC
reaction enables the production of high molecular weight block copolymers in which the
different blocks are connected via 1,2,3-triazole linkage. Lutz for example, applied this
methodology for the synthesis of polymers containing periodic functional motif.1*?! In this
easy concept depicted in Figure 1.6, different maleimides bearing functional units were
added at precise positions of polystyrene chains. The following building block modification
into heterotelechelic polymers made possible the CUAAC reactions between the different
units, enabling the synthesis of high molecular weight polymers containing periodical
functional monomers.

= O 3O

Figure 1.6: CuAAC step-growth polymerization. (i) maleimide single insertion: CuBr, PMDETA, 110°C; (ii) deprotection and
azide formation: various possible pathways; (iii) CUAAC: CuBr, PMDETA, THF, rt.

In 2010, Kamigaito described the synthesis of ABCC-sequence-regulated copolymers via
metal-catalyzed step-growth radical polymerization (Figure 1.7).143 In this work, the ABC or
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ABCC building blocks were polymerized using different metal catalyst via step-growth radical
polymerization. These reaction proceeds through the formation of a C-C bond between the
radical species generated via metal catalyst activation of the C-ClI bond and the
unconjugated C=C bond of another molecule (Figure 1.7). Even though this technique allows
the synthesis of block copolymers, the main drawback is the poor control on the weight
distribution.

X Cl
S cl — X . —_
coome coome  Fe", Ru" COOMe COOMe
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Figure 1.7: Synthesis of ABCC sequence regulated vinyl copolymer via metal-catalyzed step-growth radical polymerization.

Recently, it has been demonstrated that the synthesis of high molecular weight block
copolymers can be achieved via radical addition-coupling polymerization (RACP).[*8! This
approach relies on the alternating reaction of carbon-centred radical with N-O bond of a
nitroso compound. The following radical-radical coupling between the nitroxide, generated
in the previous step and a second carbon-centred radical, allows the synthesis alternating
and periodic copolymers (Figure 1.8).14%!
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Figure 1.8: RACP general strategy for the polymer synthesis.
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Relying on this strategy, the synthesis of periodic copolymers containing [ABAC], [ABCD], and
[ABCDBCAD] repeating units was described.*®) One more recent step-growth polymerization
technique allowing uniform molecular weight distribution is living step-growth
polymerization. In principle, the transition from step-growth to living step-growth is
achieved making the polymer end group more reactive than the monomer; this condition
can be achieved in two manners. For a model polymer X-AB-Y for instance, the reactivity of Y
end group can be increased via monomer design or via catalytic chain end activation. A more
detailed explanation of the process is described in a recent review.

2.2.2 Chain-growth polymerization

In chain-growth polymerization, the monomers react one by one with a growing chain
containing one or more reactive centres. The monomers can thus react via anionic, cationic,
radical or ring opening mechanisms, as depicted in Figure I.5. The primary structure of the
resulting polymers relies on the kinetics of propagation and on the reactivity of the
monomers employed. In most of the cases, the comparable reactivity of the building blocks
involved leads to statistical polymers with broad chain length distribution. The development
of living polymerization was found to be extremely useful to improve the primary structure
control. The first example of living polymerization is the synthesis of a styrene isoprene block
copolymer via living anionic polymerization described by Szwarc.33 The peculiarity of this
reaction is the absence of termination step; hence the chains are always capable of receiving
monomers. Moreover, all the chains are initiated simultaneously and the resulting polymers
contain a narrow weight distribution. Another milestone in the sequence regulation of
synthetic polymers is the development of controlled radical polymerization (CRP). These
reactions are chain-growth polymerizations that undergo without chain transfer and
termination events. Hence, the creation of an equilibrium between active and dormant
species during the polymerization enables the simultaneous growing chains propagation.t®
51l These features allow the synthesis of sequence-controlled polymers containing narrow
chain length distributions. One of the first examples of controlled radical polymerization is
the synthesis of gradient copolymers described by Matyjaszewski.>?! Compare to living
polymerization, the tolerance to different functional groups and the easy reaction
procedures make CRP a robust tool for synthesis of polymers containing controlled
molecular architectures. Among the controlled radical polymerization methods, NMP,53!
ATRPB4 351 gnd RAFTBE® are the most employed techniques.”¥ During the last years, it has
been demonstrated that the synthesis via living polymerization of longer multiblock
polymers is possible 155 561 and promising for the design of soft materialsl®’!. Haddleton for
instance, described the synthesis of multiblock polymers via Cu-mediated
photopolymerization.l®®! In this approach, a dodecablock polymer containing four
methacrylate repeating units with dispersity lower than 1.2 was synthesized trough the
consecutive additions of monomers, CuBra, ME6TREN and irradiation at 360 nm. Perrier also
described the synthesis of multiblock copolymers containing precisely defined structures via
RAFT.[3] The synthesis of such precise copolymers relies on a radical polymerization which
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proceeds by degenerative transfer. Exploiting this strategy the synthesis of a dodecablock
copolymer with a degree of polymerization (DP) of 10 for each block and an icosablock
copolymer (20 blocks) were described. In 2015, a study concerning the precision of the
monomer insertion in two ABACADACAB decablock copolymers, synthesized using this
technique was performed by Perrier and Harrisson. Interestingly, they found out that the
uncertainty of the position of a monomer in the chain depends on the polymer length and
on the length of the blocks 8! (Figure 1.9).
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Figure 1.9: Probability of finding monomers from each block of of an AsBsAsCsAsDsAsCsAsBs (left) and
A20B20A20C20A20D20A20C20A20B20 (I’ight). In both schemes the probability is in function of the absolute position.

Recently, Sawamoto and co-workers described two methodologies for the selective
monomer incorporation into polymer chains. The incorporation can be achieved via a
template-assisted mechanism®® or using bulky side chain groups.l?® In the latter example,
the bulky side group restraining the propagation process allows single monomer insertion in
vinyl polymer segments. As depicted in Figure 1.10, the protocol relies on three chemical
steps: radical addition, cleavage and functionalization. This approach was found to be very
promising for the synthesis of block copolymer carrying sequence-controlled segments.
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Figure 1.10: Template-assisted single insertion. (i): radical addition: [[Cp*Ru(us-Cl)]a], BPMO, IPAMA, tetralin, DCPA,
toluene, 4h, 100°C; (ii) acidolysis: TFA. 0°C .30 min; (iii) esterification: alcohol, DMAP, DIC, DCM, MeOH, 0°C, 1h.

Hawker and Russell described in 2000 a methodology based on living polymerization of
polystyrene and maleic anhydride for the synthesis of block polymers composed of a
heterogeneous mixture of homopolystyrene and various narrow regions of styrene/maleic
anhydride copolymers.[®1 Inspired by this concept, Lutz et al. developed a protocol for the
precise insertion of different N-substituted maleimides in the polystyrene chain via atom
transfer radical polymerization (ATRP).[®Zl In this approach, small amounts of acceptor,
usually different N-substituted maleimides, copolymerize in polystyrene excess. The
maleimide insertion in narrow regions of the polystyrene chain relies on the high
consumption rate of these molecules

t1 t2 t3

Figure 1.11: General concept of ultra-precise maleimide insertion.

The same group, relying on this principle, described the synthesis of a single sugar chain
array via CuAAC post-polymerization.[®3! In particular, three different protected maleimides
were inserted into narrow regions of the polystyrene backbone and after selective
deprotection, each of the resulting alkynes reacts via CuAAC with different azide-
functionalized sugars, allowing the synthesis of high molecular weight glycopolymers.
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2.2.3 Multi-step growth polymerization

Even though, several improvements toward sequence regulation via controlled radical
polymerization were achieved in the past decades, uniform polymers having a fully defined
primary structures can still not be obtained using this methodology.® Indeed, only syntheses
of sequence-defined trimers and tetramers are reported so far using the chain-growth
polymerization technique. Multi-step growth polymerization is a powerful tool for the
synthesis of sequence-defined polymers. The technique relies on the iterative monomer
addition to a growing chain and it allows to obtain fully defined primary structures and
uniform chain lengths distribution.[®* Furthermore, this approach offers the opportunity to
perform the reactions in liquid 71 or solid phase.B 8 All these features made the
technique the most common methodology employed for the synthesis of sequence-defined
polymers. The solid-state synthesis concept relies on insoluble supports connected to the
growing chain via a cleavable bond. The use of these matrices allows to simplify the
purification steps, which is done by filtration. As depicted in Figure 1.12, standard solid-
support assisted protocol is composed of two steps: (i) a reaction between the growing chain
and the desired monomer, (ii) a filtration of the unreacted monomers. Moreover, to remove
the polymer chain from the solid-support an additional cleavage step is done.

cleavage ‘ l
n+l

@) solid support

@ monomer

Figure 1.12: Solid phase-assisted synthesis concept.

As said in section 2.1.2, this technique was firstly described for protein synthesis in 1963.532
At that time, polypeptide synthesis in solution was extremely complicated and time
consuming because of growing chain solubility issues and complicated purification processes
required after each coupling.[®®! The solid-state protocol developed by Merrifield incredibly
simplified the synthesis of these molecules,?! making the synthesis of long polypeptides in a
short time possible. The Merrifield protocol is a two-step protocol, at each cycle an amino
acid is covalently attached to the polymer chain. As depicted in Figure 1.13, the first step (i) is
an amidification coupling between the carboxylic moiety of N-protected amino acid and the
amino group on the growing chain. The second step (ii) is the deprotection of the N-
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protected terminal residue attached during the previous reaction. The final step (iii) is the
chain cleavage from the solid support. In 1965, the protocol automation and the following
replacement of Cbz with Boc®® made the polypeptide synthesis more efficient. Chang and
Meienhofer further optimized the protocol, employing Fmoc as protecting group and making
chemoselective the deprotection step.[’” However, performing reactions on a solid support
decreases the reaction rate. Indeed, a monomers excess is required to push the reaction to
completion. In 1986, was discovered that microwaves could reduce the reaction time for
organic reactions in solution.”> 72} Inspired by this concept, Wang applied this methodology
to solid support-assisted synthesis,”3! reducing the reaction time and making the synthesis
of higher molecular weight polymers faster and easier.[”%

Figure 1.13: Standard protocol for the polypeptide synthesis on solid support.

During the last 50 years, many optimizations to expand the synthetic possibilities and
increase the efficiency were achieved. Usually, during the design of a solid-state protocol,
several parameters need to be taken into account like the nature of the reactions involved,
the solid support stability in the cleavage conditions, etc. Nowadays, a huge number of
supports and reaction sets are available allowing a potentially endless number of
combinations. The reactions involved in a multi-step protocol need to be fast and
quantitative.3Y Indeed, the high reaction rate is a crucial parameter because it enables the
access to high molecular weight molecules in a short time while the coupling efficiency
determines the uniform chain length distribution. Solid supports are formed by two
elements: the matrix and the linker. Matrices are usually formed by different kinds of
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polystyrene cross-linked with divinylbenzene in different percentages.l’”! The reactions are
carried out in low-polar solvents in order to maintain the matrix swollen and guarantee the
accessibility of the growing chains. Other polystyrene-based matrices like Tentagel and
Agrogel were found to be particularly useful to perform reactions in polar solvents. The
linker connects the matrix to the anchoring point, which is involved in the reaction with the
first monomer. The stability in the reaction conditions, orthogonality and high cleavage
yields are the features required for this moiety.”” According to the cleavage conditions, the
solid supports can be classified in three categories: acid-cleavable, base-cleavable and
photocleavable supports.

Wang Chlorotrithyl chloride Rink amide

Fmoc\NH o

o &,
BoO” BOE goC

Acidic cleavage

Succinyl linker NPE
o
Basic cleavage E‘H 0 . )WOH
NNOH H 1
0

NPPOC linker

Photocleavage o OH
B0

Table 1.1: Resins classification of according to the cleavage conditions.

Nowadays, solid-state assisted protocols are applied for the synthesis of a wide range of
molecules such as synthetic polymers, > 76 77 oligonucleotides, 881 bioconjugates!®? 83! and
many others. However, the drawbacks of this technique are the slower reaction rate
compared to the liquid phase reactions and the difficulties to scale up. Liquid-state multi-
step polymerization enables the synthesis of big amounts and high molecular weight
sequence-defined or periodic polymers in a relatively short time. Indeed, performing the
reactions in solution may speed the reaction rate up. However, long purification procedures
as precipitation or chromatographic columns are required after each coupling. The lterative
exponential protocol is a liquid phase approach for the synthesis of sequence-controlled
polymers.[®] |n this strategy, a bifunctional XY monomer protected in X reacts with a
bifunctional XY monomer protected in Y. After the first step, the resulting dimers are split in
two parts, deprotected on one side and reacted again. The big limitation of this technique is
the time-consuming purification step required after each coupling. Furthermore, primary
structure control is limited to periodic polymers. However, the possibility to access high
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molecular weights polymers in relatively few steps makes this technique appealing in
particular for industrial applications. The iterative synthesis on soluble supports is a
technique which allows to obtain sequence-controlled polymers in multi-gram scale.[®”] The
soluble supports employed are usually PEG or linear polystyrene-based polymers exposing
the anchoring point. Standard multi-step growth polymerization on soluble support is
performed in two steps: coupling and purification. The first step involves the reaction
between the growing chain anchored to the support and the monomer. This reaction is
performed in a solvent in which the support is soluble. The purification step is done by
soluble support precipitation in a non-solvent and usually requires several hours. As for
other support-assisted synthesis, cleavage is the last step allowing to separate the polymers
from the support. Soluble supports are largely employed for the synthesis of several non-
natural® 8l and natural sequence-defined polymers such as polypeptides,® 688l
oligonucleotides,®? bioconjugates® and polysaccharides.®” °1I Several approaches for the
synthesis of sequence-defined polymers using multi-step growth polymerization were
developed during the past years; the different strategies are deeply discussed in the next
section.

3 Synthetic strategies for the synthesis of sequence defined
polymers

3.1 Introduction

As described in the previous section, the multi-step iterative protocol is the standard
procedure for the synthesis of sequence-defined polymers. In the last decades, several
protecting group and orthogonal strategies leading to the synthesis of diverse classes of
natural and non-natural sequence-defined polymers® such as oligonucleotides,
oligosaccharides, bioconjugates etc. were developed. In this chapter, these strategies are
described highlighting the pros and cons for each one.

3.2 Protecting group approach (AB+AB)

The (AB+AB) approach was the first strategy applied for the polypeptide synthesis via an
iterative solid state protocol.BZ As depicted in Figure 1.14, the monomers employed contain
two reactive groups. One of those is protected in order to avoid oligomerization via
polycondensation mechanisms. Moreover, cleavage from the solid support is usually
orthogonal to the protecting group deprotection.
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Figure 1.14: General strategy for (AB+AB) approach.

The (AB+AB) strategy was also applied for the synthesis of different classes of natural and
non-natural macromolecules. Letsinger and Mahadevan, for instance, introduced the solid-
support assisted protocol for oligonucleotide synthesis in 1965. 78 |n 1981 Beaucage and
Caruthers, exploiting the better stability of the phosphoramidite nucleosides improved the
protocol efficiency. 8 Nowadays, the synthesis of oligonucleotides containing 200 units is
possible on solid support in a relatively short time.[’®! Recently, Haner highlighted the
possibility to produce responsive two dimensional polymers using sequence-defined self-
assembled DNA networks (Figure 1.15).[%31 In this work, a building block containing a benzene
1,3,5 functionalized with three self-complementary oligonucleotides was synthesized using
the phosphoramidite protocol. The oligonucleotides contain an anthracene placed in the
middle of each sequence. The building block, at high concentration, leads to the formation
of a 2D supramolecular network. In this system, the anthracene moieties are close enough to
react via UV-induced dimerization which leads to the formation of a 2D polymer.
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Figure 1.15: General strategy for the formation of responsive 2D polymers.

In 2014, Sleiman developed a methodology for the synthesis of sequence-defined polymer-
oligonucleotide hybrids.[® As depicted in Figure 1.16, the synthesis of a short single strand
DNA was done using the automated phosphoramidite protocol. Afterwards, the
bioconjugate was obtained adding DMT protected monomers to the 5’ alcohol of the
oligonucleotide segment. Dodecanediol phosphoramidite and hexaethylene glycol
phosphoramidite were the monomers involved in these iterative additions. Interestingly, it
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was found that it is possible to tune the hydrophobicity, the self-assembly and the guest
encapsulation of the hybrids regulating the monomers insertion in the backbone.
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Figure 1.16: General strategy or the synthesis of sequence-defined polymers oligonucleotide hybrids. (i) DMT deprotection:
H*; (ii) monomer addition and oxidation: tetrazole, monomer, CHsCN, |,, water, 2-6 lutidine; (iii) cleavage: OH-.

The phosphoramidite chemistry was also employed for the synthesis of non-natural
sequence-defined polymers for data storage applications.®®! The iterative insertion of two
different phosphoramidite monomers, intentionally defined as 0 and 1, allows the synthesis
of non-natural sequence defined poly(phosphodiester)s encoding information. This class is
deeply discussed in the digital polymers section. The (AB+AB) strategy was also employed for
the synthesis of non-natural sequence-defined polymers. One of the first example is the
synthesis of sequence-defined oligocarbamates described by Shultz in 1993F¢! (Figure 1.17).
The different N-protected p-nitrophenyl carbonate monomers react with the amino group of
the growing chain via nucleophilic substitution at the carbonyl group, producing a carbamate
function. The following protecting group removal releases the amine group involved in the
next coupling.
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Figure 1.17: Strategy for the synthesis of sequence-defined oligocarbamates. (i) coupling: Fmoc, N-protected monomer,
DIPEA, HOBt, NMP, 4h; (ii) Fmoc deprotection: 20% piperidine, NMP; (iii) cleavage: H*.

Nowadays, several unnatural sequence-defined polymers are synthesized using protecting
group approaches, for example polycarbamates,®® 71 oligoureas,®® polyamines,®? etc.
Angelo and Arora described in 2005 the synthesis of non-peptidic foldamers based on 1,3-
substituted triazole structures.[1% The protocol relies on three steps. In the first step, the
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amine group of different amino acids is transformed into an azide. The second step is the
CuAAC coupling of the azide with N-protected amino alkyne. The final step is the amine
deprotection. The resulting macromolecules fold with a motif reminding the beta-strands.
Recently Barner-Kowollik described an iterative synthesis via photoligation*°? in which
different building blocks, bearing photoreactive benzaldehyde and a furan protected
maleimide are involved in photochemically induced Diels-Alder reactions, allowing the
production of high molecular weight sequence-defined polymers in few steps.

3.3 Iterative synthesis using latent reactive groups

The protecting group strategy was the first methodology applied for sequence-defined
polymers synthesis. However, the use of protected monomers leads to a mandatory
deprotection step after each cycle, this additional step is usually time consuming and
inconvenient in particular for the synthesis of long sequences. As depicted in Scheme I.1,
several strategies were developed to avoid the use of protected monomers.

—" " J‘“ "l Al —

D22 500 292 500

Scheme I.1: Protecting groups free approaches developed for the synthesis of sequence-defined polymers.

A valid alternative to avoid the deprotection steps is represented by the use of latent
reactive groups. This approach relies on the activation via chemical or physical stimuli of
“dormant” species contained in the sequence. One example is the oligothiophene synthesis
described in 1998 by Fréchet.[1%2 pPolythiophenes are conductive materials and are largely
studied for solar cell applications.[*%3! As depicted in Figure 1.18, different building blocks are
linked via Stille reaction between bromine and a trimethyl-stannyl group. The dormant
group is activated via a a tiophene bromination (ii), allowing the successive Stille coupling.
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Figure 1.18: General strategy for sequence-defined oligothiophenes. (i) stille coupling: Pd(PPhs)Cl,, DMF, 80°°C; (ii)
bromination: NBS, DMF; (iii) cleavage: NaOMe, THF, reflux, Mel, 18°C, 6h, reflux.

The synthesis of ether oligomers described by Reymond in 2003 is another example of
iterative synthesis which employs latent groups.l'® In this approach, an ether linkage is
formed via Mitsunobu coupling between a benzyl alcohol and hydroxy aromatic aldehydes
or ketones. The latent group activation consists in the carboxylate reduction into a benzylic
alcohol moiety which is involved in the following step. This approach was employed for the
synthesis of a library of different uniform macromolecules showing inhibitory activity for
trypsin, chymotrypsin, and subtilisin. In 2016, Lutz et al. described the synthesis of sequence-
defined oligocarbamates using a latent reactive group approach on a solid support.
Interestingly, this class of non-natural sequence-defined oligomers was found to be easy to
sequence by MS/MS. For this reason, they found application as molecular barcodes.[10> 106l

3.4 (AA+BB) approach

The (AA+BB) approach employs two homobifunctional monomers in large excess to
guarantee that only one of the two functional groups reacts with the growing chain. The big
disadvantage is the low atom economy mainly due to the massive monomer excess needed
for each coupling. One of the first (AB+AB) approaches was described by Rose and
Vizzavonal®®”! using a diacid and a diamine. The protocol consists in an amidification reaction
between an amino group and a succinic anhydride, carboxylic acid activation with
carbonyldiimidazole and following coupling with an excess of different diamines. The
iterative repetitions of this cycle enables the synthesis of uniform sequence-defined
polyamides. Bérner employed the same protocol, replacing the PEG-based diamines with
spermine. The resulting sequence-defined polymers were successively linked to a
polypeptide or to a PEO chain enabling the synthesis of bioconjugates showing
peptidomimetic activity.[1%8 Another example is the triazine-based polymers (Figure 1.19) in
which different cyanuric chlorides derivatives react with diamines to afford uniform rigid
structures macromolecules.l'%! Moreover, regulating the primary structure and thus the
hydrogen bonding is possible tuning the backbone-backbone interactions.
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Figure 1.19: (AB+AB) solid support-assisted synthesis of triazine-based polymers. (i) triazine coupling: DIPEA, THF 35°C; (ii)
diamine coupling: DIPEA, NMP 80'C; (iii) cleavage: TFA.

3.5 Chemoselective (AB+CD) approach

Another elegant strategy to bypass protecting group in solid-state-assisted multi-step
synthesis is employing chemoselective strategies. This concept was coined by Torst in 1983:
"The ability to discriminate among the reactive sites is referred to as chemoselectivity” 1110
This feature can be obtained via two different mechanisms*! (Figure 1.20) or via a single
mechanism. The latter case for instance, can involve the acidic deprotection of two acetal
groups, but due to the graduated reactivity, increasing acidity fully removes one and then
the other group.[112

THF
CO;Me OAc
W 4ﬁ_ Br. = _M_, Br\/\/\/\/\rcone
MeO,C

+ NaCH(CO,Me), CO:Me

Figure 1.20: Chemoselectivity concept: the different conditions employed lead to the insertion of the same functional group
in different parts of the molecule via two different mechanisms.

As depicted in Scheme 1.1, chemoselective (AB+CD) approaches employ two
heterobifunctional monomers in which A can react only with C and B can react only with D,
thus avoiding monomer polycondensation reactions. One of the biggest advantages to
employ protecting-group-free strategies lies in the improved step economy.[*! The peptoid
synthesis, reported by Zuckermann in 1992,[113 js the first example of chemoselective solid
phase supported synthesis. Peptoids exhibit biological activity flexibility, higher proteolytic
stability, compatibility and can fold in secondary and tertiary structures.[*'% For this reason,
these molecule were found to be interesting in material science and for pharmaceutical
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applications.1?> 1181 The strategy developed by Zuckermann relies on two “submonomers”
which are involved in two steps (Figure 1.21). The step (i) is the reaction between a
secondary amine and bromoacetic acid. The resulting a-bromoacetamide reacts with a
primary amine via nucleophilic displacement (ii), generating the secondary amine moiety
involved in step (i). The cycle is iteratively repeated allowing the full control of the primary
structure and uniform weight distribution.
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00000 = T

H

n+1

Figure 1.21: Peptoids synthesis. (i) amidification: haloacetic acid, DCC, DMF; (ii) nucleophilic displacement: amine, DMF; (iii)
cleavage: H*.

The protocol was followingly automatized employing a polypeptide synthesizer.[117]
Moreover, the use of a combinatorial chemistry approach!14 118 1191 made the synthesis of
long peptoid libraries!*?%! possible. In 2009 Lutz proposed an (AB+CD) strategy on solid and
soluble support for the synthesis of sequence-defined poly(triazole amide)s.®* In this
approach the iterative repetitions of CuAAC and amidification reactions lead to the
formation of uniform sequence-defined polymers. A more recent orthogonal approach is the
thiolactone protocol developed by Du Prez based on aminolysis/chain extension steps.[121 As
shown in Figure 1.22 a, the aminolysis step (i) is performed using different amines. The
following chain extension via thiol-ene reaction allows the reinstallation of the thiolactone
moiety (ii). Nevertheless, the protocol still showed some big limitation mainly due to the
formation of disulfide bridges during step (i). Indeed, the treatment with phosphines as
reducing agents was required after this step. This treatment, however, led to the formation
of side products, making the synthesis of long polymers impossible. In 2016, the protocol
was improved??l (Figure 1.22 b) replacing the amine with an amino alcohol. The thiol
generated during the first step, reacts with an acrylate or an acrylamide via a thiol-ene
reaction. The chain extension (ii), performed between the hydroxy function and a-
isocyanato-y-thiolactone, allows the reinstallation of the thiolactone moiety. The milder
conditions employed in the first step, avoid the disulfide bridge formation and improve the
protocol efficiency. Moreover, the protocol was performed using a modified polypeptide
synthesizer that enabled the parallel synthesis of decamers in a relatively short time.
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Figure 1.22: Development of sequence-defined polymers based on thiolactone chemistry. a) First strategy employed for
sequence-defined polymers based on thiolactone chemistry. (i) aminolysis: CH,Cl,; (ii) chain elongation: PhMe,P, DMF; (iii)
cleavage: TFA; b) Improved strategy for the synthesis of sequence-defined polymers based on thiolactone chemistry. (i)
aminolysis, chain functionalization: CHCls, 15 min; (ii) chain extension: CHCls, DBTDL; (iii) cleavage: TFA.

Lutz developed in 2016 an (AB+CD) protocol for the synthesis of xeno nucleic acids. Because
of their ability to hybridize with RNA and DNA single strands these molecules were found to
be very interesting.[!23! In this strategy, two monomers are employed: the first one bears a
carboxylic acid and an azide function, the second one contains alkyne and amine moieties;
both monomers are covalently linked to different nucleobases via an amide bond. The
protocol relies on successive amidifications and CuAAC steps enabling the synthesis of
uniform sequence-defined PTzNAs.'?Y1 Other interesting examples of sequence defined
polymers based on chemoselective (AB+CD) approach are poly(alkoxyamine amide)s*!l and
oligo(triazole amide)s!'?>! which are further discussed in the digital polymers section.

3.6 (AA+BC) approach

This approach can be described as an intermediate strategy between (AA+BB) and (AB+CD).
As depicted in Scheme 1.1, the first step involves the chemoselective reaction between the
functional group A on the growing chain and the B moiety of a BC monomer. The second
step is the reaction between an excess of homobifunctional monomer AA and C. Alabi
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employed this approach for the synthesis of sequence-defined synthetic polymers.[126l Ag
depicted in Figure 1.23, the iterative protocol involves two steps: the first one is the thiol-ene
reaction between the dithiol excess and the allylic moiety of the hetero-bifunctional
monomer. The second step is the phosphine-catalyzed Michael addition between the
acrylamide moiety and the thiol function on the growing chain.

n+1

fluorous wash

Figure 1.23: General scheme for the synthesis of sequence-defined polymers via phosphine-catalyzed Michael and thiol-ene
“click” addition using fluorous tags. a) (i) thiol-ene “click”: DMPA, hv, 90s; (ii) phosphine-catalyzed Michael addition:
Me,PhP, 300s; (iii) cleavage: TFA; b) Fluorous solid phase extraction concept.

Interestingly, the use of fluorous tags as a liquid phase reaction support!'?’! enables the
monomer addition in solution, decreasing the reaction time. Fluorous tags are removable
perfluorocarbon alkyl chains, usually employed to obtain faster and easier purification
processes. As depicted in Figure 1.23 b, the reaction mixture is purified employing a fluorous
silica solid phase column; the successive organic and fluorous washes allow the fast
separation of the fluorous-tagged growing chain from the reaction mixture. In 2016, the
same group described a methodology for the synthesis of sequence-defined macrocycles.
After the macromolecule synthesis, an acid-catalyzed cascade reaction enables the one pot
cleavage of the linear precursor from the fluorous tag and its macrocyclization.[*28]

3.7 Multicomponent strategies
Multicomponent reactions can connect three or more starting materials in a single step.['?°]
The Passerini-three component reaction (P-3C) for instance employs an isocyanide, an
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aldehyde (or ketone) and a carboxylic acid to afford an a-acyloxy amide.[*3% Recently, these
reactions were implemented in iterative protocols for the synthesis of sequence-defined
polymers. Meier and co-workers, described the synthesis of this class of molecules
employing the P-3C and thiol-ene reaction.!*3! Figure 1.24, outlines the strategy for the
sequence-defined polymers synthesis employing a multicomponent reaction. in the first
step, a carboxylic acid moiety (blue) reacts via P-3C with an aldehyde bearing a double bond
(red) and different substituted isocyanides (green) forming an a-acyloxy carboxamide. The
second step is the thiol-ene reaction between the a-acyloxy carboxamide and the thiol
moiety of the mercaptopropionic acid. The iterative repetition of these two steps enables
the synthesis of sequence-defined tetramers and pentamers. In order to increase the yield
and speeds the synthesis up, the whole protocol was also performed employing a PEG-based
soluble support.
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Figure 1.24: Strategy for sequence defined polymer synthesis via multicomponent approach. (i) P3-C: DCM, 2h; (ii) thiol-ene
“click”: DMPA, 320nm, 1h.

Recently, a convergent protocol in which thiolactone chemistry is combined with P-3C
reaction was described.'32! |n this approach, a thiolactone-carboxylic acid reacts via P-3C
with 10-undecenal and different isocyanides in the first step. In the second step, the
resulting compound reacts with a mercaptopropionic acid via a thiol-ene reaction. The
resulting macromolecules are synthesized in high yields and in multi-gram scale. UGI
reaction (U-4C) is a four component reaction which employs the same three reagents
involved in the Passerini and an amine, leading to the formation of a-aminoacylamides.[33!
This reaction plays an important role in combinatorial chemistry*3* and is also employed for
the synthesis of cyclic peptoids.[*3>! The multicomponent reaction was recently combined
with thiol-ene reaction for the iterative synthesis of sequence-defined polymers offering the
possibility to insert two side groups in the backbone in one step and increase the structural
complexity of the resulting macromolecules.[32],
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4 Chemical tools for the synthesis of poly(alkoxyamine
phosphodiester)s

4.1 Introduction

In this section, the phosphoramidite coupling and the nitroxide-radical coupling (NRC) are
discussed. These reactions were extensively employed for the synthesis of sequence-defined
poly(alkoxyamine phosphodiester)s which are presented in chapter 2.

4.2 Phosphoramidite chemistry historical background and development

After the discovery of the DNA structure in 1953 by Watson and Crick,?! several efforts
were made in order to develop tools allowing the access to synthetic DNA in a facile and fast
manner. In this section, the most significant discoveries leading to the development of the
modern phosphoramidite protocol are summarized.

The first dinucleotide chemical synthesis was described by Todd in 1955.[13¢1 The
phosphodiester linkage between two deoxynucleotides was obtained via a single
condensation  between  3’-OAc-protected deoxythymidine and 5’-OAc-protected
deoxythymidine bearing phosphorochloridate in 3’position (Figure 1.25).

o _
= 0=P-0
m o

Figure 1.25: First dinucleotide synthesis by Todd (i) coupling; (ii) protecting groups removal.

In 1956 Kohrana developed another procedure for the dinucleotide synthesis,[37! In this
methodology, a phosphomonoester 5’-phosphorylated deoxynucleoside reacts with the 3’-
hydroxyl group of another deoxynucleoside. Subsequently the same group developed a
strategy for the synthesis of DNA and RNA using this approach. Contrary to the first method,
the synthesis is performed in 3’ 5’ and exploit the more nucleophile 5’-OH that reacts with a
DCC activated 3’-phosphate monoester (Figure 1.26).1138 139
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(iii)

Bn Bn

Figure 1.26: Phosphodiester method. (i) phosphodiester synthesis: DCC, (iij) DMT protecting group release: H*, (iii) benzyl
groups deprotection: NHs.

This method was referred to as phosphodiester method that allowed to perform the two
step cycle several times and to produce short oligonucleotides. However, the increasing
amount of phosphate groups, generated after each cycle, could still react with the monomer
in a competitive manner. This hyperbranching made the purification process tedious.

In 1965, Letsinger solved this problem developing a new approach called phosphotriester
method (Figure 1.27).78]
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Figure 1.27: Phosphotriester method. (i) phosphorilation: 2-cyanoethyl phosphate, DCC; (ii) phosphate activation: MsCl; (iii)

coupling: deoxynucleoside 5’- OH; (iv) cyanoethyl deprotection: thiophenol in pyridine; (v) trityl deprotection and cleavage:
H*then OH-.

In this strategy, a 5’-OTr-protected deoxynucleoside is transformed into the corresponding
deoxynucleotide with a 2-cyanoethyl-protected phosphoester at the 3’ position (Figure
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1.27(i)).1%91 The following condensation of the activated nucleotide with a 5’-OH
deoxynucleoside produces a phosphate triester linkage (Figure 1.27). The formation of the
phosphotriester intermediate precludes hyperbranching. The following phosphate triester
deprotection, done under slightly basic conditions, gives the phosphodiester moieties after
the desired oligonucleotide sequence has been synthesized. Furthermore, the protocol was
performed on solid support, making the synthesis faster and the purification step easier.l”8
Thanks to these two new tools, the iterative synthesis of short oligonucleotides became
relatively easy and fast.['#l In 1975, Letsinger discovered that phosphorodichloridites react
in a fast manner with hydroxy groups, generating a phosphite triester moiety. The resulting
phosphite triester is easily oxidized into a phosphate group using iodine and water.[142
Relying on this observation, a new strategy, called phosphite trimester method, was
developed. This new approach was in the beginning applied in solution (143 1441 and then on
solid-state.l*] The iterative cycles were performed in three steps: (i) the coupling, (ii) the
phosphite triester oxidation, (iii) the 5’OH deprotection (Figure 1.28). Even though the
oligonucleotide synthesis on solid supports drastically simplified the purification procedures,
the use of polymers as supports had some drawbacks. For instance, the slow solution
diffusion rate into the matrix or the irreversible reagent adsorption were big limitation for
these materials.[*#®! |n 1980, Caruthers described the synthesis of nonanucleotides via the
phosphite triester approach!**®! replacing the standard polymers, usually employed as solid
supports, with a macroporous silica gel-based support.
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Figure 1.28: Phosphite triester method on silica matrix (i) coupling: CH3CN, tetrazole, (ii) oxidation: iodine, H,0, nucleobase;
(iii) protecting groups removal; (iv) cleavage: triethylammonium thiophenoxide, then ammonia.

The development of this new class of matrices and the following protocol automation!’?!
made the DNA synthesis much faster and more reliable. Further optimization of the silica gel
support led to the development of the modern CPG-based supports. These porous materials
have a constant volume and solvent-dependent swelling was not an issue anymore.
Moreover, the application of high flow rates is possible under all the reaction conditions.[*#’]
Nevertheless, the phosphite triester methodology still had a big limitation as the low
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monomer stability toward hydrolysis and air oxidation made the molecules difficult to store
and handle. These complications made the DNA synthesis via phosphite triester hardly
suitable for biologists and biochemists. In 1981, Caruthers described the synthesis of
phosphoramidite nucleosides or nucleotides and their use as synthons for the DNA
synthesis.”? 89 phosphoramidite are not prone to oxidation and thus easy to store.
Furthermore in mild acidic conditions, the monomers are activated toward the formation of
the phosphite triester linkage that could be easily oxidized into the corresponding P(V). Due
to the high stability of phosphoramidite monomers and the selective activation with mild
acids, the coupling is performed at room temperature. Further protocol optimizations
developed during the last years 148 149 |ed to the implementation of the modern
phosphoramidite protocol described in section 4.3.

4.3 Phosphoramidite chemistry protocol

Nowadays, the standard procedure for DNA synthesis is performed using oligonucleotide
synthesizers. These machines inject the different reagents into a column containing the solid
support, usually CPG. A software allows the choice of the different conditions (the reaction
time for each step, the synthesis direction, the primary structure composition, etc.) The
automated phosphoramidite protocol is depicted in Scheme |.2.

Phosphoramidite coupling: the reaction between the 5'OH on the growing chain and a
phosphoramidite activated with tetrazole takes place inside the column and reagents are
delivered from the machine in the right amount. Usually the coupling time is less than 30
seconds with almost quantitative yields.

Capping: as explained before, the coupling yield is around 98%. In order to ensure uniform
chain length distribution, the statistical 2% of unreacted growing chains need to be capped
before performing the next phosphoramidite coupling. This step is done using a group highly
reactive toward the free 5-OH of the unreacted growing chains, for instance acetic
anhydride.

Oxidation: the solution of iodine and water oxidizes the phosphite formed during the
coupling step into a more stable phosphate. The reaction is completed within few seconds.
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Scheme 1.2: Phosphoramidite cycle for oligonucleotide synthesis.

DMT deprotection: the growing chains are 5'DMT protected. Before performing the
following phosphoramidite coupling, it is necessary to deblock this functionality. DMT
deprotection is performed in mild acidic conditions, usually using a diluted solution of TCA in
DCM. The amount of released DMT cation can be quantified measuring the absorbance of
the resulting solution at 500 nm and can be correlated to the coupling yield.

2-Cyanoethyl deprotection: before cleaving the growing chains from the solid support, it is
necessary to remove the cyanoethyl group.

Cleavage: the synthesized poly(phosphodiester) chains are cleaved from the solid support
using a strong basic solution usually ammonia or a mixture of ammonia and methylamine
1/1. After cleavage, the sequence is usually recovered by filtration and following solvent
evaporation.
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4.4 Nitroxide radical coupling

The nitroxide radical coupling (NRC) is a powerful tool for the synthesis of polymers and
materials.’®¥ In this reaction, the combination of copper and ligand generates a macroradical
from molecules bearing halogen terminal groups. The resulting radical is trapped by a
nitroxide in a fast reaction leading to the formation of stable alkoxyamine bonds. The high
tolerance to several functional groups,**°! the possibility to modulate the reaction rate,>1
and the reversibility at high temperatures!*>2 make the NRC a powerful tool for the synthesis
of polymers containing complex architectures, for the polymer chain end functionalization
and for many other applications.>3! As depicted in Figure 1.29 a, the macroradical can be
achieved either via atom transfer radical coupling (AT-NRC), catalyzed by Cu(l), or single
electron transfer radical coupling (SET-NRC) Cu(0)-catalyzed. The NRC was initially developed
by Salomon for spin trapping!*>* and was following employed by Matyjaszewski in 1998 for
the synthesis of alkoxyamines.['®® |n the latter work, the different alkoxyamines were
produced from the reaction between macroradicals, generated from acrylates,
methacrylates and acrylonitriles in presence of Cu(l), PMDETA with TEMPO (Figure 1.29 b).
Interestingly, the combination of ligand and Cu(0) powder (1.05 eq.), added in the reaction
mixture led to the regeneration of Cu(ll) in Cu(l) allowing the complete conversion of the
halide in a macroradical.
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Figure 1.29: Mechanisms involved in NRC and radical formation. a) General mechanisms of NRC; b) Mechanisms of radical

Cu(l)X/L

I

R +

CuhXoll p-

1 L K decat O‘_N'RY

Cu(l)X/L

R,—O-N-Ry

formation.

49



Chapter |

In 2006, Percec described the living radical polymerization via single electron transfer
mechanism (SET-LRP). In this methodology the macroradical was obtained using a Cu(0)-
based catalyst.[*>6! The process is based on the disproportionation phenomena of Cu(l) into
Cu(0) and Cu(ll) in DMSO. As depicted in Figure 1.29 b, the radical is generated by reactive
Cu(0) species whereas the radical deactivation is regulated by Cu(ll)X,. Furthermore, the
disproportionation rate constant is influenced by the solvent and the ligands employed.
From the mechanistic point of view, the radical formation via single electron transfer can
occur via inner sphere electron transfer (ISET) or outer sphere electron transfer (OSET).[57]
The main difference is that for ISET a transition state consisting of a bridge between the
halide and the metal is formed whereas OSET is a two-step process in which the species are
not covalently connected hence the electron is forced to move through the space. In the last
years, several examples of nitroxide radical coupling via atom transfer or single electron
transfer mechanisms were described for the design of polymer architectures and
materials.[>3] One example is the poly (GTEMPO-co-EQ)-g-PS (or PtBA) synthesis.[*8 |n this
strategy, the halogenated chain ends of PS or PtBA, produced via ATRP, are transformed in
the macroradical via atom transfer radical mechanism. Afterward, the radicals generated in
the previous step react with the nitroxide moieties of poly(GTEMPO-co-EO) forming the
grafted copolymers. NRC is widely employed for the preparation of terminal functional
polymers. Indeed, functional group insertion at the polymers chain end is extremely useful
for the synthesis of molecule with complex architectures as bioconjugates and organic-
inorganic composites.[’>3! Monteiro et al., in 2011, described the end functionalization of
different polystyrenes and poly(tert-butyl acrylate)s via NRC coupling. Polymeric chains
containing terminal Br moiety were synthesized via ATRP; end modification was obtained via
SET-NRC using different substituted TEMPO monomers (Figure 1.30 a). Furthermore, the
monomers employed for the chain end modification bearing clickable groups, activated
esters, biomolecules and biosensors [15% allow the furthr chain end post modification (Figure
1.30 b).
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Figure 1.30: Chain end functionalization strategy. a) Chain end modification strategy via NRC coupling; b) Molecules
employed for the chain end modification.

NRC was also employed for the synthesis of sequence controlled polymers as block
copolymers. In 2009 the synthesis of block copolymers using SET-NRC was described.[*>]
Different bromine and TEMPO end polymers were synthesized employing respectively ATRP
and ROP. The two blocks were then linked one another using SET-NRC conditions.
Interestingly, the macroradical generation, achieved at room temperature, prevents the side
reactions as B-hydrogen transfer or thermal cross-linking. Huang reported several examples
of triblock copolymers using nitroxide radical coupling.[16% 1611 The strategy for the synthesis
of these sequence-controlled polymers, depicted in Figure 1.31, relies on the one-pot NRC
and CuAAC reactions of the three blocks previously synthesized. The monomer structures
namely azide poly(tert-butyl acrylate) PtBA-Ns (1), alkyne-PSBr (ll) and the PEO TEMPO or PCL
TEMPO blocks (lll) are depicted in Figure 1.31. Mixing the three building blocks in DMF with
CuBr and PMDETA for 1 day at 90°C, the formation of triazole and alkoxyamine linkages
enable the triblock copolymer formation.[161]
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Figure 1.31: General strategy for the synthesis of triblock copolymers via one-pot CuAAC and NRC reactions.

Another interesting example of NRC application for macromolecular design was reported in
2009.1%%21 A polymer chain synthesized via ATRP reacts with tert-butyl-phenylnitrone
generating the nitroxide moiety which is involved in a reaction with a second macroradicalic
polymer chain. As a structural feature, the resulting conjugated polymer shows an
alkoxyamine moiety at the mid-chain. Lutz and co-workers incorporated the NRC into an
iterative chemoselective solid-state protocol for the synthesis of digitally encoded
poly(alkoxyamine amide)s.['!l As described in the digital polymers section, the alkoxyamine
bond formed during this reaction simplifies the sequencing by tandem MS of the resulting
sequence-defined polymers.

5 Digital polymers

5.1 Introduction

Nowadays, the amount of stored data increases constantly. In 2012 for instance, about 2.5
exabytes of data were created every day, this number was doubling every 40 months.[163]
This huge amount of information needs to be stored in enormous data centres in controlled
temperature and humidity conditions, resulting in a high consumption of space and energy.
A valid alternative to the modern solid-state memories consists in storing data into
molecules. Indeed, molecular data storage can considerably increase the information data
density, and may be convenient in terms of space and energy consumption. One of the first
molecules studied for data storage applications is DNA.'®4 The four letter alphabet
employed for storing the genetic code in DNA and RNA makes these molecules a natural
highly dense data storage system. Theoretically, using DNA it is possible to store 455
exabytes per gram per single strand.[%°! Last year, Zielinski described the storage of 215
petabytes per gram of DNA using the DNA fountain technique,*%® creating the most dense
data storage DNA-based system reported so far. Recently, different methodologies allowing
to store different data format as ASCII, PDF, JPEG, etc. in DNAB! or encoding a short movie
into a bacteria’s genome!® were developed. Nevertheless, DNA is not the only molecule that
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allows data storage. In principle, every sequence-defined polymer containing two different
monomers intentionally defined as 0 and 1 can encrypt information relying on the binary
alphabet.’! Obviously, the molecules employed for data storage applications must allow fast
and easy synthesis and sequencing. The term sequencing refers to the use of analytical
techniques capable of revealing the monomeric sequence in the polymer backbone.l'¢] |n
the last decades, a huge variety of techniques for the synthesis of sequence-defined
polymers have been developed allowing the easy synthetic access to a large variety of
structures (see section 3).1% 29 Furthermore, synthetic polymers give the unique possibility to
carefully design the backbone structure to obtain a fast and facile sequencing.!® Nowadays,
several techniques as tandem Mass spectrometry,!'®8l nanopore techniques,!'® etc. are
employed for the sequencing of synthetic polymers. In this chapter, the synthesis and the
sequencing of the different classes of sequence-defined polymers employed for data storage
applications, called digital polymers will be discussed.

5.2 Oligo(triazole amide)s

Synthetic sequence-defined polymers give the possibility to access a large variety of
chemical structures and tuning them in order to obtain an easier sequencing. The first
example of digital polymer is represented by the oligo(triazole amide)s described by Lutz et
al. in 2014.121 These molecules are synthesized on a solid support using an (AB+CD)
approach.

O
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Figure 1.32: Oligo(triazole amide) synthesis. (i) amidification: PyBOP, DIPEA, DCM,; (ii) CUAAC: CuBr, dNbipy, THF; (iii)

cleavage: TFA.

The iterative protocol relies on two iterative coupling reactions, namely amidification and
CuAAC steps. For this class of digital polymers 4-pentynoic acid and 2-methyl-4-pentynoic
acid are respectively defined as bit 0 and 1 whereas amino-11-azido-3,6,9-trioxaundecane is
employed as a spacer (Figure 1.32). Once the desired sequence is obtained, the resulting
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macromolecules are cleaved from the Wang support in acidic conditions. After the synthesis,
the digitally encoded sequence-defined polymers were analyzed via MALDI-TOF, NMR and
SEC showing uniform chain length distributions and fully controlled primary structures. The
sequencing via tandem MS analysis evidences multiple cleavage mechanisms resulting from
the amide bond fragmentation and the last ether bond cleavage in each unit (Figure 1.33).
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Figure 1.33: Fragmentation pattern for oligo(triazole amide)s and sequencing via tandem MS of a sequence coding for 0-0-0-
0.

Moreover, the multi charge state of some fragments makes the sequencing possible, but
very complicated even for short and simple sequences.[!’° Even though, the sequencing of
these molecules by MS/MS was not optimal, the oligo(triazole amide)s represent the first
proof of concept of non-natural sequence-defined polymer encoding information. One of
the main lacks of the solid support assisted synthesis is the long time required for the
synthesis of long chains. In order to obtain high molecular weight polymers in a relatively
short time, a dyad ligation strategy was developed for the synthesis of oligo(triazole amide)s.
(1711 1n this work, a library containing all the possible combinations of two bits and one spacer
was synthesized. The encoded dyads were employed in the standard solid support protocol,
reducing considerably the number of steps and the time required for the synthesis of one
byte.
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5.3 Poly(alkoxyamine amide)s

The problem of the complicated fragmentation pattern observed for the oligo(triazole
amide) class was solved in 2015 by replacing the triazole moiety with a labile alkoxyamine
bond, generated by nitroxide radical coupling. The development of the poly(alkoxyamine
amide) class results one of the breakthrough in the field of the digital polymers. Indeed, this
class allows the easy and fast reading by tandem mass spectrometry.!!] Two different
building blocks are employed in the protocol: the first one contains a symmetric acid
anhydride and alkyl bromide groups, whereas the other one contains a nitroxyl radical and a
primary amine. The anhydrides represent the coding monomers, in particular the 2-bromo-
isobutyric acid anhydride and the 2-bromopropionic acid anhydride define respectively the
bit 1 and the bit 0 (Figure 1.34). The chemoselective reactions involved in the protocol are
the amidification reaction between amine and anhydride and the NRC between the carbon-
centred radical and the amino-TEMPO (Figure 1.34). Relying on these quantitative and fast
reactions, the solid support protocol was employed for the synthesis of a library of different
poly(alkoxyamine amide)s. After acidic cleavage, the resulting SEC, NMR and ESI-HRMS
analysis highlight the uniform weight distribution and high purity of the resulting digital
polymers.

(o] [o]
Br\‘)j\oN/Br fo) O-N NHZ (o]
R R
NH, > HJ\‘/Br — —HNO—N NH,

(i) R (ii) R

n+1

Figure 1.34: General strategy for the synthesis of sequence-defined poly(alkoxyamine amide)s. (i) amidification: K,CO5 or
DIPEA, THF, 50min; (ii) radical-radical coupling: CuBr, MesTREN, DMSO, 25min; (iii) cleavage: TFA.

The introduction of the labile alkoxyamine bond in the backbone enables the fast and easy
sequencing. Indeed, at low activation energy, the homolytic alkoxyamine bond cleavage is
the only occurring event. This selective fragmentation leads to a single bond cleavage for
each unit in the backbone, generating extremely easy to interpret fragmentation patterns.
As depicted in Figure 1.35, in the tandem MS spectrum, it is possible to identify four different
fragments corresponding to the radical motifs: a-0 (130 Da), a-1 (144 Da), w-0 (305 Da) and
w-1 (319 Da).
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Figure 1.35: MS/MS sequencing of a poly(alkoxyamine amide) sequence coding for 1-1-0-1-0.

The sequencing of the whole primary structure relies on the intervals of 226 and 240
between a and w corresponding respectively to TEMPO-0 and TEMPO-1.114 |n 2015, it was
shown that it is possible to produce long digitally encoded poly(alkoxyamine amide)s in few
steps via a convergent synthesis.'’? Indeed, a library containing all the possible
combinations of two coding units and one spacer was synthesized on a solid support. The
trimers were iteratively added to a tetramer chain, anchored to a Wang resin, following the
standard protocol. This strategy allowed the synthesis of a sequence-controlled 10-mer in
few steps. Another interesting feature of this class of molecules is the possibility to be
“erased”. Indeed, these polymers start to degrade above 60°C and the degradation rate can
be regulated according to the temperature. This mechanism relies on the reversible nature
of the alkoxyamine bond73 174l producing a mixture of non-uniform fragments from the
original sequence. However, it was noticed for this class of digital polymers that the coding
could influence the yields. Indeed, the low stability of the radical, produced during the NRC
of monomer O result in lower yields compare to the one originated from the NRC of
monomer 1. Moreover, as a result of the different radical stabilities, in CID conditions the
tertiary radical generated from the alkoxyamine bond cleavage of bit 1 is more abundant in
tandem MS/MS!14, hence also the coding influences the sequencing.
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5.4 Sequence-coded polyurethanes

Polyurethanes are one of the most employed and studied polymer classes. The first
polyurethanes synthesis was reported in 1947 by Bayer.['7° Nowadays, these molecules are
largely employed in industry as coatings, adhesives, synthetic fibres, etc.['76] However, the
standard step-growth polymerization process employed for their synthesis doesn’t ensure
primary structure control and narrow molecular weight distribution. In the past decades,
several strategies for the synthesis of sequence-defined polyurethanes relying on protecting
group approaches were reported.®® 1771 |n 2015, the first protecting group-free protocol of
the synthesis these molecules was described by Lutz et al. Furthermore, the implementation
of a binary alphabet relying on this strategy opened the possibility to use them for data
storage applications.['78 The described iterative protocol relies on two steps. In the first
step, the hydroxy group anchored to the growing chain reacts with N,N’-disuccinimidyl
carbonate (DSC) forming an unsymmetrical active carbonate. In the second step, the
resulting carbonate selectively reacts with the amino group of different substituted amino
alcohols (Figure 1.36). The binary alphabet implementation relies, as for the other digital
polymers, on the presence of a methyl group on the amino alcohol side chains. Indeed,
monomers containing methyl groups define the bit 1 while monomers without functional
groups on the side chains define the bit 0 (Figure 1.36) In order to show the reproducibility of
the method, a library with different couples of amino alcohols was synthesized. The iterative
repetition of these two steps enables the synthesis of uniform digitally encoded
polyurethanes.
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Figure 1.36: Monomer structures and iterative protocol for the synthesis of sequence-defined oligocarbamates.
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The selective C-O carbamate bond fragmentations, obtained in negative tandem MS
conditions, lead to the formation of easy-to-interpret spectra, allowing the easy and fast
read-out of the molecues. The discrimination of isobaric sequences is possible relying on the
molecular weight differences between two peaks in the tandem MS which correspond to the
molecular weight of bit 0 or bit 1 in the sequence (Figure 1.37).[179]
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Figure 1.37: Tandem MS sequencing of digitally encoded oligocarbamates.

Thanks to their extremely easy sequencing ,their biocompatibility!*8% and to the possibility to
be blended with other polymers, these molecules have found application as molecular tags.
[105,106] |ndeed, several techniques were shown to be suitable for tagging and extracting the
oligocarbamate-based tags from different polymeric materials as lenses, films, etc. After the
extraction, the tags are easily sequenced by negative mode tandem MS seems to be very
promising molecules for anti-counterfeiting applications. Moreover, because of their
absence of toxicity in living organisms, this class of sequence-defined polymers was recently
employed as in-vivo molecular taggants for the identification of implants.[181]

5.5 Poly(phosphodiester)s

The biochemical methodologies developed during the past decades can also be employed
for the synthesis of non-natural sequence-defined polymers.2% In this context,
phosphoramidite chemistry is a promising toolbox. Indeed, the intensive studies conducted
in the past decades (see section 4.2) make this coupling reaction extremely fast, nearly
guantitative and thus very appealing for the synthesis of sequence-controlled polymers.
Based on these preliminary observations, in 2015, the synthesis of non-natural sequence-
defined poly(phosphodiester)s using the phosphoramidite chemistry protocol was
described.®>) The monomers employed for the synthesis contain a hydroxy group DMT-
protected and a phosphoramidite moiety (Figure 1.38). In order to encrypt binary
information into these molecules, the two different building blocks differ for two methyl
groups defining respectively the bit 1 for the dimethyl derivative and the bit O for the other

58



Chapter | I

one. The protocol employed is an (AB+AB) approach relying on three steps, namely
phosphoramidite coupling, oxidation and DMT deprotection. Phosphoramidite coupling is
performed between the OH group on the growing chain and the phosphoramidite moiety of
the coding monomer. The coupling is extremely fast and the reaction is completed in
approximately 15 minutes, leading to the formation of a phosphite group. Phosphite
oxidation into a phosphate group is done using an oxidizer solution containing iodine, water
and lutidine; this oxidation step takes few minutes. The DMT deprotection releases the OH
group involved in the following coupling and is performed using a TCA 3% solution in DCM.
The iterative repetition of these three steps, cyanoethyl deprotection and final basic
cleavage from the solid support enable the synthesis of digitally encoded sequence-defined
poly(phosphodiester)s in a short time.
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Figure 1.38: Monomer structures and general strategy for the synthesis of poly(phosphodiester)s.

The fast synthesis of long digital polymer sequences is nowadays one of the big challenges in
the field. Indeed, handmade iterative solid-state syntheses are usually time-consuming
processes, requiring several days for the synthesis of high molecular weight
macromolecules. However, it is known from biochemistry that iterative synthesis can be
drastically accelerated using solid phase synthesizers.'82 These machines are largely
employed for the production of synthetic biomolecules as polypeptides and
oligonucleotides. In 2015, relying on the protocol previously described, the automated
synthesis of non-natural sequence-defined poly(phosphodiester)s was developed using an
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oligonucleotide synthesizer.[!2l All the reagents needed for the synthesis were charged into
the machine and the iterative cycle was performed automatically. As for DNA, the synthesis
of long chains requires an additional capping reaction before performing the following
phosphoramidite coupling. Indeed, the phosphoramidite reaction is nearly quantitative, thus
the unreacted growing chains need to be capped to ensure uniform chain length
distribution. Nevertheless, the synthesis of digitally encoded poly(phosphodiester)s with
chain lengths above DP-100 was completed within a few hours. Moreover, to show that
message encryption in these molecules is possible, the words “Macromolecules” and
“Maurice” were ASCll-encoded using the binary alphabet. The resulting macromolecules
were analyzed by MS and subsequently sequenced via MS/MS. The conditions employed for
the sequencing lead to the dissociation of all phosphate bonds in the backbone, making the
reading relatively easy only for short sequences. For long chains, the expected ion series are
often detected at multiple charge states. Moreover, a big number of secondary fragments,
originated from the dissociation of highest charge state fragments leads to complicated
tandem MS spectra.l'8] As said before, synthetic polymers offer the possibility to tune the
backbone structure in order to obtain an optimal read-out.®! Indeed, the
poly(phosphodiester)s backbone was modified adding two structural features namely a
labile alkoxyamine bond between the bytes and mass tags for bytes labelling (Figure 1.39 a).
These new motifs allow the creation of a series of tagged bytes after selective alkoxyamine
bond fragmentation in tandem MS (Figure 1.39 b).[8 The bytes produced in MS? can be
selectively activated and decrypted by MS? in a fast and facile manner. Furthermore, the
natural and non-natural nucleobases, employed as mass tags, allow knowing the position of
the byte in the original sequence. In order to implement this new architecture, the polymer
synthesis was achieved via an iterative phosphoramidite protocol using an oligonucleotide
synthesizer and inserting the mass tags and the cleavable units between the bytes. The
synthesis of a library of different polymers and their following sequencing via MS? and MS?
highlighted the possibility to encode and decode long non-natural polymers chains in a fast
and facile manner. The poly(phosphodiester) backbone was also modified in order to make
this class suitable for nanopore sequencing. The nanopore analysis is a promising non-
destructive read-out technique already applied for DNA.['85] The different interactions of the
monomeric sequence with the pore, generate a characteristic current variation that can be
related to the monomer sequence. In order to have a facile sequencing via nanopore
analysis, the poly(phosphodiester) backbone was post-modified inserting two different PEG-
based groups in the monomers side chain via CuAAC.[8¢! |n principle, the different side
chains connected to the coding monomers, having different interactions with the pore,
should allow the polymer sequencing. Recently, a new protocol for the synthesis of
poly(phosphodiester)s was developed. In this approach the DMT protecting group was
replaced by a photoremovable protecting group (NPPOC). The use of NPPOC allows the
photocontrolled synthesis of sequence-defined poly(phosphodiester). The synthesis was
performed on a soluble support enabling the scale-up of the resulting digital polymers.[187]
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Figure 1.39: General concept of molecular byte tags applied for poly(phosphodiester)s. a) Monomers structures and
chemical structure of the poly(phosphodiester)s with mass tags; b) MS?2 of the structure depicted in a) and MS3 and
decoding of the byte 4.

6. Conclusions

In the last years, the efforts made toward the sequence regulation in synthetic polymers
provided tools enabling the synthesis of macromolecules containing fully defined primary
structures. These tools, mainly imported from other fields, transformed the polymer
chemistry area in a broad interdisciplinary subject. The sequence-defined polymers
produced with these techniques show interesting innovative features. Nevertheless, many
progresses are still to be done, for instance increasing the attainable length, providing robust
protocols and techniques for the scale-up and develop fast and efficient non-destructive
sequencing techniques. Moreover, the possibility to tune the backbone offered by these
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molecules, allows to obtain new and useful features. Even if this class of molecules has not
yet found industrial applications, the unique possibility to tune the primary structure offered
by these polymers, enable the synthesis of macromolecules with finely defined new
properties. For all these reasons, these new molecules are promising candidates for the
implementation of next-generation polymers.
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1 Introduction

Digital polymers are synthetic sequence-defined polymers capable of store information at
the molecular level.['%8 As discussed in the chapter 1, every sequence-defined polymer
containing two different monomers, intentionally defined as 0 and 1, can encrypt
information at the molecular level.P! The synthesis of such digital polymers is done via multi-
step growth polymerization.® This technique, developed by Merrifield for polypeptide
synthesis,[*% allows to obtain molecules containing a fully defined primary structure and
uniform weight distribution, ensuring thus a reliable molecular encryption.l! The different
multi-step growth polymerization approaches developed in the past years (see chapter 1),
allow obtaining uniform sequence-defined polymers in a relatively short time.

Moreover, the backbone of the resulting molecules can be designed to obtain an optimal
sequencing. The term sequencing refers to the use of analytical techniques revealing the
monomer sequence in the polymer backbone. Indeed, after the information has been
encrypted at the molecular level, reliable sequencing techniques are needed for the
decryption of the encoded message. In the past years, different techniques were developed
for the sequencing of natural and non-natural sequence-defined polymers. For instance,
MS/MS has been intensively employed and nowadays is the most employed methodology
for the sequencing of digital polymers.l'3! Interestingly, the backbone of these molecules
may be modified not only to improve the MS/MS reading but also to obtain tailor-made
features; for instance, increasing the information density, or obtaining digital polymers
which can be read using non-destructive sequencing techniques.

Among the different classes of digital polymers developed so far the poly(phosphodiester)s
are one of the most promising. The synthesis of these molecules relies on the
phosphoramidite chemistry protocol described in chapter 1. Moreover, long digitally
encoded poly(phosphodiester)s chains can be synthesized using an oligonucleotide
synthesizer in a relatively short time.[!2 Nevertheless, these molecules follow the typical
dissociation pattern of deprotonated oligonucleotides.[!3°! Hence, they originate a complex
tandem MS spectra which makes difficult the sequencing of long chains.

On the other hand, the development of the poly(alkoxyamine amides)s demonstrated that
the read-out by MS can be extremely simplified by adding an alkoxyamine bond in the
polymer backbone.['!l Indeed, this bond is selectively cleaved in CID conditions generating
predictable and easy to interpret fragmentation patterns.!¥ However, because of the
different stability of the alkoxyamine bond generated from monomer 0 and monomer 1, the
read-out of these molecules may be influenced by the sequence.
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As explained before, one of the big advantages in using synthetic molecules for data storage
is the possibility to carefully design the backbone structure to achieve an optimal
sequencing. In this context, the poly(phosphodiester)s readability may be improved via
alkoxyamine bond insertion into the polymer backbone. Based on this observations, a new
class of digital polymers namely poly(alkoxyamine phosphodiester)s was developed and is
presented in this chapter. These sequence-defined polymers generate easy to interpret MS
spectra; as a result they are easier to sequence compared to poly(phosphodiester)s.
Moreover, the backbone of these molecules was designed in order to avoid sequence
dependent fragmentations phenomena.

An iterative solid-state protecting-group-free approach was designed for the synthesis of
these digital polymers. The use of orthogonal reactions allows to bypass the deprotection
step simplifying the iterative synthesis!’® and improving the step economy.[’®! The
developed (AB+CD) strategy relies on the phosphoramidite coupling and the nitroxide-
radical coupling (NRC); both reactions proceed in a short time, at room temperature and in
guantitative yields. The first reaction is based on the phosphoramidite chemistry that was
developed for the DNA synthesis over the past 30 years (see chapter 1). The second one is
the nitroxide-radical coupling (NRC) that enables the alkoxyamine bond insertion into the
polymer backbone. This reaction, initially developed for the spin trapping,°> %2 was
following employed for the synthesis of alkoxyamines. The alkoxyamines synthesis via NRC
proceeds without the generation of side products at room temperature, 15> 191 making the
reaction suitable for the iterative strategy.

In this chapter, the synthesis of the building blocks and the optimization of the conditions
which led to the development of the iterative protocol for the synthesis of digitally encoded
poly(alkoxyamine phosphodiester)s is described. Moreover, the dissociation behaviour of
these molecules in MS/MS conditions and the sequencing theories will be described.

2 Result and discussion

2.1 Monomers design and synthesis

The solid-state protocol developed for the synthesis of poly(alkoxyamine phosphodiester)s
relies on the phosphoramidite coupling and on the NRC. These reactions allow the
successive insertion of a phosphoramidite coding monomer and a hydroxy-functionalized
nitroxide to the growing chain. The building blocks involved in the iterative protocol were
designed in order to allow the consecutive repetition of these two reactions. The synthesis
of the building blocks has to be fast, simple and it should allow to obtain pure molecules in
high yields. The coding monomers are different bromo-functional phosphoramidites, the
general structures of these building blocks are depicted in Figure Il.1. The synthesis of
bromo-functional phosphoramidites nonomers was already described by Matjazewsky in
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another contest;!?3 the chemical structure of this molecule resulted convenient to be
implemented in the iterative protocol described in Scheme 11.4.
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X 0
o Coding unit(0/1) Cleavable unitJ w
k Repeating unit j
b)

0\ R RI H Br . )J\/\/\/OH
P—o\)%/)N O-N N

Figure 11.1: a) General structure of poly(alkoxyamine phosphodiester)s. b) General structures of the monomers employed in
the iterative protocol, the blue functional group represent the A and D functionalities while the green ones represent the B
and C functionalities.

However, in order to build a MS/MS readable binary alphabet, the backbone of the molecule
was slightly modified. Indeed, it has already demonstrated, that is possible to implement a
MS/MS readable binary alphabet using building blocks with hydrogen/methyl couples on the
side chain.'!l For this reason, the coding monomers employed in this work contain alkyl
spacer for bit zero and methyl side chains for bit one (Figure I1.2). In addition, the tertiary
bromo-functionalized moiety allow to obtain quantitative yields during the NRC and to avoid
sequence dependent fragmentation phenomena.[7!
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Phosphoramidite monomers
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Figure 11.2: Structures of the different coding monomers employed for the synthesis of poly(alkoxyamine phosphodiester)s.

In order to test if different monomers could influence the yields and to prove the
reproducibility of the developed protocol, the poly(alkoxyamine phosphodiester)s synthesis
was performed using different sets of coding monomers. Indeed, in the frame of this project,
three different alphabets were synthesized. As depicted in Figure 1.2, monomers zero
contain several alkyl spacer (n-propyl, n-butyl and n pentyl) whereas the monomers one bear
methyl groups on the side chain. The synthetic strategy applied for the synthesis of these
building blocks is a two steps synthesis, depicted in Scheme I1.1.

R R 0w R R Br
HO\)%NHZ > HO\)QVyN
X

X o
HO-0a: (n=1 R,R=H) HO-1a: (n=1 R,R=CH,)
HO-0b: (n=2 R,R=H) HO-1b: (n=2 R=H,R’=CH,)
HO-0Oc: (n=3 R,R=H)

NC

RR H Br (ii) _(> R R
Ho\)%Nm)Q \ \)%nm)gr

0Oa: (n=1R,R=H) 1a: (n=1 R,R=CH,)
Ob: (n=2 R,R=H) 1b: (n=2 R=H,R’=CH;)
Oc: (n=3 R,R=H)

Scheme II.1: General strategy for the coding monomers synthesis. (i) acylation: a-Bromoisobutyryl bromide, NEt;, DCM, 0°C
then rt; (ii) phosphoramidite coupling: 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite, DIPEA, NMI DCM 0°C then rt.

As previously discussed, the bromo-functional phosphoramidites synthesis was already
described from Matyjaszewski.l'®3l In this work a bromo-functional phosphoramidite
monomer was attached to the chain end of a DNA single strand via a phosphoramidite
coupling. Following polymerization using the tertiary bromide carbon as initiator allowed the
synthesis of polymers-DNA bio-hybrids.

The first step in the building block synthesis is an acylation between the different amino
alcohols and a-bromoisobutyryl bromide (Scheme 11.2); the reaction is carried out in
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anhydrous conditions for 1.5 hours. Afterwards, treatment with 5% NaOH solution is done to

hydrolyse the small amount of ester formed in the reaction conditions.

R R /\ Br
Ho\)QMNHz Br\ﬂ)Q - .
X Op

Scheme I1.2: Acylation mechanism for the coding monomers synthesis.

R R H,

HO

Br R\R H Br
\)%N Br —» HO N
+ X
x O_ o

The length of the amino alcohols employed and the number of methyl groups doesn’t
influence the yields which are all between 75% and 85%. The second step is the nucleophilic
substitution between the hydroxy function of the synthesized intermediates and the 2-
cyanoethyl N,N-diisopropylchlorophosphoramidite. The addition elimination reaction at the
phosphorous (lll) involves the vacant d orbital of this heteroatom and it occurs via the

formation of a pentacoordinated transition state (Scheme 11.3). [1%4]

Scheme I1.3: Phosphoramidite coupling mechanism for the synthesis of the coding monomers.

R R’

\)%o P-Cl
X N

NC—>
?
-P

NC

R R’ (o]
H
— =l M D or i
0 x_<q

The coupling is carried out for two hours in anhydrous conditions and after purification, the
final products were recovered in good yields (between 75 and 92%). All the coding
monomers were following analyzed by *H-NMR and 3C-NMR (Figure 11.3) and 3!P-NMR (see

experimental part).
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Figure 11.3: Example of 1H-NMR (a) and 33C-NMR (b) for monomer 0, registered in CDCls.

9o

As discussed previously, the hydroxy-functionalized nitroxide allows the alkoxyamine bond
insertion in the polymer backbone. This bond has been found to be extremely important for
the MS/MS sequencing. In the frame of this project, three generations of hydroxy-
functionalized nitroxides were tested for the development of the iterative protocol. The
structures of these building blocks are depicted in

Nitroxide monomers

Figure Il.a.
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Nitroxide monomers

o
-DMT M

(T,) (T,) (T3)

Figure 11.4: Hydroxy-functionalized nitroxide monomers tested in this work.

2.2 Solid-state iterative protocol

The solid-state protocol designed for the poly(alkoxyamine phosphodiester)s synthesis relies
on phosphoramidite coupling and nitroxide radical coupling (Scheme I1.4). The iterative
repetition of these two reactions allows to obtain uniform sequence-defined
poly(alkoxyamine phosphodiester)s encoding information.

Br NC N

I )~ ™ ° i ., RA W Ler bt @ RR y g
D-Loh:ou - H—Ko{ﬂgopo@%‘w% — i—koktozo\)%%N%
iy X o 2 X o

CN

QH %H bﬁ (iii) (il) (lz) q H R\ R Q [o)
HO 0-P-0 NH»O—N X-OH HO-X NfoﬂN 0-P-0+)
1 (o}
n+1

(ii)

Scheme I1.4: General strategy employed for the synthesis of digitally encoded poly(alkoxyamine phosphodiester)s. (i1)
phosphoramidite coupling: CHsCN, tetrazole, rt; (i) oxidation: I, 2,6-lutidine, THF/H,0O, rt; (ii) radical-radical coupling:
CuBr, MegTREN, DMSO; (iii) cleavage: piperidine, CH3CN, rt, then MeNH, NH40H, H>0, rt.

The multi-step iterative synthesis is performed on a modified amino polystyrene resin cross-
linked with divinylbenzene. The solid-support modification is a three steps synthesis which
enables the insertion of a basic-cleavable DMT protected succinyl linker (Scheme 11.5). The
first step is the protection of one alcoholic function of the propanediol with DMT-CI.
Following reaction of the unprotected alcoholic function with succinic anhydride gives the
corresponding succinate ester which is coupled with the aminopolystyrene resin to obtain a
highly functionalized resin. Subsequently, the loading is calculated via UV spectroscopy. The
term loading refers to the number of functional groups attached to the solid support and is
determined in mmol/g. Hence, in order to calculate this parameter, a small amount of resin
is deprotected using a solution 3% TCA in DCM.
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(i) (ii)
HO” >~"0H — HO~ " oDMT ——— HO 0 " oDMT

(1) (o] (2)

o
NH, + HO L H i
2 \”/\)J\O/\/\ODMT N\H/\)J\O/\/\ODMT
o 3 o

Scheme I1.5: Synthetic strategy employed for the solid-support modification. (i): DMT protection: DMT-CI, Pyr, THF, rt; (ii):
coupling: succinic anhydride, DMAP, pyridine 37°C; (iii): amidification: DCC, DMAP, DCM, rt, overnight.

The concentration of DMT in the solution is calculated using the Lambert-Beer’s law.
According to this law the absorbance is proportional to the concentration of the DMT in
solution. This law is valid in the absorbance range between 0 and 1.[1%°

A= E*I*c

A= Absorbance, €= extinction coefficient (L-mol? cm™), I= length of the sample (1 cm), C=
DMT concentration in DCM (mol-L?)

Hence, the concentration of DMT is calculated using the absorbance value at 504 nm, at this
wavelength the extinction coefficient is 67000.1*°¢! This parameter is related to the number
of functional groups attached to the resin. The UV-spectrometer of the deprotection
solution is depicted in Figure 11.5.
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0.45 A, (504 nm) = 0.4151

0.40
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Figure 11.5: UV-Spectra obtained for the deprotection solution of the modified resin using a solution of TCA 3 % in DCM. In
the example depicted in herein, 78 mg of modified resin were cleaved using a solution of TCA 3 % in DCM. Afterwards, the
filtrate was filled to 50 mL. An aliquot was then diluted of a factor of 200 and the absorbance at 504 nm was determined at
0.415. This value was implemented into the Lambert’s Beer law to calculate the concentration of DMT cation in the initial
solution which was 1.09 mM. Afterwards, the number of mmol in 50 ml were calculated (n=c V)=56.4mmol of DMT were
cleaved from 78mg of resin hence the final loading was found to be 0.69mmol/g.

After DMT deprotection in acid conditions, the resulting hydroxy group, attached to the
linker, reacts with the phosphoramidite moiety of the selected coding monomer (0/1) (step
i1). The reaction is carried out in anhydrous acetonitrile using tetrazole as catalyst.[**”! During
the reaction an equilibrium is established between the intermediate (1) and (2) in Scheme
I1.6, the latter one reacts with the alcoholic function generating the corresponding
phosphite.

o]
( N
N
(1) N-N. (2)
+ H
NC NC
' (0] (o] R R
R R
\ H B | H Br
o /\?P—O%MN I {+0-P-0 N
4—-OH [ 0" 3
o 3 N X lo) X o

Scheme I1.6: Mechanism of the phosphoramidite coupling on solid support.

The resulting phosphite is following oxidized into a more stable phosphate using a solution
of iodine, water and lutidine in THF (iz). The reaction of I, with the phosphite generates a
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tetrahedral intermediate. Following iodine displacement gives the corresponding phosphate
(Scheme 11.7).

NC
NC -
o o R R _>
H Br e fo) fo)
HO—P—O\)%)[N £ R R H
0" 3 1—1 —_— (o-p- 0 Br

R R’
EHO 5 o\)%)fl-l\ﬂ)ér s i_k H—o (.P? R R Hm)@r

Scheme I1.7:Mechanism of phosphite oxidation into a phosphate.

The step (ii) is the nitroxide-radical coupling (NRC). In this reaction, the bromo-functional
resin generates a carbon-centered radical in presence of copper bromide and a ligand
(MesTREN). The radical is following spin trapped by the nitroxide moiety of the TEMPO-
based monomer, generating the corresponding alkoxyamine bond. The reaction mechanism
is depicted in Scheme I1.8. All the nitroxides employed in this work contain a hydroxy
terminal group which can react with the phosphoramidite moiety of the following coding
monomer. Hence, after the first cycle, the growing chain can be involved in several other
cycles until the desired sequence is achieved.
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NC—> NC—>
RR y Br CuBr 0 9 RR y
— > b .
Ho P 0\)%)[ Me,TREN Oi/‘);o P 0\)4@/"
(o)

NC

Scheme 11.8: Nitroxide radical coupling mechanism on solid support.

Afterwards, Cyanoethyl deprotection is done using a solution 10% piperidine in acetonitrile.
The cleavage is performed using a solution of ammonia/methylamine (1/1). After, resin
filtration and lyophilisation allow to recover the digital polymers in god yields.

2.3 Synthesis of sequence-defined poly(alkoxyamine phosphodiester)s using
4-Hydroxy-TEMPO

The first synthesis of digitally encoded poly(alkoxyamine phosphodiester)s was done using
the coding monomer 0, and the commercially available 4-Hydroxy-TEMPO in step (ii). The
phosphoramidite coupling and the nitroxide radical coupling were performed using the same
conditions previously developed in our group, ¥ %3 increasing the reaction times to one
hour for both reactions. Moreover, after step (ii) the copper excess was removed with a 2%
solution of sodium EDTA in water. For the first test, the iterative cycle was repeated 5 times
in order to obtain a sequence-defined decamer. The resulting product was analyzed by ESI-
HRMS. As depicted in Figure 1.6, the targeted molecule was detected at different charge
states ranging from 2 to 4 (peaks labelled in green). The formation of these series is due to
the negative charge carried by the phosphate groups.
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Figure 11.6: ESI-MS recorded for a decamer synthesized using monomer 0, in step (i) and 4-Hydoxy-TEMPO in step (ii). Peaks
labelled in green correspond to the desired product; the peaks labelled in other colours correspond to products generated
form incomplete phosphoramidite coupling. The structures in red orange and purple correspond to the structures of the
lower congeners.

The analysis showed also the presence of lower congeners which were originated from
incomplete phosphoramidite coupling (iz) (red, orange and purple labelled peaks in Figure
I1.6). Obviously, the non-quantitative yields in this step led to the synthesis of non-uniform
polymers. Hence, these molecules were not suitable for storing information. Indeed, as
already discussed, only sequence-defined polymers having uniform molecular weight
distribution and fully defined primary structure ensure a reliable molecular encryption. In
addition, the high rate of H*/Na* exchanges originated from the polymers and from the
sodium EDTA (black labelled peaks) made the MS spectra difficult to interpret.

2.4 Design of optimized hydroxy-functionalized nitroxides

The non-quantitative yields obtained in step (iz) led to the synthesis of heterogeneous
polymers unsuitable for storing information. The incomplete yields obtained during the
phosphoramidite coupling were probably due to the low reactivity of the secondary
alcoholic function of the 4-Hydroxy-TEMPO. In order to confirm this hypothesis, the
monomer T, was synthesized. This building block, containing a protected primary alcoholic
function, was synthesized following the synthetic strategy depicted in Scheme 11.9. The first
step is the protection of the 2-bromo ethanol with DMT-chloride. Williamson etherification
between the intermediate 4 and the 4-Hhydroxy-TEMPO gives the desired monomer.
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g ~OH U B~ 0 ~DMT I L) BT o O PMT
(4) T,

Scheme 11.9: General strategy for the synthesis of linker T, (i) DMT protection: DMT-Chloride, THF, pyridine, rt; (ii)
etherification: NaH, THF 0°C, 4-hydroxy TEMPO 0°C then rt.

Subsequently, the monomer 0, and the linker T, were tested for the synthesis of a hexamer
(3 repeating units). After step (ii), the DMT deprotection allowed to release the primary
alcoholic function involved in the following phosphoramidite coupling. Moreover, a 2%
solution of 4,4'-di-n-nonyl-2,2'-dipyridyl in dichloromethane was used to wash the copper
excess. Indeed, is well known from the literature that bipirydines can complex copper and
other metals efficiently (198 199 moreover the DCM, keeping the resin swollen, improves the
copper extraction. After performing three iterative cycles using these conditions, the
resulting compound was analyzed via negative ESI-HRMS that confirmed the homogeneity of
the resulting sequence-defined polymer (

HO o-p- o\/\/Nﬁo N)y;} {

670.4 [P3-2H]*

446.6 [P3-H]*

13417 [P3-IHI 1358 7 [p3-2H NH,I*
l . l L T T l‘ l T T T |\ L

T T T T
500 600 700 800 900 1000 1100 1200 1300 1400 mM/z

Figure 11.7). Indeed, the targeted product was detected at different charge states moreover,
impurities corresponding to non-quantitative coupling yields or side reactions were not
detected in ESI-HRMS. Interestingly, the use of the bypiridine solution as copper scavenger
reduces the amount of H/Na* exchange making the resulting MS spectra less complicated.
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Figure I1.7: ESI-HRMS registered for a hexamer synthesized using linker T, and coding monomer 0O,.

The iterative synthesis performed using nitroxide T, confirmed that the primary alcohol
leads the phosphoramidite coupling to quantitative yields. Even though, the replacement of
4-Hydroxy-TEMPO with linker T, allowed the synthesis of uniform digital polymers, this
compound was not suitable for the development of the iterative protocol for several
reasons. First of all, the aim of the project was to obtain sequence-defined poly(alkoxyamine
phosphodiester)s via a chemoselective approach in order to avoid deprotection steps and
make the iterative synthesis faster. Moreover, this monomer was recovered in low yields
after two steps. As said before, the building blocks synthesis should be achieved in few steps
and the final product should be recovered in high yields. For all these reasons, the monomer
T, was replaced with the hydroxy-functionalized nitroxide Ts. This building block was
obtained opening the &-caprolactone with 4-Amino-TEMPO.

o
(0}
° JJ\/\/\/

Scheme I11.10: General strategy for the synthesis of monomer Ts. Experimental conditions: 130°C reflux 2.5 h.

The reaction doesn’t need anhydrous conditions and the product is recovered in 73% yield in
a single step. The monomer was following analyzed by ESI-HRMS (Figure 11.8) which shows
the targeted monomer as predominant species. Moreover side products were not detected
in ESI-HRMS. The easier synthetic access made the monomer T3 a convenient building block
for the implementation of the solid-state protocol. The iterative protocol was then
performed using the reaction conditions employed in the previous experiment using the
monomer 0, in step (i) and the linker T3 in step (ii). The resulting tetramer was analyzed by
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negative ESI-HRMS that confirmed also in this case the homogeneity of the resulting
sequence-defined polymer.

o
‘0-N NMOH
H

286.2 H*

ol L,x | XL ‘ I

I 1 1 T
200 250 300 350 m/z

Figure 11.8: Positive ESI-HRMS recorded for the linker Ts.

Hence, the complete yields for both steps in the iterative synthesis and the efficiency of the
strategy developed in this work. Indeed, as shown in Figure 11.9, the product was detected at
different charge states. A small amount of the sodium adduct of the polymer containing only
a deprotonated phosphate group was also detected at low intensity. Moreover, peaks
corresponding to side products were not detected.

Interestingly, it was found that the optimized nitroxide T3 improves the MS analysis and the
following read-out. Indeed. as will be discussed in the sequencing section, the longer
hexanamide chain provided by nitroxide T3, keeping the phosphate groups at an optimal
distance, enables their simultaneous deprotonation during the MS analysis facilitating the
sequencing.!17!
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Figure 11.9: Negative ESI-HRMS recorded for entry 3 Table II.1

In order to show the reproducibility of the method with different monomers, three different

coding alphabets (a, b and c in Figure 11.2), were used in combination with the linker Ts for

the synthesis of molecularly-encoded poly(alkoxyamine phosphodiester)s (Table I11.1).

Moreover, the optimization of the

reactions conditions allowed to perform the

phosphoramidite coupling using 3 eq. of coding monomers (0 or 1) for 30 minutes and the

radical-radical coupling using 5 eq. of linker (T3) for 40 minutes. In all the cases, the resulting

digital polymers were recovered in good yields (between 40 and 60%). Interestingly, the

coding for this class of molecules doesn’t influence the yields or the sequencing as it has

been noticed for other digital polymer classes.*!]

Table 11.1: ESI-HRMS Individual characterization of the digital polymers synthesized and studied in this work.

sequence
0-02T10aT10aT10aT1
0-05T20aT20a4T>
a-04T304T305T3
a-05T304T305T304T3
a-15T304T305T314T3
0-(1aT3)2(0aT3)31aT314T3
a-0pT305T30,T31,T3
a-0pT305T31KT31,T3
a-0pT31pT3
10 a-0cT30cT305T30:T3

O 0 N O UV A WN =

mass
1967.0

1339.7
1549.9
2041.2
2097.2
4118.4
2097.2
21253
4174.4
2153.3

m/z,
490.7458

1339.6923?
515.6196°
509.2819°
523.2975°
514.0417¢
523.2975°
530.3035°
521.0496¢
537.3132°

m/Zexp
490.7465

1339.6910
515.6187
509.2814
523.2977
514.0429
523.2970
530.3060
521.0495
537.3123

a [M - 3H]3, b [M - 4H]* ¢ [M - 8H]#", measured at isotopic maximum.

Moreover, side products originated from disproportionation reaction during the NRC were

not detected. These observations are in agreement with the literature which indicates that

the disproportionation reactions for a tertiary radical in the NRC are usually observed at high
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temperatures.[1>% 2001 The disproprtionation reactions are due to the hydrogen abstraction in
vy position of the alkyl radical. The side product originated from this process are a
hydroxylamine generated from the nitroxide and an alkene originated from the alkyl
radical.l?°Y, In Figure 11.10, the products originated from a hypothetical disproportionation
occurring during step (ii) are depicted.

OIL ° RR j\ o o RR 0
L3 o e —— Pl b3 05
CN (CN

Figure 11.10: Products originated from a hypothetical disproportionation reaction in step (ii).

In addition, the combination of copper and ligand doesn’t lead to chain breaks as it has been
already reported for DNA.2921 All the sequences in Table 1.1 were analyzed by ESI-HRMS
which show in all the cases that the measured molecular weights are in line with the
theoretical masses. Moreover, the presence of side products was never detected. All these
elements prove the reliability of the molecular encryption. The digital polymers were
analyzed by 'H-NMR and 3'P-NMR (see experimental section). The uniformity of the
sequence-defined hexadecamer is further confirmed by SEC experiments in
water/acetonitrile (Figure E.3). Thanks to its efficiency and reproducibility, the developed
solid state strategy result in a powerful tool for the synthesis of digitally encoded sequence-
defined polymers.

3 Conventional sequencing

As discussed in the introduction of this chapter, the poly(alkoxyamine phosphodiester)s
were designed with the aim to improve the tandem MS readability of poly(phosphodiester)s
The MS and the MS/MS experiments presented in the first part of this chapter were
performed by Jean-Arthur Amalian at Marseille University. During the MS/MS experiments a
precursor ion, generated in ESI-HRMS, is selected and fragmented in a collision cell by
impact with an inert gas. The conversion of kinetic energy in internal energy leads to the
fragmentation of the molecular ions in smaller fragments.

In these conditions, the labile alkoxyamine bond of poly(alkoxyamine phosphodiester)s is
preferentially cleaved; the rupture occurs at low ionization energies (between 15 to 40 eV).
This homolytic breaking produces a predictable and easy to interpret fragmentation pattern
that allows deciphering the original sequence. During the tandem MS process two series of
fragments are produced according to the chain end-groups (o or w) (Figure 11.11). Thus,
relying on the mass of the different building blocks, generated in these conditions, the
sequence in the polymer chain can be determined from the m/z values of the obtained
fragments (Figure 11.11 b). The first MS/MS sequencing of poly(alkoxyamine
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phosphodiester)s was done on a homopolymer containing 0./Ts (entry 4 Table I.1). As
shown in Figure 11.11, the precursor ion selected for the fragmentation in MS/MS is the one
containing all the phosphate deprotonated, [M-4]%. The fully deprotonated species are
selected as precursor ions because their fragmentation in MS/MS generates two
fragmentation series in which each fragment contains a single charge signature. Hence, the
resulting fragmentation patterns are easier to correlate to the original structure. On the
other hand, partially ionized polymers, containing randomly deprotonated phosphate
groups, generate complicated MS/MS spectra because of the formation of fragments with
different ionization states. Interestingly, it was found that the long side chain of the nitroxide
T3 is extremely useful for the sequencing. Indeed, the hexanamide chain, placing the
phosphates at an optimal distance, facilitates the simultaneous deprotonation of these
groups increasing the abundance of the fully deprotonated species.['’! Moreover, the
tertiary radical, generated after homolytic cleavage of bit 0 and 1 avoids sequence-
dependent fragmentations as it was already observed for other classes of digital
polymers.1l In Figure 11.11, the MS/MS sequencing of a short homopolymer coding for 0,-Ts-
04-T3-0,-T3-0,-T3 is depicted. After the sequencing of short chains containing three different
alphabets, the read-out of longer polymers was performed. Indeed, the read-out of a
hexadecamer, coding for 8 bits was tested in MS/MS. Also in this experiment the fully
deprotonated species was selected as precursor ion for the MS/MS experiment (red labeled
peak in

82



Chapter Il I

MS/MS

(%)

=

520

N
~

- £

=) (-1)s'€08 4.3

o0 [e]

o

-

wn

o
o
S
>
& (-2) 6'9v9 —
o—>
(-8) 6°€1S M (-€) 0'vo9 —- m
) 9°'SLS —
-G) 5865 __]
-8) T'LvS —
(-£) 0'evs
- o
Il —=R
I =
s —
(-8) T'8Ly = —
[ pe— (-2) L€ty | s
(-9) r'69y ~% ~
(-5) 9°65 = &
o
&
(-v) 0'zsy == .

-€) 766y ——3F -

(-€) Z'6€v T N
g €
gl
KL
5 [s
- 3

g
¢ [8
F s
a <
a5
Qre
o
-
°
Fs
s[HS-d] s'2e8 — o
8
s[H9-d] £S89 =8

) s

-«[HL-d] £°£8S 3
[H8-d]6°€TS 1s

n
~
o
-
<

452.0

in

shown

As

12).

Figure

83



Chapter Il

6 =
T T .
£ N e,
-
AN &‘. -
m g ~ E I ~ — ﬁ, 518.3 (1-)
o 8 N T & et 3 o [15ev
© 2 o © T< o by
< ] @ SN o
< § gt g
| [ A
N a0 P w00 W0 515 529
T
10 T
a o
n ~ —~—— = = _
o ) RRUS o o o
0 < o —ne o )
aZR0 F 9 o
h 1029.1 [P-4H]* 1372.5[P-3H]* i\ JL Fonn 3 3 3
8 P Rt TR T L
500 600 700 800 900 1000 1100 1200 1300 1400 m/Z T T T T T
300 400 500 600 700 800 m/z

Figure Il.12 b, all the fragments originated from the alkoxyamine bond cleavage were
detected in MS/MS, allowing the easy sequencing even of longer polymer chains.
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Figure 11.11: Example of Sequencing of poly(alkoxyamine phosphodiester)s. a) Negative ion mode ESI mass spectrum of a
poylmer coding for, a-0,T30,T30,T30,T3 (entry 6 tab. 2). b) MS/MS sequencing of [P — 4H]4- at m/z 509.3 (red labelled)
(collision energy : 15 eV) and corresponding dissociation scheme.

This last example shows that even for longer sequences it is possible to decipher the original
structure relying on the different fragments generated in MS/MS conditions. All the
synthesized digital polymers were successfully sequenced by MS/MS highlighting the

efficiency and the reproducibility of this sequencing technique for this class of digital

polymers.
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Figure 11.12: Example of sequencing for a polymer coding for one byte. a): Negative mode ESI-MS characterization of a

encode copolymer synthesized using the building-blocks Oa/1a/Ts (Table 11.1, entry 5) (right), MS/MS sequencing of the
same polymer after CID of precursor [M - 8H]8~ at m/z 513.9 (red labeled peak). b): Representation of the chain
fragmentation recovered in MS/MS for the same copolymer.

4 Fragmentation-free sequencing approach

4.1 Introduction

Thanks to its efficiency and to the possibility to sequence digital polymers in a relatively
short time, tandem MS is nowadays the standard procedure for the sequencing of digital
polymers.31 However, in the last years other sequencing techniques were developed for the
read-out of digital polymers. Another convenient approach to facilitate the sequencing could
be the fragmentation-free sequencing (F2S) developed by Keough and co-workers.2%3! This
strategy, was initially applied for the screening of biologically active peptides libraries via MS
analysis.[*®] The concept relies on the generation of small percentages of specific truncated
sequences and the full-length polymer during the iterative synthesis. The addition of a small
percentage of a capping agent during each monomer coupling, allows the formation of
sequence-specific termination products. Hence, after n+1 cycles, each resin bead contains a
mixture of the original polymer and n sequence specific truncated fragments (Figure 11.13).
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The sequencing relies on the weight difference between the termination products produced
during the iterative synthesis. The advantage in using FS lies in the fact that the sequencing
by MS is faster and easier as it has been already demonstrated for natural products.[®
Indeed, this method allows the sequencing bypassing chemical or MS/MS fragmentations
which usually lead to the formation of complicated MS/MS spectra.

:
a|

Resin bead

d @

m/z

- = Capping agent

Figure 11.13: General concept of fragmentation free sequencing.

In the frame of the PhD thesis, the poly(alkoxyamine phosphodiester) class was assessed for
F2S approach. This project was developed in collaboration with the group of Prof. Hans
Borner at Humboldt university of Berlin and is discussed in this section.

4.2 General strategy for F2S using poly(alkoxyamine phosphodiester)s

The general solid-state strategy developed in this work is depicted in Figure 11.14. The solid
support employed for the iterative synthesis is a polystyrene-based resin, modified with a
base cleavable linker to whom is attached an amino acidic sequence. The polypeptide is
coupled to the resin in order to ensure the MS analysis in a convenient m/z range also for
short fragments and to improve the polymers ionization during the MS experiments. The
poly(alkoxyamine phosphodiester) chains are connected to the polypeptide via an hydroxy
carboxylic acid linker. The truncated sequences are produced during the phosphoramidite
coupling. Indeed, a small percentage of a specifically designed capping agent is employed in
this step in combination with the desired coding monomer (0./1a).
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Figure 11.14: General strategy employed in this work. (i) Fmoc deprotection: 25% pyperidine in DMF, 20 min 2 times; (ii)
linker coupling: L;, PyBop, DIPEA,DCM, overnight; (iii) DMT deprotection: TCA 3% in DCM, 10 min. 2 times; (iv1)
phosphoramidite coupling:, Acetonitrile, tetrazole, rt; (ivz) oxidation: I, 2,6-lutidine, THF/H20, rt; (v) radical-radical
coupling: CuBr, MegTREN, DMSO; (vi) cleavage: piperidine, acetonitrile, rt, then NH40OH, H,0, rt, overnight.

The iterative protocol for the synthesis of poly(alkoxyamine phosphodiester)s is performed
using a mixture of the selected coding monomers (0, or 1,) and the capping agent in step (iv)
whereas, the nitroxide T3 is employed in step (v). The synthesis of the coding monomers and
the linker was done following the same conditions described previously in this chapter,
whereas the synthesis of the capping agent is discussed in the following section. The resin
modification, the polypeptides synthesis and all the MS analyses presented in this section
were performed by the group of Prof. Hans Bérner at Humboldt university of Berlin.

4.3 Results and discussion

4.3.1 Synthesis of the capping agent

The formation of the truncated fragments relies on the reaction of the growing chain with
the 5% of capping agent added in the reaction mixture during the phosphoramidite coupling.
The synthesis of this monomer was done in a single step via phosphoramidite coupling
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between 2-isopropnaol and the 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite
(Scheme 11.11).

NC—>
H (o]
i
>*OH #» >70_|',
Scheme I1.11: Capping agent synthesis. (i): 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite, DIPEA, dichloromethane
2.5h, rt.

The reaction mixture is stirred for 2.5 hours and after purification the final product is
obtained in 85% vyields. The product was following analyzed by *H-NMR, *C-NMR and 3P-
NMR (see experimental part).

4.3.2 Iterative protocol optimization and F2S sequencing

The first test to asses poly(alkoxyamine phosphodiester)s for F2S was done synthesizing an
amino acidic sequence containing two MTT protected lysines and two glycines. The lysines
fragments were selected in order to obtain a better ionization in positive ESI-MS. As
depicted in Figure 11.14, intermediate 16 was coupled to the growing chain using PyBop as
activating agent. The silyl ether was then deprotected using a solution of TBAF in THF.
Subsequently, the hydroxy terminal growing chain was involved in the iterative protocol
described in Figure 11.14. For the first test, the capping agent was not employed during step
(iv) and only one cycle was performed. Following protecting groups removal and cleavage in
ammonia gave a colourless oil. The product was analyzed in positive and negative ESI-MS.
The MS analysis evidenced the non-quantitative yield during the, phosphoramidite coupling.
Indeed, the predominant species in the spectra was represented by the polypeptide
connected to the linker (intermediate 10 in Figure 11.14). The low yield in step (iv) was
probably due to the presence of fluoride anions originated during the TIPS deprotection.
Indeed, these ions increase the PH, reducing the activity of the tetrazole as catalyst. In order
to bypass this problem, a new monomer containing an acid cleavable protecting group was
employed as linker. The synthesis of this monomer (Li1) is depicted in Scheme 11.12

o
. o v 0
@ Lb HoMOH ¢> /\OJK/\/\/OH

(5) (6)

6 — fW\/O—DMT — JCL/\/\/O—DMT
~o HO
(7) L
Scheme 11.12: Synthetic strategy employed for the synthesis of monomer L;. (i) lactone opening: NaOH, H,O 3h; (ii)
esterification: PTSA, EtOH, 65°C, 4h; (iii) DMT protection: DMT-CI, THF, pyridine, 3h, rt; (iv) ester hydrolysis: NaOH, EtOH,
6h, rt.
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Moreover, the tetraeptide was also modified. Indeed, it was found that the phosphate
groups were sufficient to ensure good polymer ionization in negative ESI-MS. Hence, the
second test was done using a tertrapeptyde containing glycine and monomer L; as linker.
Also in this experiment, only one iterative cycle was performed and the capping agent was

not employed in step (iv). As depicted in
(o] H (o] H (o] o o o
HOJK/NThHJK/NT}AHMOi%*O%HH»o*N HMOH
o o OH
878.4 [P-1H]"
T T l A T L T
400 600 800 1000 M/z

Figure 1l.15, the resulting negative ESI-MS show the presence of the targeted molecule as
predominant species. These results demonstrated that the new conditions allow to obtain
guantitative yields in both couplings hence, uniform sequence-defined polymers.

o H o

H o H (o] o [o] (o]
HOJK/NWAN)K/NWAHMOi’;O/XHH»ofN Hk/\/\/OH

878.4 [P-1H]*

T T l A T L T
400 600 800 1000 m/z

Figure 11.15: ESI-MS registered for a polymer synthesized using 4 glycines, L; as linker and performing one iterative cycle.

After the first successful test, the synthesis of a polymer containing four glycines and the
sequence 1,-T3-0,-T3-15-T3-0,-T3-0,-T3 was done in F2S conditions. Hence, in this experiment,
5% of capping agent was employed in step (iv). After cleavage in ammonia and filtration, the
resulting solid was analyzed by negative ESI-HRMS showing the presence of the targeted
sequence-defined polymer at different charge states. Moreover, as depicted in
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Sequence [M]-th [M]-exp [M]z-th [M]z-exp [M]3-th [M]B-exp [M]4-th [M]4-exp
a-12T30aT31aT304T30.T3  2870.61 - 1434.81 - 956.20 956.20 716.90 716.90
a-1aT30aT31aT300X 2501.34 - 1250.17 - 833.11 833.11 624.59 624.58
a-1aT30aT31aX 2010.07 - 1004.54 1004.53 669.35 669.35 501.77 501.76
a-1aT30uX 1490.76 - 744.88 74488  496.25 496.25 371.94 -
a-1.X 999.49 999.49 499.25 499.24 332.50 - 249.19 -
a-X 480.18 480.19 239.59 - 159.39 - 119.30 -

Figure ll.16b, the sequence-terminated fragments, originated from the reaction between the

growing chain and the capping agent, were found at different charge states, according to the

number of phosphate groups they still bear. However, the detection of the short sequence-

terminated fragments

was

not

optimal.

In
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L J L ”ml *,1 L ‘. * L
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500 600 700 800 900 1000 M/z
Sequence [M] e [Ml'ew [MPh  [MPee [MPw [MPep [M]I*w [M]%ex
Q-1aT3 0aTs1aTs0aTs0sT5  2870.61 - 1434.81 - 956.20 956.20 71690  716.90
Q-1aT3 0aTs1aT300X 2501.34 - 1250.17 - 833.11 833.11 62459  624.58
0-1aT3 0aTs10X 2010.07 - 100454 100453 66935 669.35 50177 50176
Q-1aT3 0aX 1490.76 - 744.88 74488 496.25 496.25 371.94 -
a-1.X 999.49 999.49 499.25 49924 33250 - 249.19 -
a-X 480.18 480.19 239.59 - 159.39 - 119.30 -

Figure Il.16 a, only the detected peaks corresponding to the 3 are depicted.
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a-12T30aT31aT304T30.T3  2870.61 - 1434.81 - 956.20 956.20 716.90 716.90
a-1aT30aT31aT300X 2501.34 - 1250.17 - 833.11 833.11 624.59 624.58
a-1aT30aT31aX 2010.07 - 1004.54 1004.53 669.35 669.35 501.77 501.76
a-1aT30uX 1490.76 - 744.88 74488  496.25 496.25 371.94 -
a-1.X 999.49 999.49 499.25 499.24 332.50 - 249.19 -
a-X 480.18 480.19 239.59 - 159.39 - 119.30 -

Figure 11.16: Sequencing of the polymer synthesized using F2s approach. a) ESI-MS analysis registered for the polymer asses

for F2S coding for 1-0-1-0-0. The star corresponds to the Na adducts, the hash correspond to artefacts; b) Table of the

fragments calculated and found corresponding to the sequence-terminated fragments and the original sequence.

In order to displace the shorter sequence-terminated fragments in a more convenient m/z

range and improve their detection, a longer peptide may be employed for the synthesis of

the sequence-defined polymers. Moreover, charge state MS deconvolution could facilitate

the interpretation of the MS spectra obtained in F?S conditions. Even though, some

parameters need still to be optimized, the F?S approach seems promising for the sequencing

of synthetic sequence-defined polymers. Indeed, truncated sequences generated from the

reaction between the growing chain and the capping agent allow the polymer sequencing

avoiding MS/MS or chemical fragmentations.
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5 Conclusions

In conclusion, a new iterative protocol based on two chemoselective steps was developed
for the synthesis of digitally encoded sequence-defined poly(alkoxyamine phosphodiester)s.
The building blocks were designed in order to obtain quantitative yields and to avoid side
reactions during the iterative synthesis. Moreover, the monomers design avoids sequence-
dependent fragmentations, ensuring an optimal reading by MS/MS. The chemoselective
solid-state protocol, optimized in this work allows obtaining uniform digital polymers in a
relatively short time. The molecular encryption for these molecules relies on the H/Me
couple as for other digital polymers. Moreover, the multi-step growth polymerization
approach guarantees the uniformity of the resulting sequence-defined polymers. A library of
digitally encoded sequence-defined polymers was synthesized in order to show the
feasibility of the method.

Interestingly, the labile alkoxyamine bonds, inserted in the polymers backbone during the
nitroxide radical coupling, are selectively fragmented in MS/MS conditions originating
predictable and easy to interpret fragmentation patterns. The simple read-out and the
relatively easy synthetic access, makes this class of digital polymers promising candidates for
long-term data storage applications.

Moreover, after the conventional cleavage by MS/MS, the sequencing via F?S approach was
tested for poly(alkoxyamine phosphodiester)s. This technique was largely employed in the
past years for the sequencing of natural sequence-defined polymers as polypeptides. The
iterative strategy presented in this chapter enables the formation of sequence-terminated
fragments during the phosphoramidite coupling. The truncated sequences, generated in this
step, enable the fast and reliable sequencing bypassing MS/MS or chemical fragmentations.
To the best of our knowledge, the described work is one of the first examples of
fragmentation-free sequencing applied to synthetic sequence-defined polymers. The
promising results, obtained using this sequencing technique allows to obtain a fast
sequencing. However, some parameters have still to be optimized.

Even though, the first generation of poly(alkoxyamine phosphodiester)s ensure a reliable
molecular encryption only one bit of information is inserted in each repeating unit. As said in
the introduction, the structure of synthetic sequence-defined polymers can be modified in
order to obtain tailor-made features. In this context, the development of a new strategy for
the insertion of two bits of information for each repeating unit is discussed in the next
chapter. As is explained in chapter 2, this design allow to increase the information density
keeping the read-out via MS/MS easy.
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1 Introduction

One of the big advantages of molecular data storage consists in the higher data density of
the resulting molecules compare to modern flash memories. In 2012, Church calculated the
data density of several commercial data storage media and compared it with the one
calculated for DNA. Interestingly, it was found that DNA was six orders of magnitude more
dense compare to flash memories. More details about the storage density calculation are in
the figure and data section of the same article.?%* The DNA could theoretically store 455
exabytes (108 bytes) per gram for single strand.l'®¥ As already discussed in this thesis, a
valid alternative to DNA for data storage applications, could be represented by synthetic
polymers. Indeed, these molecules give the unique possibility to design the backbone in
order to obtain tailor-made features. In this context, the digital polymers backbone could be
designed in order to enhance the data density. In 2015, Lutz suggested that the use of
enhanced alphabets (i.e. tertiary, quaternary etc.) for the code implementation may
drastically improve the storage capacity and could allow the encryption of a big number of
combinations into short chains.l®! However, the introduction of these alphabets may
increase the time required for the monomer synthesis and the resulting digital polymers
could not be compatible with the existing information technology which nowadays is based
on the binary encryption. Moreover, the complicated molecular structures of these
sequence-defined polymers may lead to multiple fragmentation mechanisms in CID
conditions, making more complicated the resulting sequencing by MS/MS.

In this context, an easy concept allowing to increase the information density, maintaining
the sequencing by tandem MS easy was tested for poly(alkoxyamine phosphodiester)s and is
presented in this chapter. As explained in chapter 2, the iterative protocol developed for the
synthesis of these digital polymers relies on two chemoselective steps. During the
phosphoramidite coupling, a coding monomer (0/1) is added to the polymer chain whereas
the nitroxide-radical coupling provides the insertion of the labile alkoxyamine bond in the
backbone. Even though, the insertion of this bond is extremely useful to simplify the MS/MS
sequencing, no information is encrypted during this step. Hence, the resulting digital
polymers contain one bit for each repeating unit (21 backbone atoms) showing a lower data
density compare to other digital polymers classes. For this reason, the first generation of
poly(alkoxyamine phosphodiester)s is not suitable for the molecular encryption of long
messages. In order to increase the data density, a new molecular architecture based on
encoding dyads was designed. The iterative synthesis based on dyads was already employed
from our group in the context of convergent synthesis of poly(alkoxyamine amide)s. In this
work, the dyads employed were trimers containing two coding units and one spacer. A
library containing all the possible dyad combinations was synthesized on solid support.
Afterwards, the trimers were iteratively added to the growing chain in order obtain long
sequence-defined polymers in few steps. However, the use of dyads didn’t increase the
storage capacity of the resulting digital polymers. In the work presented herein, four
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different monomers (two phosphoramidites and two nitroxides) are employed as coding
units and are implemented into the iterative protocol depicted in

ol
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Figure lll.1. In order to encrypt information during the NRC, the hydroxy-functionalized
nitroxide monomers contain hydrogen/methyl or methyl/dimethyl couples on the side chain
(Figure Il.2). The new molecular architecture allows the encryption of one bit for each
iterative step. Hence, the backbone contains two bits for each repeating unit (20 backbone
atoms). Moreover, as discussed in the sequencing section, the binary dyads, generated after
alkoxyamine homolytic cleavage in MS/MS allow the easy sequencing also for long polymeric
chains.
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Figure Ill.1: General strategy employed for the synthesis of poly(alkoxyamine phosphodiester)s encoding dyads. (i1)
phosphoramidite coupling: acetonitrile, tetrazole, rt; (iz) oxidation: I, 2,6-lutidine, THF/H,0, rt; (ii) radical-radical coupling:
CuBr, MegTREN, DMSO; (iii) cleavage: piperidine, AcCN, rt, then MeNH,, NH40H, H,0, rt.

The nitroxides employed in this project gave the possibility to place the coding units in
different positions of the alkylic chain. In order to study if the placement of this groups could
influence the yields, three different alphabets were synthesized and tested for the synthesis
of digitally encoded poly(alkoxyamine phosphodiester)s encoding dyads. As shown in Figure
1.2, all the hydroxy-functionalized nitroxides bear H/Me or methyl/dimethyl couples in
different positions of the backbone. In this chapter, the synthesis and the optimization of the
different building blocks which led to the synthesis of sequence-defined poly(alkoxyamine
phosphodiester)s encoding dyads is presented. Moreover, the dissociation behaviour in
MS/MS conditions and the sequencing theories for this class of molecules are discussed.
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Results and discussion

For the synthesis of poly(alkoxyamine phosphodiester)s encoding dyads two sets of coding
monomer were employed as depicted in Figure 111.2. The phosphoramidite monomers 0, and
1, were synthesized in two steps, following the synthetic strategy described in chapter 2. For
the hydroxy-functionlized nitroxides three different alphabets were tested: alphabet 1
(04/14), alphabet 2 (0’4/1’q) and alphabet 3 (0”4/1”4). The structures of all the building blocks
synthesized in this work are depicted in Figure 111.2.

Coding monomers

Ncw o o o)
q H . OH . OH . o~
>_§7 0, ° 04 0’y d

NC
3 o o o
O)»o)@ﬂ ‘0-N N OH ‘0-N NJ§<\/°H ‘0-N Nk/L/\OH
\P(Br H H ’ H .,
1, o 1, 1, 17

Figure I11.2: Structures of the building blocks synthesized and tested for the development of poly(alkoxyamine
phosphodiester)s encoding dyads.

The solid-support modification and the loading calculation were done following the
procedure described in chapter 2. All the digital polymers presented in this chapter were
synthesized via a multi-step growth polymerization approach, using the same conditions
described in the previous chapter.

2.1 First generation of poly(akoxyamine phosphodiester)s encoding dyads

using alphabet 1

The first alphabet which was investigated for the synthesis of poly(alkoxyamine
phosphodiester)s encoding dyads is represented by the couple 04/14. These monomers were
the first tested because of their easy and high yield synthesis. Indeed, both molecules were
recovered in satisfactory yields in one step. These building blocks were synthesized opening
the corresponding lactones with 4-Amino-TEMPO. In particular, the monomer 04 was
synthesized opening the y-valerolactone and the monomer 14 was synthesized opening the
v-hexanolactone (Scheme l1ll.1). For both monomers, the conditions employed were the
same described for the synthesis of linker Ts.

o o
i . OH
(o] L» 0_">>i>7N)J\/\r
( { H
R
R 0, R=CH,
1, R=CH,CH,

Scheme Ill.1: General strategy for the synthesis of monomers Oq4 and 14. (i) 4-Amino-TEMPO, 130°C

The resulting compounds were analyzed by positive ESI-HRMS. For both molecules, the
theoretical weights are in line with the analytical ones. Moreover, peaks corresponding to
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products originated from side reactions were not detected as shown in Figure 1ll.3. The
alphabet 1 was subsequently employed in combination with the phosphoramidite monomer
0. for the iterative synthesis of digitally encoded poly(alkoxyamine phosphodiester)s

encoding dyads.
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Figure II1.3: Positive ESI-HRMS recorder for the monomers couple 04 and 14 (alphabet 1).

The resulting tetramer coding for 0,-14-0,-04 was synthesized via an iterative solid-state
protocol using the conditions described in chapter 2. After cleavage, the product was
recovered in only 37% vyields and was following analyzed by ESI-HRMS. As for the first
generation of poly(alkoxyamine phosphodiester)s, the targeted product was detected as
preponderant species at different charge states ranging from 1" to 2" (green labelled peaks).
However, the presence of lower congeners, originated from the non-quantitative yields
during the second phosphoramidite coupling (red labelled peak in Figure IIl.4) was detected
at lower intensity. The structure of the lower congeners is depicted in the same picture.
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Figure 111.4: Negative ESI-HRMS analysis of polymer synthesized using alphabet 1 coding for 0,-14-0,-04 red labelled peak
corresponds to the lower congeners originated from non-quantitative phsophoramidite coupling.
As already observed for the first generation of poly(alkoxyamine phosphodiester)s, the
sterically hindered secondary alcohol leads to incomplete yields during the phosphoramidite
coupling (step (i)). The presence of the lower congener, made the digital polymers
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synthesized using the alphabet one non-uniform hence, unsuitable for storing data at the
molecular level. For this reason, alphabet 1 was abandoned and alphabet 2 was tested.

2.2 Second generation of poly(alkoxyamine phosphodiester)s encoding dyads
using alphabet 2

The second generation of hydroxy-functionalzed nitroxides tested for the synthesis of
uniform sequence-defined poly(alkoxyamine phosphodiester)s encoding dyads is
represented from the monomers 0’y and 1’g; the structures of these building blocks are
depicted in Figure Il.2. These monomers were designed to bypass the problem of the non-
guantitative yields obtained during the phosphoramidite coupling using alphabet one.
Indeed, the displacement of the methyl/dimethyl couple in a position allows to have a
primary alcoholic function which ensures the quantitative yields in step (iz). As depicted in
Scheme 1.2, the synthesis of the monomer 0’y was achieved in a single step, opening the
corresponding a-methyl-y-butyrolactone with 4-Amino-TEMPO. Also in this case, the
conditions employed were the same described in chapter 2. After purification, the desired
product was recovered in good vyields.

o o
(i) . OH

Scheme I11.2: Synthetic strategy employed for the synthesis of monomer 0’d. (i) 4-amino-TEMPO, 130°C reflux, 2.5h.

The first synthetic strategy employed for the synthesis of monomer 1’y is depicted in Scheme
[Il.3. The a-methyl-y-butyrolactone was methylated using LDA and methyl iodide to obtain
the intermediate 11. Following reaction between the dimethyl lactone with 4-Amino-TEMPO
gave the desired product in two steps. Hence, the synthetic pathway proposed would be
extremely convenient.

(o}

9 (i) O (ii) OH
1 1] ‘O—
\&/O —_— >&/0 —_— O-N H%(V
(11)

Scheme 111.3: First synthetic strategy for the synthesis of monomer 1’d. (i) lactone methylation: n-Buli, diisopropylamine,
THF 0°C, then -78°C; CHsl, HMPA, overnight; (ii) lactone opening: 4-Amino-TEMPO, different reaction time and
temperatures, the final product was not obtained.

As depicted in Scheme lll.4, the intermediate 11 was synthesized using LDA, methyl iodide
and HMPA. The LDA was produced in situ reacting the distilled N-N diisopropylethylamine
with a solution of n-butyllithium in THF for 30 minutes at 0°C. The anion generated from the
deprotonation of the hydrogen in a position attacks the methyl iodide to afford the
intermediate (11). The HMPA was employed to accelerate the nucleophilic substitution.
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Indeed, this molecule solvates the lithium cation and creates a more naked anion. The
reaction was carried out at -78°C to ensure the anion stability. The following reaction
between the intermediate 11 and the 4-Amino-TEMPO to afford the monomer 1’4 have been
tried in different conditions but the targeted product was not recovered.

(i)

i o . o
@Y —0 %\/u i) %

Scheme Ill.4: Mechanism for the synthesis of intermediate 11.

This was probably due to the lower reactivity of intermediate 11 compare to the a-methyl-y-
butyrolactone. Indeed, the insertion of a second methyl group in alpha increases the steric
hindrance reducing the accessibility of the carboxylic function. For this reason, a new
synthetic strategy for the synthesis of the monomer 1’q was designed. This new approach,
depicted in Scheme III.5, allowed to obtain the desired monomer in five steps. In this
strategy, the intermediate 11 was transformed in the corresponding hydroxy acid after
reaction with sodium hydroxide. The alcoholic function of the intermediate 12 was then
protected using TIPS-CI. This step was done in order to avoid the formation of side products
that could originate during the following reaction. Indeed, in the conditions employed for
the amidification, the alcohol could react with the carboxylic function to form the
corresponding ester. The last step was the TIPS deprotection of the intermediate 14 using
TBAF to obtain the monomer 1’q.

o o o) Y o
\é (i) >& (ii) .- )1><\/0H (i) >7Si—0\/>€j\
0o ——» 0 —— Na O — /1 OH

(11) (12) (13)

0 0
13 —M . o N)J><\/0ﬁ3i/4< — . o NJ><\/OH
H P H
l’d

(14)

Scheme |III.5: Synthetic strategy employed for the synthesis of monomer 1’d. (i) lacone methylation: n-Buli,
diisopropylamine, THF 0°C, then -78°C; CHsl, HMPA, overnight; (ii) lactone opening: NaOH, water 3h, rt; (iii) TIPS protection:
TIPS-Cl, DMF overnight; (iv) 4-Amino-TEMPO coupling: 4-Amino-TEMPO, DIPEA, PyBOP, dichloromethane, 0°C then rt,
overnight, (v) TIPS deprotection: TBAF, THF, 2.5h, rt.

After the synthesis, the building blocks forming the alphabet 2 were analyzed by positive ESI-
HRMS. As shown in Figure 111.5, for both monomers the preponderant peaks were the ones
corresponding to the targeted products, the sodium adducts were also detected at lower
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intensities. Moreover, peaks corresponding to side products were not detected in positive
ESI-HRMS in both samples.
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Figure IIL.5: Positive ESI-HRMS recorder of monomer 0’q and monomer 1’4 (alphabet2).

The alphabet 2 was then employed in step (ii) of the iterative protocol described in
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Figure lll.1 for the synthesis of a library of six different digitally encoded poly(alkoxyamine
phosphodiester)s. As shown in Table IIl.1, after cleavage, the digital polymers were
recovered in moderate yields. Furthermore, impurities corresponding to primary amine-
terminated oligomers were detected in ESI-HRMS (purple, orange and red peaks in Figure

111.6).

Table 111.1: ESI-HRMS individual characterization of the digital polymers synthesized using alphabet 2.

sequence yield m/zi m/Zexp
1 a-0,-13-0,-0'g 47%) 1044.5894 1044.5899%
2 a-1,-0’¢-0,-0'4 50%!°! 1057.5972 1044.5923!
3  a-0;-1'¢-1,-0g 48%" 535.3028 535.3034%
4 0-15-0'4-05-1g 52%!?! 535.3028 535.3034%
5  a-05,-0'¢-15-0"¢-1 5-1"4-05-1'4 45%2! 1033.5867 1033.5863!
6 0a-15-0'g-05-0"¢-15-0"4-04-0"g 55%°! 1019.5710 1019.57430!

[a] [M-2H]*, [b] [M-H].

In Figure 1.6 the negative ESI-HRMS recorded for one of the sequence-defined polymers
corresponding to entry 6 Table Ill.1 is depicted. As shown in the picture, the targeted
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product was detected at different charge states ranging from 2 to 4 (green labelled peaks).
However, the side products corresponding to amine-terminated oligomers were also found
at lower intensities (red labelled peaks). These impurities were detected at different charge
states according to the number of phosphate groups that they still bear. The chemical
structure of the amine-terminated fragments is depicted in Figure 11l.6. Analogues ESI-HRMS
were recorded for all the sequence-defined polymers in Table Il1.1.
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Figure 111.6: Negative ESI-HRMS analysis of oligomer synthesized using alphabet 2 (entry 6 tab. 3). The green labelled peaks
correspond to the desired oligomer whereas the red labelled peaks correspond to the amine truncated sequences.

These contaminations were obviously not originated from any residue of 4-Amino-TEMPO
contained in the coding monomers employed for the iterative synthesis. Indeed, these
building blocks were analyzed by ESI-HRMS and these impurities were not detected even
several weeks after the synthesis. The positive ESI-MS analysis is suitable for the detection of
4-Amino-TEMPO traces in the samples. Indeed, the amine moiety bear by this molecule are
highly ionized in positive ESI conditions, generating intense peaks. To confirm the absence of
contaminations in the building blocks, the monomers were anlayzed in positive ESI-HRMS in
combination with different percentages of 4-Amino-TEMPO which was detected in all the
cases. Afterwards, it was assumed that the detection of these fragments in ESI-HRMS could
be due to the amide cleavage via a Mclafferty rearrangement in MS conditions.2%] However,
this mechanism relies on the abstraction of a gamma proton in ionization conditions hence;
the same reaction pathway should have occurred also for the hydroxy-functionalized
nitroxides employed previously. Moreover, the ionization energies employed for the analysis
are too low to observe this reaction. To confirm that the amine-terminated sequences
detected in ESI-HRMS were not generated during the MS analysis, the digital polymers in
Table Ill.1 were submitted to the quinhydrone test. The quinhydrone is a complex of
hydroquinone and benzoquinone (1:1) and is usually employed for the amines detection.[20¢!
The reaction of this complex with the amines generates a change of colour in the resulting
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solution. This test, performed at room temperature, is particularly convenient for the amine
detection in the poly(alkoxyamine phosphodiester) samples. Indeed, in these conditions the
stability of the alkoxyamine bond is ensured. The test was performed dissolving the samples
in water and treating the aqueous solution with a methanolic solution of quinhydrone. The
change of the solution colour suggested the presence of amines. Moreover, the resulting
test solution was analyzed by UV spectroscopy. As depicted in Figure Ill.7, the shift of the
quinhydrone bands in the UV spectra (red labelled UV spectra) further suggested the
presence of free amines in the samples.

1.4 4

1.2 4

—— Polymer
1.0 - — Polymer+quinhydrone
Quinhydrone

0.8

0.6

0.4

0.2

0.0

T T T T T T I
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Figure III.7: UV analysis of the quinhydrone test solution for entry 6 Table Ill.1. UV spectrum for polymer 6 Table 111.1 (black)
UV spectra of quinhydrone (blue), UV spectra of the test solution (red).

Finally, it was assumed that these fragments could be originated from a copper-induced
amide cleavage mechanism.[2” However, in the frame of this project the mechanism, which
led to the formation of amine-terminated fragments using alphabet 2 was not investigated.
The presence of impurities in the sequence-defined polymers, synthesized using the
monomer couple 0’q /1’y made the alphabet 2 unsuitable for the synthesis of uniform
poly(alkoxyamine phosphodiester)s encoding dyads, hence this alphabet was abandoned
and alphabet 3 was tested.

2.3 Synthesis of uniform poly(alkoxyamine phosphodiester)s encoding dyads
using alphabet 3

The quinhydrone test, the moderate yields obtained for the polymers synthesized using
alphabet 2 and the MS studies performed on the monomers, suggested that the amine
truncated fragments, detected in ESI-HRMS, were originated during the iterative synthesis.
In order to overcome this problem, the use of alphabet 3 for the synthesis of uniform
poly(akoxyamine phosphodiester)s encoding dyads was investigated. The monomers
forming alphabet 3 were designed displacing the coding units (H/Me) in B position (Figure
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[1.2). The first attempt, to synthesize monomer 1”4 was done following the synthetic
strategy described in Scheme IlI.6.

. . o
HOWOH — HOWO—DMT ¢>|.|0)K)\AQ_DMT
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(iii)
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Scheme IlI.6: First synthetic strategy employed for the synthesis of monomer 1“d. (i) DMT protection: DMT-CI, pyr, THF 5h,
rt, (ii) oxidation: PDC, DMF different reaction times and temperatures however the intermediate 116 was not recovered.

The first step was the protection of one alcoholic of the 3 methyl 1-5 pentanediol using
DMT-CI. The alcohol monoprotection was done in order to avoid the formation of a mixture
of products originating from the oxidation of both alcoholic functions in the following step.
The reaction was carried out in a mixture of anhydrous THF and pyridine and the resulting
intermediate was recovered in good vyields after purification. The second step was the
oxidation of the corresponding protected diol into a carboxylic acid using pyridinium
dichromate (PDC). The oxidation of alcohols bearing acid labile moieties using PDC was
described by Corey and Shmidt in 1979.2%8] |ndeed, this reagent is less acidic compared to
other chromate salts and prevents the DMT deprotection in the oxidation conditions. The
reaction was performed stirring the intermediate 15 and the PDC in DMF. The
dimethylformamide was chosen as solvent because as reported in literature, this compound
speeds the oxidation up.l?®! However, the intermediate 16 was not isolated even tough
harsh conditions were employed. For this reason, another synthetic strategy, depicted in
Scheme IIl.7 was designed.
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Scheme 111.7: Synthetic strategy employed for the synthesis of alphabet 3. (i) TIPS protection: TIPS-Cl, imidazole, DMF
overnight; (ii) oxidation: TEMPO, BAIB, dichloromethane, water, 3h, rt; (iii) 4-Amino-TEMPO: 4-Amino-TEMPO, DIPEA,
PyBOP, dichloromethane, 0°C then rt, overnight; (iv) TIPS deprotection: TBAF, THF, 2.5h, rt.

The new synthetic pathway employs TIPS chloride as protecting group and the couple
TEMPO/(Diacetoxyiodo)benzene (BAIB) as oxidants. Another advantage of using the couple
TEMPO/BAIB for the oxidation is their absence of toxicity compare to chromate salts. Hence,
the second attempt to synthesize monomer 0“4 and 1”4 was done following the synthetic
strategy depicted in Scheme 11l.7. The desired building blocks were synthesized in four steps
and were recovered in satisfactory yields.

As discussed before, the first step of the synthetic pathway was the diols monoprotection
with TIPS-Cl, performed in DMF at 0°C using imidazole as chloride scavenger. The TIPS was
selected as protecting group because it is stable to the oxidation conditions employed in the
following reaction. The mechanism of the TIPS protection is depicted in Scheme 111.8. The
silyl ether formation proceeds in few hours and the desired product was obtained in
satisfactory yields.

R /\CI)SI/ _ > HO/\)R\/\OI
HO/\)\/\OH '/ )\< )\{

Scheme I11.8: Protection mechanism using TIPS-CI.

The reaction is a nucleophilic substitution in which the oxygen of the hydroxy function
attacks the silicon atom with release of a chloride anion which reacts with the imidazole
forming the resulting salt. The intermediates 17 and 20 were following oxidized into the
corresponding carboxylic acids (18 and 21) using TEMPO, in catalytic amounts, and BAIB. The
oxidation was carried out at 0°C in order to ensure the stability of the TEMPO and to increase
the yields. The reaction mechanism is depicted in Scheme 111.9. The first step is the AcOH-
catalyzed bismutation of TEMPO into an oxoammonium salt and hydroxylamine, the
oxamonium salt oxidizes the alcohol in the corresponding aldehyde. Afterwards, the
hydroxylamine, generated during the alcohol oxidation reacts with the BAIB, regenerating
the TEMPO and producing AcOH. In presence of water, the aldehyde formed during the first
oxidation, is further oxidized into carboxylic acid following the same reaction pathway
described previously.?% |n literature there are several examples of transformation of 1-4
and 1-5 hydroxy acids into the corresponding lactones using these oxidation conditions.[?!!]
In order to avoid the hydroxy acid cyclization, the reaction was performed on TIPS
monoprotected diols.
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Scheme I11.9: Mechanism of TEMPO catalyzed oxidation of an alcohol into a carboxylic acid.

After purification, the structure of the resulting intermediates was confirmed by 3C-NMR
analysis (see experimental part). The reaction between the intermediates 18 and 21 with 4-
Amino-TEMPO gave the corresponding amides. The reaction mechanism is depicted in
Scheme II1.10. The amidification was carried out in anhydrous dichloromethane using PyBOP.
The use of PyBOP as coupling agent leads to the formation of an activated ester which is
attached by the 4-Amino-TEMPO forming the resulting amide.
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Scheme I11.10: Amidification mechanism using PyBop as activating agent.

Following TIPS deprotection using TBAF gave the corresponding coding nitroxides in good
yields. After the synthesis, the monomers 0”4 and 1”4.were analyzed by positive ESI-HRMS
which indicated for both monomers the presence of the targeted products and the
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corresponding sodium adducts at lower intensities. Moreover, peaks corresponding to side
products were not detected as depicted in Figure III.8.
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Figure 111.8: Positive ESI-HRMS registered for the monomers couple forming alphabet 3.

Alphabet 3 was following implemented into the iterative protocol for the synthesis of a
digitally encoded poly(alkoxyamine phosphodiester) coding for 15-074-12-174-02-0"4 (3
repeating units) employing the conditions described in chapter 2. After purification and
cleavage, the resulting powder was analyzed by negative ESI-HRMS and size exclusion
chromatography in water acetonitrile (Figure E.9). As evidenced by negative ESI-HRMS,
(Figure 111.9), the targeted product was detected at different charge states ranging 2 to 3.
Moreover, products corresponding to side reactions, non-quantitative coupling yields or
amine-terminated oligomers were not detected.
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Figure I11.9: Negative ESI-HRMS recorded for entry 4 tab.4. The peaks labeled in green correspond to the synthesized
sequence defined polymer.

Size exclusion chromatography in water/acetonitrile further confirmed the uniformity of the
macromolecule (see experimental part). These results confirmed the uniformity of the digital
polymer synthesized using alphabet 3. Moreover, the product was analyzed by *H-NMR and
31p_.NMR (experimental part Figure E.8). Based on these promising results, the alphabet 3
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was employed in step (ii) for the synthesis of a library of six sequence-defined
poly(alkoxyamine phosphodiester)s encoding dyads (Table 111.2). The iterative synthesis was
performed using the conditions described in chapter 2.

Table 111.2: Negative ESI-HRMS characterization of the sequence-coded polymers

sequence yield m/zu, M/Zexp
1 a-1.-174-1.-1"4 90% 556.3263 556.3261[!
2 0-0,-1"¢-0,-1"4-1.-0"4 73% 780.9408 780.9429%
3 a-1,-0"¢-0,-1"4-1.-0"4 75% 787.9486 787.9510%
4  0-1,-0"4-15-1"4-0,-0"4 78% 787.9486 787.9482
5 a-0,-1"4-0,-0"4-1.-0"4-0,-0"4 93% 1012.5632 1012.56691
6 o-1,-0"3-0,-0"¢-12-1"4-04-1"4 85% 1033.5867 1033.5895/
[a] [M-2H]%, measured at isotopic maximum.

All the digital polymers synthesized using alphabet 3 were recovered in good vyields.
Afterwards, the samples were analyzed by negative ESI-HRMS and sequenced by ESI-MS/MS.
The ESI-HRMS confirmed the uniformity of the sequence-defined polymers in all the cases.
Indeed, the targeted products were detected at different charge states according to the
number of phosphate groups they bear. Furthermore, the ESI-MS/MS allowed the reliable
sequencing for all the digital polymers in Table IIl.2. More detail about the behaviour of
these molecules in MS/MS and the sequencing theory is discussed within the next section.
The results obtained suggest that the monomers 0”4 and 1”4 lead to quantitative yields in
step (i) and (ii). In particular, the use of alphabet 3 in the iterative protocol leads to the
synthesis of uniform digital polymers ensuring a reliable molecular encryption. This new
molecular architecture enables the insertion of a second bit of information during the
nitroxide-radical coupling increasing drastically the data density of the resulting digital
polymers.

3 Sequencing via dyads extraction

As explained in the introduction of this chapter, the backbone modification, designed for this
new class of digital polymers, allow to increase the information density maintaining the
sequencing by MS/MS easy. The dissociation behaviour of the poly(alkoxyamine
phosphodiester)s encoding dyads in MS/MS conditions is analogue to the previous
generation. Indeed, also for this class of molecules the labile alkoxyamine bond is
preferentially cleaved in CID conditions at relatively low activation energies. The homolytic
cleavage originates two series of fragments: Ci* with a on the left or yj* with OH moiety on
the right.['79 As shown in Figure I11.10, the reconstruction of the original sequence can be
done analysing the ci* series in which every members contains one dyad more compare to
the previous one. As for the first generation, the precursor ions selected for the
fragmentation in the collision cell are the fully deprotonated species. Indeed, as already
explained, the fragmentation patterns originated from these species, are easier to correlate
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to the original structure because of the absence of fragments having different ionization
states in the series. The feature that makes the sequencing easy is the formation of encoding
dyads in MS/MS. Indeed, in this class of digital polymers, the alkoxyamine bond cleavage
generates encoding dyads that can be easily distinguished in MS/MS because of their
different mass signature. The MS/MS sequencing was successfully achieved for all the digital
polymers synthesized using alphabet 3.
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Figure 111.10: Mass spectrometry analysis of the sequence-coded oligomer entry 5 tab 4: a) Negative ion mode ESI mass
spectrum and molecular structure with the molar mass of the coded dyads produced in tandem MS (left); b) Molecular
structure of the fully deprotonated oligomer with fragments produced in tandem MS; ESI-MS/MS obtained for this oligomer
(left); and charge state deconvolution (right) of the ¢;*= ion series (blue labeled in MS/MS),the peaks not labeled in tandem
MS correspond to Internal fragment generated during secondary dissociation reactions.

Interestingly, the sequencing becomes even easier after charge sate MS/MS deconvolution.
Indeed, as depicted in Figure I11.10 b, two bits of information can be easily extracted from
the single peak-to-peak distance in the ion series, making the resulting sequencing faster
and easier. MS-DECODER is a software developed for the decoding of synthetic sequence-
defined polymers.[?'2l |n the past decades different software for data extraction from
biopolymers as proteins and DNA were developed.?’3 214l The use of these algorithms can
drastically reduce the time required for the sequencing of long polymeric chains. In this
context, a new algorithm was implemented for MS-DECODER supporting dyads detection of
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sequence-defined poly(alkoxyamine phosphodiester)s. The software, using the MS/MS
spectra as input, enables the automatic sequencing, reducing drastically the time required
for the data extraction from these digital polymers. MS-DECODER was tested for the six
digital polymers synthesized using alphabet 3, allowing in all the cases the reliable decoding
of the sequences in a few milliseconds.

3 Conclusions and perspectives

In conclusion, the sequence defined poly(alkoxyamine phosphodiester) backbone was
modified in order to increase the data density for this digital polymers class. In the frame of
this project, three different alphabets were tested in step (ii) of the iterative protocol. The
new molecular architecture allows to increase the information density, keeping a predictable
and “easy to interpret” dissociation pattern in MS/MS. The new molecular architecture
brings several advantages to this class of digital polymers. First of all, the use of four coding
monomers allows the insertion of two bits in each repeating unit, increasing drastically the
information density. Moreover, this new architecture allows to reduce the steps required for
the polymer synthesis. In addition, the binary encryption at the molecular level makes these
molecules still compatible with the existing information technology. The dyads, generated in
CID conditions after alkoxyamine homolytic cleavage, simplifies the data extraction from
digital polymers, making the sequencing fast and efficient. In addition, the MS-DECODER
software, developed for the dyads detection of these digital polymers allows the efficient
decoding of long polymeric chains in a few milliseconds. This concept, which in this work was
assessed for the poly(alkoxyamine phosphodiester) class, in principle could be applied for
every digital polymer. Indeed, the only features required for the dyad encoding is the
employment of quaternary alphabet which generates four cleavable units with different
mass signatures. It is possible achieving this result using four different monomers in two
different reaction steps but also using four different coding monomers containing different
mass in a single step. Moreover, in order to produce longer digital polymers chains in a
relatively short time, all the possible dyads combination could be synthesized in solution.
Afterward, the dyads could be applied to an automated synthesizer machine in order to
speed the iterative synthesis up. To conclude, the work presented in this chapter highlights
the unique possibility to tune the digital polymer backbone in order to obtain tailor-made
features. Indeed, in this example, a simple modification of the monomers, allowed to
enhance the storage capacity of the resulting digital polymers and to keep the sequencing by
MS/MS easy.
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1 Introduction

In literature there are several examples reporting how the molecular architecture of
synthetic sequence-defined polymers has been tuned in order to obtain an optimal reading
using different sequencing techniques.['® 2151 A recent proof-of-concept in which the
backbone of sequence-defined poly(alkoxyamine phosphodiester)s was modified in order to
obtain an enhanced storage capacity was described in the previous chapter. The iterative
protocol developed for the synthesis of these sequence-defined polymers relies on
phosphoramidite coupling and the NRC (see Chapter 2). The insertion of a labile alkoxyamine
bond in the polymer backbone enables the easy sequencing by MS/MS of these molecules.
The alkoxyamine bond is generated during the nitroxide-radical coupling between a carbon-
centered radical and a nitroxide. This reaction, initially developed for spin-trapping,[*°? was
intensively studied in the past years because of its importance in the nitroxide-mediated
polymerization (NMP).52 More recently, the reversibility of the alkoxyamine bond was
exploited for the synthesis of responsive polymers?%®l, to implement dynamic reaction
networks.?Y] and for the synthesis of self-healing polymers.[?'8 The nitroxides stability and
the factors which influence alkoxyamine bond dissociation were intensively investigated in
the past years to better understand the role of these molecules in NMP.2**l Moad and
Rizzardo discovered that the alkoxyamine bond stability is influenced from polar, electronic
and steric factors; among all these parameters, the steric hindrance is the most relevant.[?2°]
Hence, the structure of the nitroxides employed in the NRC could influence the stability of
the resulting alkoxyamine bonds.

In this context, the use of two different nitroxides in step (ii) of the iterative protocol
described in Figure IV.1 allows the insertion of bonds having different strength in the
poly(alkoxyamine phosphodiester) backbone. This feature could be exploited to obtain a
stepwise selective fragmentation. The stability of the alkoxyamine bond in the digital
polymers backbone was already investigated for the poly(alkoxyamine amide) class.}¥ In
this study short poly(alkoxyamine amide)s were synthesized using different combinations of
coding monomer and nitroxide. The resulting MS/MS studies demonstrated that the PROXYL
nitroxide generates more stable alkoxyamine bonds compare to the ones originated from
the TEMPO. These results are in line with the existing literature as is discussed within the
next sections.

The molecular architecture described in this chapter could potentially facilitate the
sequencing making more efficient the data extraction from long polymeric chains. In order
to develop a stepwise selective cleavage for poly(alkoxyamine phosphodiester)s, a new
molecular architecture, depicted in Figure IV.1 was designed. This backbone modification
enables the selective alkoxyamine bond cleavage in specific positions of the polymer and
could result extremely useful to simplify the sequencing by MS/MS. Moreover, in order to
obtain encoding dyads and to increase the information density, the hydroxy-functionalized
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nitroxides could bear coding moieties (see chapter 2). Hence, the resulting digital polymers
could show an improved storage capacity and readability.

The alkoxyamine bond may be fragmented not only in MS conditions. Indeed, is well known
from literature that the homolysis of this bond may occur also via a thermal degradation. (221
222] For instance, it was already observed for poly(alkoxyamine amide)s that the alkoxyamine
bonds start to degrade at 65°C.[*1
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Figure IV.1: General concept of stepwise selective fragmentation. a) Iterative cycle for the synthesis of poly(alkoxyamine
phosphodiester)s containing selective cleavable units and chemical structure of the resulting sequence-defined polymers.

m/z

b) General concept of stepwise selective cleavage.

In this chapter, the development of the new molecular architecture allowing obtaining
stepwise selective alkoxyamine bond fragmentation in MS/MS is presented. In particular, the
screening of different combinations of nitroxide will be described. Furthermore, the
synthesis of the monomers employed in this work and the preliminary MS/MS experiments,
focused on the research of the optimal MS/MS conditions to obtain a stepwise selective
fragmentation will be discussed.
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2 Result and discussion

2.1 Monomers design and synthesis

2.1.1 Monomers design

The poly(alkoxyamine phosphodiester)s containing selective cleavable units were
synthesized using an iterative solid-state approach, following the conditions described in
chapter 2. In this work, the monomers 0, and 1, were employed in the phosphoramidite
coupling. These building blocks were synthesized following the synthetic strategy described
in chapter 2. In the frame of the project, a library of three different hydroxy-functionalized
nitroxides (T3, SG1-OH and Pr;) was investigated in order to obtain the selective alkoxyamine
cleavage in MS. As depicted in Figure 1V.2, these monomers have linear and cyclic structures.

Figure IV.2: Structures of the hydroxyl-functionalized nitroxides employed in his work.

The monomer T3, was synthesized following the synthetic strategy described in chapter 2.
The SG1-OH was supplied by Jean-Louis Clément from Marseille University and the
monomer Pr; was synthesized following the synthetic strategy depicted in Scheme IV.2. The
different nitroxides employed in this work, allow to obtain alkoxyamine bonds with different
strength in the polymer backbone. Indeed, as demonstrated form Rizzardo and Moad, the
steric hindrance, the polarity of the substituents, the ring size, etc. influence the stability of
the alkoxyamine bond.?2%! The nitroxides forming the library, generate alkoxyamine bonds
having an increasing stability in the order SG1-OH->T3>Pr,. Hence, the SG1-OH was tested in
combination with T3 and Prz in order to find a couple of nitroxides suitable for obtaining a
selective alkoxyamine bond cleavage.

2.1.2 Synthesis of monomer Pr;

The synthesis of monomer Pr; was performed following the synthetic strategy depicted in
Scheme 1V.2. The choice of this nitroxide was done in order to obtain a more stable
alkoxyamine bond compare to the Ts-based ones. Indeed, according to the study of Rizzardo
and Moad, the stability of the alkoxyamine bond increases when the size of the ring
decreases.!??%l For this reason, a five-membered ring nitroxide was chosen. The first
synthetic pathway employed for the synthesis of the hydroxy-functionalized PROXYL
derivative (Pr1) is depicted in Scheme IV.1.
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Scheme IV.1: Synthetic strategy employed for the synthesis of monomer Pr;.

The strategy investigated would have enabled the easy synthetic access to nitroxide Pry,
making this molecule extremely convenient for the protocol implementation. Indeed, the
synthesis of Pr1 was performed following the procedure employed for the synthesis of
nitroxide T3, which is described in chapter 2. However, in these conditions the final product
was not recovered. The reaction was then tried using harsh conditions, after purification the
recovered compound was analyzed by positive ESI-HRMS.
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Figure IV.3: ESI-HRMS registered for monomer Pry, the peaks labeled in green and in red there correspond to the two series

generated from the € caprolactone aggregation in ESI source. The green labeled peak corresponds to the desired product.

A shown in Figure V.3, the ESI-HRMS exhibits two peaks distributions spaced by 114 Da
(orange and red labeled peaks). This indicates that the sample contains large amount of €
caprolactone that aggregates in ESI conditions. In particular, the red labeled peaks
correspond to the targeted product which aggregates with the €-caprolactone, whereas the
orange labeled series correspond to the lactone aggregation. The desired product was also
found in the mixture (green labeled peak) however, the low yields obtained and the
difficulties to purify the reaction mixture led to synthesis of a second hydroxy-functionalized
PROXYL-based monomer (Prz). This molecule was obtained in four steps, following the
synthetic strategy depicted in Scheme IV.2.
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e A

Scheme 1V.2: Synthetic strategy employed for the synthesis monomer Pr;. (i) TIPS protection: TIPS-Cl, imidazole, DMF
overnight; (ii) oxidation: TEMPO, BAIB, dichloromethane, water, 3h, rt; (iii) 3-Amino-PROXYL coupling: 3-Amino-PROXYL,
DIPEA, PyBOP, dichloromethane, 0°C then rt, overnight; (iv) TIPS deprotection: TBAF, THF, 2.5h, rt.
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The first step was the protection of one alcoholic function of the 1-5 pentanediol using TIPS-
Cl to afford the intermediate 17. The monoprotected diol was oxidized then via TEMPO-
mediated oxidation to afford the corresponding carboxylic acid. As already described in
chapter 3, the diol was monoprotected using TIPS-Cl to avoid the formation of the
corresponding lactone in the oxidation conditions. Following amidification of the
intermediate 18 with 3-Amino-PROXYL, allowed to obtain the intermediate 18. The final TIPS
deprotection using TBA, gave the monomer Pr; in good yields. The resulting compound was
analyzed by positive ESI-HRMS.
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Figure IV.4: Positive ESI-HRMS recorded for monomer Pr;,

As shown in Figure IV.4, the targeted product was detected as main peak moreover, the
corresponding sodium and potassium adducts were also detected at lower intensities. In
addition, peaks originated from side reactions were not found in ESI-HRMS. The building
block was following employed in combination with SG1-OH for the synthesis of sequence-
defined poly(alkoxyamine phosphodiester)s containing alkoxyamine bond of different
strength. The results obtained using this nitroxide in combination with SG1-OH are described
in section 2.3 of this chapter.
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2.2 Synthesis of uniform sequence-defined poly(alkoxyamine
phosphodiester)s using SG1-OH/T3

The first hydroxy-functionalized nitroxides set which was tested to obtain selective
alkoxyamine bond cleavage was formed by SG1-OH and the monomer Ts. The nitroxide T3
was chosen because of its easy synthetic access. Indeed, the molecule was synthesized in
one step following the synthetic procedure described in chapter 2. The second building
employed was the B phosphorylated nitroxide SG1-OH (Figure 1V.2). This monomer was
found to be one of the most useful and versatile nitroxides for NMP.[223 The steric hindrance
of the SG1-OH increases the dissociation constant??2l making the alkoxyamine bond,
generated during the NRC, more labile compare to the cyclic Ts-based alkoxyamine bonds. In
the first test, the nitroxides SG1-OH and T3 were employed in combination with 0, for the
synthesis of a hexamer coding for 0,-T3-0,-SG1-0,-T3. The sequence-defined polymer was
synthesized using the conditions described in chapter 2, increasing the reaction time to one
hour for the SG1-OH coupling. After cleavage, the sequence-defined poly(alkoxyamine
phosphodiester) was analyzed by negative ESI-HRMS.
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Figure IV.5: Negative ESI-HRMS registered for a polymer coding for 0,-T3-0,-SG1-0,-Ts.

As depicted in Figure IV.5, the targeted product was detected at different charge states
ranging from 1" to 3. The generation of these series is due to the phosphate groups
contained in each repeating unit. In this experiment, a small percentage of the sodium
adduct of the two times deprotonated species was also detected. Moreover, side products
originated from incomplete coupling yields or disproportionation reactions were not
detected. Afterwards, the selective alkoxyamine cleavage was tested in MS/MS at 10 eV. As
for all the MS/MS experiments performed on poly(alkoxyamine phosphodiester)s, the
precursor ion selected was the fully deprotonated species. Indeed, as it was already
discussed in chapter 2, these species originates easy to interpret fragmentations patterns.
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Figure IV.6: Molecular structure of the fully deprotonated oligomer with the fragments produced in tandem MS originated
from the cleavage of all the alkoxyamine bonds and ESI-MS/MS of the same oligomer.

The peaks originated from the homolytic rupture of SG1-based alkoxyamine bond were
detected at high intensities (orange labeled peaks in Figure IV.6), indicating that the rupture
of these bonds in favored in MS/MS. However at 10eV, fragments corresponding to the
homolytic cleavage of Ts-based alkoxyamine bonds were also detected at lower intensities
(red labeled peak in Figure IV.6). In order to clarify if these nitroxides could be selectively
cleaved using lower ionization energies, the “breakdown curves" was calculated by the
group of Prof. Laurence Charles. In this study, the homolytic rupture is put in relation with
the ionization energy. As shown in Figure IV.7, the breakdown curves show that even at
lower ionization energies, the cleavage of the SG1-based alkoxyamine bond is preponderant.
However, the rupture of the Ts-based alkoxyamine bond was always detected at lower
intensities. This experiment confirmed that the SG1-OH/T3 combination allowed to obtain
the preferential fragmentation of the SG1-based alkoxyamine bonds in the polymer
backbone. However, small traces of the products originated from the homolytic rupture of
the T3-based alkoxyamine bond were always detectable. For this reason, the possibility to
employ a more stable alkoxyamine bond in combination with the SG1-OH in order to obtain
a fully selective fragmentation was taken into account.
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Figure IV.7: Breakdown curves measured for the oligomer coding for 0,-T3-0a-SG1-0,-Ts.

2.3 Synthesis of uniform sequence-defined poly(alkoxyamine
phosphodiester)s using SG1-OH/PROXYL

After the first test, the possibility to use a five membered ring nitroxide in combination with
the SG1-OH, to obtain a selective fragmentation was investigated. Indeed, as it was
explained previously, the PROXYL-based alkoxyamine bonds are more stable compared to
the TEMPO-based ones because of the smaller ring size. Hence, the monomer Pr; was
employed with SG1-OH and the monomer 1, for the synthesis of a sequence-defined
tetramer coding for 15-SG1-15-Pr,. The tetramer was synthesized following the conditions
described in Chapter 2. Moreover, the reaction times for the NRC were increased to one
hour. After purification and cleavage, the resulting product was analyzed by negative ESI-
HRMS. The MS analysis confirmed the uniformity of sequence-defined polymer synthesized
using these monomers. Indeed, the targeted product was detected at different charge states
ranging from 1" to 2, the sodium adduct of the mono-deprotonated species was also
detected at low intensities. Moreover, peaks corresponding to side reactions or non-
quantitative coupling yields were not found. The fully deprotonated species (red labeled
peak in
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Figure IV.8 b), was then selected as precursor ion and it was fragmented in MS/MS at 10 eV.
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Figure IV.8: ESI-HRMS and ESI-MS/MS analysis of a sequence-defined polymer coding for 1,-SG1-1,-Pr,. a) ESI-HRMS of a

polymer coding for 1,-SG1-1,-Pry. b) ESI-MS/MS of the same polymer using the fully deprotonated species (grey labeled
peak) as precursor ion. The orange labeled peaks originate from the selective SG-1 based alkoxyamine bond cleavage.

In these conditions is possible to obtain the selective fragmentation of the SG1-based
alkoxyamine bond. Indeed, as depicted in
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Figure 1V.8b only the peaks corresponding to the fragments originated from the cleavage of
SG1-based alkoxyamine bond were detected (orange labeled peaks). The sequence-defined
tetramer was then analyzed by 'H and 3!P-NMR. Interestingly, the phosphorous NMR
showed one peak a t Oppm, corresponding to the phosphate group and one peak at 28.4
ppm corresponding to the phosphonate moiety?®! (see Figure E.12). After this first
encouraging result, the syntheses of an octamer and a dodecamer coding respectively for 1,-
Pr2-15-SG1-05-Pr2-15-SG1 and for 15-Pr-15,-SG1-05-Pry-15-SG1-Po-SG1-Po-Pr; were performed.
The iterative synthesis was performed following the conditions described previously. After
eight coupling, the resin was split in two parts, one part was purified and cleaved to obtain
the octamer; the second part was involved in two additional iterative cycles to obtain the
dodecamer. In
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Figure IV.9 is depicted the negative ESI-HRMS obtained for the sequence-defined octamer.
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Figure IV.9: ESI-HRMS recorded for a sequence-defined polymer coding for 1,-Pry-1,-SG1-0,-Pr-1,-SG1. The peaks labeled

in green correspond to the desired product. The blue and purple labeled peaks correspond to impurities.

The targeted product was detected at different charge states ranging from 2" to 4" Moreover,

impurities, probably generated form a disproportionation reactions during the second NRC

of the PROXYL derivative were detected at low intensities (purple and blue labeled peaks).

The proposed structures for the
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Figure IV.9. The presence of side-products in the sample is further confirmed from the size
exclusion chromatogram registered in water/acetonitrile that indicates the presence of
contaminations in the range of lower molecular weights. These impurities are probably
originated from the disproportionation reactions during the NRC.
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Figure IV.10: ESI-MS/MS of the precursor ion corresponding to 528. (grey labelled peak). The peaks labelled in orange
correspond to the fragments originated from the SG1-based alkoxyamine bond cleavage. The peaks labelled with a star

correspond to internal fragments.

After the MS analysis, the fully deprotonated species (grey labeled peaks in Figure 1V.10) was
selected as precursor ion for the selective cleavage of the SG1-based alkoxyamine bonds. At
11 eV, only the fragments originated from the cleavage of the SG1-based alkoxyamine bonds
were detected in MS/MS (orange labeled peaks). This test further demonstrated that this
combination of nitroxides, inserted into the polymer backbone, enables the stepwise
selective alkoxyamine bond fragmentation. The stepwise selective alkoxyamine cleavage was
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tested also for the dodecamer which was synthesized using the same solid-support. As
shown in Figure IV. 11, the sequence-defined dodecamer was detected in negative HRMS as
preponderant species at different charge states ranging from 37to 6.

618.9 [M-5H]*>
[M-6H]*
©o *
i
by
[M-4H]*
(=)
o
~
~
*
*
* % F ok
*1 l \ \l o 1032.2[M-3H]* o
_lulll IR YIS lll A Ll i L . i

' 1 T T T T
600 800 1000 1200 m/z

Figure 1V.11: ESI-HRMS recorded for a sequence-defined polymer coding forl,-Pry-1,-SG1-0,-Pr;-1,-SG1-Po-SG1-Po-Pry. The

peaks labeled in green correspond to the desired product. The peaks labelled with a star correspond to impurities
originated from disproportionation reactions.

However, minor impurities, generated form disproportionation reactions during NRC were
detected also in this sample; these contaminations were found at different charge states
(peaks labeled with a star in Figure 1V.11). After ESI-HRMS analysis, the fully deprotonated
species (grey labeled peak in Figure 1V.12 ) was selected as precursor ion for the selective
cleavage of the SG1-based alkoxyamine bonds in the backbone. As shown in Figure IV.12, the
homolytic rupture was successfully achieved at 10 eV. Hence, in all the experiments the
selective fragmentation of the SG1-based alkoxyamine bonds was achieved using ionization
energies between 10 and 1leV. These promising results show that a stepwise selective
cleavage is possible tuning the stability of the alkoxyamine bonds into the poly(alkoxyamine
phosphodiester) backbone. However, the NRC reaction still needs to be optimized. For
instance, the formation of side products during the coupling of Pr; with the growing chain
may be avoided.
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Figure IV.12: ESI-MS/MS of the precursor ion corresponding to 515.3. (grey labelled peak). The peaks labelled in orange

correspond to the fragments originated from the SG1-based alkoxyamine bond cleavage. The peaks labelled with a star
correspond to internal fragments.

3 Conclusions and perspectives

In this chapter it was demonstrated that the insertion of two alkoxyamine bonds having
different stability in the poly(alkoxyamine phosphodiester) backbone allows to obtain a
stepwise selective homolytic fragmentation. This first proof-of-concept, presented in this
chapter, further demonstrates that the backbone modification of synthetic sequence-
defined polymers could be exploited to obtain tailor-made features. Even taught the results
presented herein seem very promising, the design of the building blocks and the molecular
architecture could be further improved. In this context, a new molecular architecture in
which the SG1-based alkoxyamine bonds are placed between each byte could be designed.
Hence, the first alkoxyamine cleavage allows the production of fragments containing a single
byte. Each fragment could be selected in MS and further fragmented using an higher
ionization energy. This molecular architecture should allow the easy sequencing of long
polymers chains. A similar concept was already proposed from our group,*84 however in this
project, the second cleavage was performed for polyphosphates fragments which leads to
complicated MS spectra compare to poly(alkoxyamine phosphodiester)s (see section 5.5
chapter 1). The molecular design proposed herein could facilitate the sequencing of the
selected bytes. Moreover, hydroxy-functionalized nitroxides, containing coding unit could be
inserted in the polymer backbone, enabling the formation of encoding dyads in MS3? and
ensuring a high storage capacity for the resulting digital polymers (see chapter 3). The
general concept proposed herein is depicted in Figure 1V.13.
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(i) (i) - Byte 1 _ Byte 2

Figure 1V.13: General concept proposed to obtain byte fragmentations and sequencing via stepwise selective alkoxyamine

bond fragmentation. During the first fragmentation the sequence is fragmented in byte. The second fragmentation allows
the byte fragmentation.

In the frame of the same concept, all the possible combination of dyads could be previously
synthesized in solution and applied to an automated synthesizer in order to speed the
iterative synthesis up and to obtain long sequences in a relatively short time.

Additionally, the stepwise fragmentation could be performed not only in MS conditions.
Indeed, it was demonstrated that the alkoxyamine bond can be cleaved electrochemically
[226] or via a thermal degradation.??”] Hence, the selective fragmentation of the polymer
backbone may be performed using different kind of stimuli. Moreover, the backbone could
be further modified adding more than two nitroxide-based monomers to obtain a multi-step
selective fragmentation.

To conclude, the concept described in this chapter brings several interesting advantages to
the field. Indeed, the implementation of this new molecular architecture could enable the
synthesis of long polymers easy to sequence in MS/MS having a high storage capacity. The
perspectives discussed in this section, highlights the high potential of this concept to further
improve the features of sequence-defined poly(alkoxyamine phosphodiester)s as molecular
data storage media.
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General conclusion I

In the frame of the PhD thesis, the new class of sequence-defined poly(alkoxyamine
phosphodiester)s have been developed and extensively studied. The results presented in this
thesis are placed in the sequence-defined polymers field, which is a relatively new area in
polymer chemistry. The tools imported from other disciplines in the last years, enabled the
synthesis of polymer having fully defined primary structures and transformed this subject
into a broad interdisciplinary area. Digital polymers are sequence-defined polymers able to
store information at the molecular level. These molecules are formed by a defined sequence
of two different monomers intentionally defined as bit 0 and bit 1. Digital polymers must be
monodisperse and perfectly defined to ensure a reliable molecular encryption. Moreover,
their synthesis and sequencing should be fast and reliable. The synthesis of these molecules
is usually achieved via a multi-step growth polymerization approach. In the frame of the PhD
thesis, phosphoramidite coupling and nitroxide-radical coupling were implemented in the
iterative protocol for the synthesis of sequence-defined poly(alkoxyamine phosphodiester)s.
The monomer structures were carefully designed to allow the successive repetition of these
reactions and to obtain a polymer backbone which can be easily modified by monomer
design.

The studies presented in Chapter Il show how the poly(alkoxyamine phosphodiester)s class
was developed and following tested for different sequencing techniques. This class of digital
polymers was synthesized with the aim to improve the readability of poly(phosphodiester)s
by alkoxyamine bond insertion in the polymer backbone. The chemoselective protocol
developed for poly(alkoxyamine phosphodiester)s allow to avoid deprotection steps and
speeds the iterative protocol up. The synthesis of such sequence-defined polymers relies on
phosphoramidite coupling and nitroxide-radical coupling. These reactions were intensively
studied in the past years and were already employed for the synthesis of other digital
polymers classes. In order to prove the reproducibility of the protocol, three different coding
alphabets were synthesized. The monomer structures and the iterative synthesis conditions
were carefully optimized to obtain uniform sequence-defined poly(alkoxyamine
phosphodiester)s. Afterwards, a library of eight different uniform digital polymers was
synthesized using three different alphabets and one hydroxy-functionalized nitroxide. All the
digital polymers were recovered in good yields, highlighting the robustness of the iterative
protocol as a new tool for the synthesis of digitally encoded sequence-defined polymers. In
collaboration with the group of Prof. Laurence Charles the conventional MS/MS sequencing
of poly(alkoyamine phosphodiester)s was successfully achieved. Indeed, it was found that
the labile alkoxyamine bond inserted in the polymer backbone, is preferentially fragmented
at low ionization energies originating an “easy to interpret” fragmentation pattern. This
feature enables the fast and easy data extraction from this class of digital polymers. The
sequencing by MS/MS was successfully achieved for all the digital polymers contained in the
library, highlighting the efficiency and the reproducibility of MS/MS as a powerful tool for
the digital polymers read-out.
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The sequencing of digitally encoded poly(alkoxyamine phosphodiester)s was also tested
using “non-conventional” techniques. Indeed, in a collaborative work with Prof. Hans Boérner,
this class of molecules was employed for fragmentation-free sequencing (F?S). The concept
relies on the generation of small percentages of specific truncated sequences and the full-
length polymers during the iterative synthesis. In the frame of the project, a capping agent
was designed and following employed during the phosphoramidite coupling to generate
terminated-fragments. Moreover, the solid-state strategy was slightly modified. Indeed, a
tetrapeptyde was added to the poly(alkoxyamine phosphodiester)s in order to ensure the
analysis of the short fragments in a convenient m/z range. The resulting MS analysis allow to
sequence the digital polymers avoiding MS/MS fragmentations however, some parameters
have still to be optimized. The iterative protocol described in chapter Il allows to obtain
uniform sequence-defined poly(alkoxyamine phosphodiester)s in good yields however, these
molecule show a low storage capacity compare to other digital polymers. For this reason the
backbone of poly(alkoxyamine phosphodiester)s was modified to increase the data density.

The storage capacity is a crucial parameter in the frame of miniaturization of data storage
devices. In this context, the studies presented in Chapter Ill describes how the modification
of the polymer backbone, allow to obtain an enhanced storage capacity for
poly(alkoxyamine phosphodiester)s maintaining the reading by MS/MS easy. To obtain an
enhanced data density, four coding monomer (two phosphoramidites and two nitroxides)
were employed in the iterative synthesis. The use of four coding units allows the information
encryption in all the steps of the iterative cycle. Hence, the resulting digital polymers contain
two bits of information for each repeating units. In the frame of the project, three different
nitroxides-based alphabets were designed and tested. One of those was found to be suitable
for the synthesis of poly(alkoxyamine phosphodiester)s encoding dyads. Indeed, the
monomers pair forming this alphabet led to the synthesis of uniform digital polymers.
Afterwards, a library of six digitally encoded poly(alkoxyamine phosphodiester)s encoding
dyads was synthesized, using these new building blocks. The sequence-defined polymers
were following sequenced via MS/MS. As for the first generation, the alkoxyamine bonds in
the backbone are preferentially cleaved in MS/MS. This fragmentation generates encoding
dyads that can be easily discriminated because of their different MS signature. Moreover,
the data extraction from these digital polymers is even easier after MS charge state
deconvolution. Indeed, two bits of information can be extracted from the single peak-to-
peak distance in the ion series, making faster and easier the resulting sequencing. The
sequencing of all the digital polymers encoding dyads was successfully achieved via MS/MS
and MS charge state deconvolution. In addition, MS-DECODER software was implemented
for the dyad extraction from poly(alkoxyamine phosphodiester)s. This software, using the
MS/MS spectra as input enables the automatic digital polymers sequencing. MS-DECODER
was tested for all the sequences present in the library and in all the cases allowed the data
extraction form these molecules in a few milliseconds.
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In Chapter IV the insertion of alkoxyamine bonds having different stability in the polymer
backbone is described. The aim of this project is the synthesis of uniform poly(alkoxyamine
phosphodiester)s which can be fragmented in specific parts of the backbone. In the frame of
the doctoral studies, three hydroxy-functionalized nitroxides having different stability (T3,
SG1-OH and Pr;) were synthesized. These building blocks were designed according to the
studies performed in the past years on the nitroxide stability. Afterwards, different
combinations of two nitroxides were employed for the synthesis of uniform sequence-
defined polymers. The resulting molecules were following tested for the selective cleavage
in MS/MS. It was found that the monomers pair SG1-OH/Pr, enables the selective
alkoxyamine bond fragmentation. Indeed, the SG1-based alkoxyamine bonds present in the
polymer backbone, are selectively fragmented at 10 eV. The selective rupture in MS/MS was
obtained for a tetramer, an octamer and a dodecamer. The results presented in this chapter
confirm the reproducibility of the method. However, the molecular architecture may be
improved to increase the storage capacity or to perform a multi-step selective
fragmentation.

The development of a new class of sequence-defined polymers for data storage applications
was developed and presented in this thesis. The backbone modification of poly(alkoxyamine
phosphodiester)s presented in Chapter Ill and Chapter IV, demonstrate that this new class
of digital polymers is extremely versatile. Indeed, digital poly(alkoxyamine phosphodiester)s
can be synthesized efficiently in a relatively short time moreover, the iterative protocol
tolerates the insertion of different building blocks allowing the backbone modification by
monomer design. The possibility to tune the backbone to obtain tailor-made features for the
resulting digital polymers makes poly(alkoxyamine phosphodiester)s promising candidates
for future molecular data storage applications.
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1 Characterization techniques and instrumentation

1.1 NMR

'H NMR (400 MHz), 3C NMR (100.6 MHz), and 3P NMR (161.92 MHz) spectra were recorded
on a Bruker Avance 400 spectrometer equipped with Ultrashield magnet.

1.2 SEC

SEC analysis were performed in a mixture of 60% millipore water, 40% acetonitrile and 0.1 M
NaNOs(flow rate: 0.5 mL-mint) using apparatus DIONEX Ultimate 3000 series (degasser.
pump, autosampler). The set-up was equipped with four columns Shodex OH-pak 30 cm
(802.5HQ, 804HQ, 806HQ, 807HQ) and a pre-column with separation domain from 500 to
100000000 g-mol™?. The polymers were detected with OPTILAB rEX (Wyatt Technology
Corporation) refractometer and a multiangle light scattering detector DAWN HELEOS I
(Wyatt Technology Corporation).

1.3 MS spectrometry

High resolution MS and MS/MS experiments were performed using a QqTOF mass
spectrometer (QStar Elite, SCIEX, Concord, ON, Canada) with the ESI source operated in the
negative mode (capillary voltage: -4200 V; cone voltage: -75 V). lons were accurately mass
measured in the orthogonal acceleration time-of-flight (0oa-TOF) mass analyser, using the
precursor ions as internal standards to calibrate MS/MS data. In this instrument, air was
used as nebulizing gas (10 psi) while nitrogen was used as curtain gas (20 psi) and collision
gas. Instrument control, data acquisition and data processing were achieved using Analyst
software (QS 2.0) provided by Applied Biosystems. Charge state deconvolution of MS/MS
data was performed with MagTran (Amgen Inc.), an implementation of the ZSCORE
algorithm.[228] Polymer samples (a few mg) were first solubilized in methanol (SDS, Peypin,
France) and then diluted (1/10 to 1/1000, v/v) in methanol supplemented with ammonium
acetate (Sigma Aldrich, Saint Louis, MO) at a 3 mM concentration level, prior to injection in
the ESI source at 10 pL/min using a syringe pump.

1.4 UV spectroscopy

The UV spectra were recorded on a Perkin Elmer lambda 25 UV-Vis spectrometer using
Perkin Elmer UV WinLab.

1.5 Iterative synthesis

Oligomers syntheses were performed in an equipped argon/vacuum solid phase extraction
glass tube (12 mL with frit 3 A) and stirred with an IKA HS 260 Basic shaker.
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2 Materials

3-Amino-1-propanol (99%, Alfa Aesar), 3-amino-2,2-dimethyl-1-propanol (97%, TCI Europe),
4- amino-1-butanol (98%, TCl Europe), 5-amino-1-pentanol (>95%, TCl Europe), 4-amino-2-
methyl-1-butanol (98%, TCl Europe), 4-amino-TEMPO (97%, TCI), Aminomethylated
polystyrene HL (100-200 mesh, 1.14mmol/g, Merck/Novabiochem), 2-bromoisobutyryl
bromide (97%, Alfa Aesar), 1,3-Propanediol, (99%, %, Alfa Aesar), €-caprolactone (97%,
Sigma-Aldrich),  succinic  anhydride  (>95%, TClI  Europe), 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (97%, ABCR), 4,4'-dimethoxytriphenylmethyl chloride
(DMT-CI,297.0%, Sigma- Aldrich), copper(l) bromide (98%, Alfa Aesar), N,N-
diisopropylethylamine (DIPEA, 99%, TCl), 4-Hydroxy-TEMPO ( 98%, TCl), 2,6-lutidine (98%,
Alfa Aesar), 2-Propanol (99.8%, Sigma-Aldrich/Millipore), tris(2-dimethylaminoethyl)amine
(99%, Alfa Aesar), 1-methylimidazole (NMI, 99%, Alfa Aesar), p-Toluenesulfonic acid
monohydrate, (PTSA, 98.5%, Sigma-Aldrich), propan-2-ol (299.8%, Sigma-Aldrich), a-methyl-
y-butyrolactone, (>98 %, TCl), y-hexalactone (98%, Sigma-Aldrich), diisopropylamine
(purified by redistillation, 99.9%, Sigma-Aldrich), methyl iodide (99%, Alfa Aesar), y-
valerolactone (98%, Sigma-Aldrich), hexamethylphosphoramide (HMPA, 99% Sigma-Aldrich),
triisopropylsilyl chloride (TIPSCI, 97%, Sigma-Aldrich), 1,5-pentanediol (97%, Sigma-Aldrich),
3-methyl-1,5-pentanediol (298.0%, Sigma-Aldrich), 1H-Benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 98%, Novabiochem/Merck),
2-bromoethanol (95%, Sigma-Aldrich), imidazole (99%, Alfa Aesar), iodobenzene diacetate
(BAIB, >97%, TCl), TEMPO (>98%, Alfa Aesar), Sodium hydride (60% in mineral oil, Sigma-
Aldrich), n-buthyllithium solution (2.5M in hexanes, Sigma-Aldrich), tetrabutylammonium
fluoride solution (1.0 M in THF, Sigma-Aldich), Pyridinium dichromate, (PDC, 98%, Alfa
Aesar), 3-Amino-PROXYL (99%, Acros Organics), Ethanol absolute (99.9%, Fisher-Chemical),
acetic anhydride ( 99%, Alfa Aesar), (piperidine (99%, Alfa Aesar), methylamine (aqueous
solution, 40%, Fluka), ammonium hydroxide solution (28-30% NH3, VWR), tetrazole
(acetonitrile solution, 0.45M, Sigma-Aldrich), triethylamine (97%, Merck), trichloroacetic acid
(>99%, Sigma- Aldrich), 1,4 dioxane (99.5%, Sigma-Aldrich), N,N-Dimethylformamide
anhydrous, (DMF, 99.8%, Sigma-Aldrich) tetrahydrofuran (THF, > 99%, 250 ppm BHT, Sigma-
Aldrich), anhydrous dichloromethane (Sigma-Aldrich), anhydrous acetonitrile (Sigma-Aldrich)
and anhydrous dimethyl sulfoxide (DMSO) were used as received. Anhydrous
tetrahydrofuran (THF) was obtained on a dry solvent station GTS100. The phosphoramidite
compounds were kept in the freezer at -18°C.
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3 Experimental section

3.1 Syntheses Chapter 2

3.1.1 Solid support modification
The solid support modification was performed following the procedure depicted in Scheme
E.1.

(i) (ii)
HO”>""OH ——> Ho~ " “oDMT ———— HO 0 " 0DMT

(1) o (2)

o fo)
NH, + HO L H
2 - O/\/\ODMT \”/\)J\o/\/\ODMT
o o]

Scheme E.1: General strategy employed for the solid-support modification.

3.1.1.1 Synthesis of intermediate 1

Propanediol (2 g, 26.2 mmol, 1 eq.) was dissolved in a mixture of 24 mL of anhydrous
pyridine and 36 mL of anhydrous THF under argon atmosphere. DMT-CI (809 g, 26.2 mmol,
leq.) was added to the mixture in four parts every 45 minutes. 1 hour after the last addition,
the reaction was quenched with MeOH. The solvent was dried, the residue taken in EtOAc
(30mL) and washed with cold water (3x20mL). The organic layers were recovered, dried over
MgSOs and the solvent was evaporated. Chromatographic column on silica gel
(Cyclohexane/EtOAc/DIPEA) (80/20/2) gives the product in 65% yield. *H NMR (400 MHz,
CDCls, &, ppm): 1.82-1.87 (m, 2H, HO- CH2-CH2), 3.26-3.29 (t, 2H, DMT-0-CH.), 3.74-3.77 (m,
2H, HO- CH3-CH>), 3.79 (s, 6H 2xCHs ), 6.81-6.85 (m, 4H, Ar-H), 7.19-7.23(m, 1H, Ar-H), 7.26-
7.34 (m, 4H AR-H), 7.40-7.43 (m, 4H, Ar-H). 23C NMR (100 MHz, CDCls, 8, ppm): 32.59, 55.36,
62.12,62.57, 86.63,113.29, 126.92, 128.00, 128.24, 130.13, 136.32, 145.06, 158.62.

3.1.1.2 Synthesis of intermediate 2

In a round bottom flask intermediate 1 (1 g, 4.23 mmol, 1 eq.), DMAP (1.29 g, 10.6 mmol, 2.5
eg.) and succinic anhydride (1.27 g, 12.7 mmol, 3 eq.) were added under argon atmosphere.
The mixture was dissolved in anhydrous pyridine (15mL) and stirred at 37°C. After 2.5 hours
the reaction is quenched with MeOH, and the solvent was evaporated. The residue was
taken in EtOAc and extracted with a solution 0.6M of KH2PO4 in water (20mL). The organic
layer was dried over MgS0O4 and the solvent evaporated. The product was recovered as a
brown-yellow oil in 97% yield. *H NMR (400 MHz, CDCls, §, ppm): 1.84-1.96 (m, 2H, DMT-O —
CH;-CHy), 2.54-2.65 (m, 4H, O=C-CH,-CH»-C=0), 3.14-3.16 (t, 2H, DMT-0-CH>), 3.79 (s. 6H 2x
Ar-O-CHs),4.24-4.26 (t, 2H, O=C-O-CH,), 6.79-6.84 (m, 4H, Ar-H), 7.25-7.34 (m, 8H Ar-H),
7.40-7.43 (m, 1H, Ar-H). 3C NMR (100 MHz, CDCls, 8§, ppm): 29.14, 31.08, 55.40, 59.24,
61.93,81.60, 113.31, 127.22,127.91, 129.27, 130.14, 139.59, 147.45, 157.72.
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3.1.1.3 Synthesis of intermediate 3

The aminopolystirene resin (1.4 mmol/g) was placed into an argon/vacuum solid phase
extraction glass tube and swollen in anhydrous dichloromethane (6mL) for 10 minutes. The
solvent was removed. DMAP (85 mg, 0.7 mmol, 0.5 eq.), DCC (206.3 mg, 5.92 mmol, 4.2 eq.)
and a solution of intermediate 2 (1g, 2.09mmol, 1.5 eq.) in 10 mL of anhydrous
dichloromethane were added to the resin and the solution was shaken overnight. The day
after the solvent was removed and the resin washed with MeOH (5X 10mL), acetonitrile
(3x10mL), dichloromethane (3x10mL), and diethyl ether (3x10mL). The loading is measured
on an aliquot of the modified resin. After DMT deprotection, the absorbance calculated at
504 nm allows to calculate the loading that in all the cases was between 0.69 and 0.92
mmol/g.

3.1.2 Monomers synthesis
The synthetic strategies employed for the syntheses of the coding monomers and the linkers
are depicted in Scheme E.2.
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Coding monomer synthesis

R R (i), i) RR 4 Br
|-|o\)<MNH2 Ho\)%"‘\ﬂ)ﬁ
X

X o
HO-0a: (n=1R,R=H) HO-1a: (n=1 R,R=CH,)
HO-O0b: (n=2 R,R=H) HO-1b: (n=2 R=H,R’=CH,)
HO-Oc: (n=3 R,R=H)

NC—>
Ho&;n%{" W) o N WHQB
8 >7 P-0 N

o

0a: (n=1R,R=H) 1a: (n=1R,R=CH,)
Ob: (n=2R,R=H)  1b: (n=2 R=H,R’=CH,)
Oc: (n=3 R,R=H)

Linker T, synthesis

g ~CH _ g0 DMT I L) I, o O PMT
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Linker T, synthesis
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6 .o_NE/;>—NH2 — » O\ N OH
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Scheme E.2: General strategies for the syntheses of the monomers employed in this work. a) Coding monomers synthesis.
b) Synthesis of linker T». c) Synthesis of linker Ts.

3.1.2.1 Synthesis of intermediate HO-0,

The synthesis of intermediate HO-0, was adapted according to a procedure from literature.
(193] 3_Amino-1-propanol (5.0 g, 66.6 mmol, 1 eq.) was dissolved in 50 mL of anhydrous
dichloromethane. Triethylamine (10.21 mL, 73.2 mmol, 1.1 eq.) was added and the solution
was stirred at 0 °C for 15 min under argon atmosphere. 2-bromoisobutyryl bromide (8.23
mL, 66.6 mmol, 1 eq.) was added dropwise to the mixture. The reaction mixture was let to
reach room temperature and stirred for 90 minutes. Afterward, the formed precipitate was
removed and the filtrate was stirred with 20 mL of 5% KOH aqueous solution for 1h. The
aqueous phase was separated and the organic layer was washed with NaOH 1 M (2 x 35 mL),
HCl 1 M (2 x 35 mL), brine (1 x 40 mL), dried over Na;SO4 and evaporated. The intermediate
HO-0, was recovered in 80% of yield as pale yellow oil. *H NMR (400 MHz, CDCls, &, ppm):
1.75 (m, 2H, -NH-CH»-CH»-), 1.96 (s, 6H, 2x-CH3), 2.67 (s, 1H, -OH), 3.45 (m, 2H, -NH-CH>-CH,-
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), 3.67 (t, 2H, HO-CH>-), 7.08 (s, 1H, -NH). 3C NMR (100 MHz, CDCls, &, ppm): 31.65, 32.35,
37.49, 59.65, 62.18, 172.95.

3.1.2.2 Synthesis of intermediate HO-0b

The product was synthesized following the procedure described in section 3.1.2.1 using 4-
amino 1-butanol as starting material. The product was recovered in 79% vyield. *H NMR (400
MHz, CDCls, &, ppm): 1.77-1.75(m, 4H, -NH-CH,-CH»-CH,-CH,), 1.96 (s, 6H, 2x-CHs), 2.67 (s,
1H, -OH), 3.45 (m, 2H, -NH-CH,-CH,-), 3.67 (t, 2H, HO-CH>-), 7.08 (s, 1H, -NH). 33C NMR (100
MHz, CDCls, 6, ppm): 25.95, 29.72, 30.79, 32.53, 40.22, 62.11, 62.86, 172.21.

3.1.2.3 Synthesis of intermediate HO-0

The product was synthesized following the procedure described in section 3.1.2.1 using 5-
amino 1-pentanol as starting material. The product was recovered in 84% yield. *H NMR (400
MHz, CDCls, 8, ppm): 1.42 (m, 2H, -NH-CH»-CH-CH>-), 1.59 (m, 5H, -NH-CH»-CH,-CH2-CHy-, -
OH), 1.95 (s, 6H, 2x-CH3), 3.28 (m, 2H, -NH-CH>-CH,-), 3.66 (t, 2H, HO-CH,-), 6.75 (s, 1H, -NH).
13C NMR (100 MHz, CDCls, §, ppm): 22.93, 29.01, 32.09, 32.53, 40.20, 62.44, 63.23, 171.99.

3.1.2.4 Synthesis of intermediate HO-1,

The product was synthesized following the procedure described in section 3.1.2.1 and using
3-amino-2,2-dimethyl-1-propanol as starting material. The product was recovered in 74%
yield after recrystallization in ethyl acetate/pentane. *H NMR (400 MHz, CDCls, §, ppm): 0.90
(s, 6H, -CH2-C-(CH3)2), 1.96 (s, 6H, 2x-CHs), 3.14 (d, 2H, -NH-CH>-), 3.19 (d, 2H, HO-CH,-), 3.43
(t, 1H, -OH), 7.13 (s, 1H, -NH). 13C NMR (100 MHz, CDCls, §, ppm): 22.53, 32.52, 36.80, 47.30,
62.50, 68.62, 173.54.

3.1.2.5 Synthesis of intermediate HO-1p

The product was synthesized following the procedure described in section 3.1.2.1using 4-
amino-2-methyl-1-butanol as staring material. The product was recovered in 78% yield *H
NMR (400 MHz, CDCls, 8, ppm): 0.95 (d, 3H, -CH-CHs), 1.46 (m, 1H, -CH-CHs), 1.71 (m, 2H, -
NH-CH,-CHy-), 1.83 (s, 1H, -OH), 1.94 (s, 6H, 2x-CHs), 3.24-3.43 (m, 2H, -NH-CH,-CHy-), 3.44-
3.59 (m, 2H, HO-CH2-), 6.92 (s, 1H, -NH). 3C NMR (100 MHz, CDCls, &, ppm): 16.75, 32.33,
32.95,33.47, 38.40, 62.57, 67.42, 172.01.

3.1.2.6 Synthesis of coding monomer 0,

Intermediate HO-0, (1.0 g, 4.46 mmol, 1 eq.) was dissolved in anhydrous dichloromethane (8
mL) and DIPEA (3.88 mL, 22.27 mmol, 5 eq.). The solution was stirred at 0°C for 5 min, 1-
methylimidazole (0.18 mL, 2.23 mmol, 0.5 eq.) under argon atmosphere and a solution of 2-
cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.16 g, 4.91 mmol, 1.1 eq.) in anhydrous
dichloromethane (2 mL) were added. The reaction mixture was stirred 30 min at 0 °C, then
was let to reach room temperature and stirred for 90 minutes. The crude was extracted with
a solution of saturated NaHCO3s in water (12 mL), the organic phase was dried over Na;SOa,
filtrated and the solvent evaporated. Chromatographic column on silica gel (n-pentane/ethyl
acetate/triethylamine) (70/29/1) gives a colourless oil (75%). 'H NMR (400 MHz, CDCls, §,
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ppm): 1.17 (d, 6H, -N-CH-(CHs)2), 1.85 (m, 2H, -NH-CH,-CH>-), 1.94 (s, 6H, 2x-CHs), 2.64 (t, 2H,
NC-CH,-CHy-), 3.33-3.45 (m, 2H, -NH-CH,-CH,-), 3.55-3.92 (m, 6H, -N-CH-(CHs), -P-O-CHo-,
NC-CH-CH2-), 6.98 (s, 1H, -NH). 3C NMR (100 MHz, CDCls, &, ppm): 20.36, 20.44 , 24.59,
24.65, 30.27, 30.34, 32.49, 37.96, 43.01, 43.14, 58.30, 58.50, 61.39, 61.57, 62.80, 117.56,
171.92. 3'P NMR (161 MHz, CDCls, 8, ppm): 147.85.

3.1.2.7 Synthesis of coding monomer 0y

The product was recovered as 80% yield. *H NMR (400 MHz, CDCls, §, ppm): 1.15 (d, 6H, N-
CH-(CHs)2)), 1.17 (d, 6H, , -N-CH-(CH3)2), 1.60-1.69 (m, 4H, CH2-CHa), 1.93 (s, 6H, 2x-CHs), 2.63
t, 2H, NC-CH>-CH-), 3.26-3.32 (m, 2H, -NH-CH»>-CH»-), 3.52-3.91 (m, 6H, -N-CH-(CH3s), -P-O-
CH3-, NC-CH,-CH5-), 6.77 (s, 1H, -NH). 3C NMR (100 MHz, CDCl3): 20.22, 20.34, 24.40, 24.53,
24.50, 24.67, 25.93, 28.32, 28.43, 32.42, 39.93, 42.8, 43.03, 58.04, 58.37, 62.91, 63.04,
63.12,117.52,171.82; 3P NMR (127 MHz, CDCl3):147.65.

3.1.2.8 Synthesis of coding monomer Oc

The product was recovered as collarless oil in 83% yield. *H NMR (400 MHz, CDCls, §, ppm):
1.17 (d, 6H, -N-CH-(CHs)2), 1.19 (d, 6H, -N-CH-(CHs),), 1.42 (m, 2H, -NH-CH,-CH,-CH>-), 1.59
(m, 4H, -NH-CH2-CH,-CH-CHa-), 1.95 (s, 6H, 2x-CHs), 2.64 (t, 2H, NC-CHa-CH,-), 3.22-3.31 (m,
2H, -NH-CH,-CH>-), 3.53-3.90 (m, 6H, -N-CH-(CH3)2, -P-O-CHz-, NC-CH2-CH,-), 6.73 (s,1H, -NH).
13C NMR (100 MHz, CDCls, &, ppm): 20.33, 20.39, 23.30 24.52, 24.58, 24.64, 28.97, 30.72,
30.79, 32.58, 40.29, 42.92, 43.05, 58.11, 58.32., 63.30, 63.46, 63.37, 117.56, 171.60. 3P NMR
(161 MHz, CDCls, 6, ppm): 147.37.

3.1.2.9 Synthesis of coding monomer 1,

The product was recovered as colourless oil in 90% yield. *H NMR (400 MHz, CDCls, §, ppm):
0.93 (s, 6H, -CH2-C-(CHs)2), 1.19 (d, 12H, 2x-N-CH-(CHs)2), 1.96 (s, 6H, 2x-CHs), 2.65 (t, 2H,
NC-CH,-CH2-), 3.16-3.26 (m, 2H, -NH-CH,-C-), 3.31-3.46 (m, 2H, -O-CH»-C-), 3.56-3.68 (m, 2H,
-N-CH-(CH3)2), 3.78-3.93 (m, 2H, NC-CH,-CH.-), 7.10 (s, 1H, -NH). 3C NMR (100 MHz, CDCls, §,
ppm): 20.31, 20.38, 22.33, 22.13, 24.49, 24.57, 24.13, 32.45, 32.50, 36.14, 36.2), 42.97,
43.09, 47.70, 58.20, 58.40, 63.01, 70.91, 71.06, 117.47, 171.86. 3P NMR (161 MHz, CDCls, §,
ppm): 148.05.

3.1.2.10 Synthesis of coding monomer 1

The product was recovered as colourless oil in 92% yield. *H NMR (400 MHz, CDCls, §, ppm):
0.96 (d, 3H, -CH-CHs), 1.17 (d, 6H, -N-CH-(CHs)2), 1.19 (d, 6H, -N-CH-(CH3)), 1.42 (m, 1H, -CH-
CHs), 1.74 (m, 2H, -NH-CH2-CH2-), 1.94 (s, 6H, 2x-CHs), 2.64 (t, 2H, NC-CH2-CH2-), 3.32 (m, 2H,
-NH-CH.-CHa-), 3.40-3.66 (m, 4H, -N-CH-(CH3)2, -P-O-CH.-), 3.75-3.90 (m, 2H, NC-CH»-CH>-),
6.75 (s, 1H, -NH). 13C NMR (100 MHz, CDCls, 8, ppm): 16.76, 20.32, 20.39, 24.49, 24.51,
24,57, 24.58, 32.36, 32.38, 32.44, 32.95, 32.97, 38.26, 42.89, 43.01, 58.05, 58.24, 63.00,
68.32, 68.48, 117.59, 171.74. 3'P NMR (161 MHz, CDCls, §, ppm): 147.73.
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3.1.2.11 Synthesis of intermediate 4

2 bromoethanol (500 mg, 4 mmol, 1 eq.) was dissolved in a mixture of 6 mL of anhydrous
pyridine and 10 mL of anhydrous THF under argon atmosphere. DMT-chloride (155 mg, 4
mmol, 1 eq.) was added to the solution and the mixture was stirred overnight. The day after,
the reaction was quenched with MeOH and the solvent was evaporated. The crude was
taken in EtOAc (20 mL), washed with water (2x15 mL) and dried over MgSQO4 anhydrous.
Chromatographic column on silica gel EtOAc/Cyclohexane/DIPEA (20/80/2) gives the product
in 82% yield. 'H NMR (400 MHz, CDCls, §, ppm): 3.37-3.47 (m, 4H Br-CH,-CH,-0-), 3.79 (s. 6H,
O-CHs), 6.83-6.85 (m, 4H ArH) 7.22-7.26 (m, 4H, ArH), 7.28-7.32 (m, 4H ArH), 7.33-7.37 (m,
1H, ArH). 3C NMR (100 MHz, CDCls, 8, ppm): 31.41, 43.60, 55.37, 63.94, 846.45, 113.29,
126.97, 127.99, 128.25, 130.16, 136.10, 144.89.

3.1.2.12 Synthesis of linker T»

Sodium hydride (94 mg, 60%wt in mineral oil, 2.35 mmol, 5 eq.) was dissolved in 5 mL of
anhydrous THF and stirred for 10 minutes under argon atmosphere. To the solution 4
hydroxy TEMPO (96.7 mg, 0.56 mmol, 1.2 eq.) was added at 0°C, the solution was let to
reach room temperature and stirred for 80 minutes. To the mixture, a solution of
intermediate 4 (200 mg, 0.47mmol, 1 eq.) in THF (4mL) was dropped at 0°C and stirred
overnight. The day after the reaction was quenched by carefully addition at 0°C of brine (60
mL). The THF was evaporated, the solution extracted with dichloromethane (3x50mL), dried
over MgS04 anhydrous, filtrated and the solvent evaporated. Chromatography on silica gel
EtOAc/Cyclohexane/DIPEA (20/80/2) gives the product in 37% vyield. ESI-MS [M+H]*, m/z
expected for: C32Ha0NOs5519.2, found 520.8.

3.1.2.13 Synthesis of linker Ts

The synthesis of this molecule was adapted from the literature.??°! 4-Amino-TEMPO (800
mg, 4.6 mmol, 1leq.) was dissolved in €-caprolactone (1.57 g, 13.8 mmol, 3 eq.) and refluxed
at 130°C. The solution was monitored by TLC and stopped after 120 minutes. The mixture
was purified by chromatography on silica gel (dichloromethane/methanol) (95/5) yielding
900 mg of monomer as red oil (73%). ESI-MS [M+H]*, m/z expected for CisH30N,03 286.2,
found 287.2.

3.1.3 Solid-state iterative protocol
All the coupling reactions were performed under argon atmosphere using a peptide
synthesis reactor equipped with a fritted glass plate and a stopcock.

3.1.3.1 Phosphoramidite coupling (step i1 and i)

1 equivalent of modified polystyrene resin (0.7 mmol/g) was swollen for 10 minutes in
dichloromethane. DMT deprotection was achieved treating the resin with a 3%
trichloroacetic acid solution in dichloromethane and the solid support was washed with
anhydrous acetonitrile. A solution of phosphoramidite monomer (0a, 1a Ob, 1b or Oc, 3.0
eq.) dissolved in anhydrous acetonitrile (2 mL) and tetrazole (4 eq., 0.45 M solution in
acetonitrile) were added under argon atmosphere. The reactor was shaken at room
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temperature and after 30 minutes, the solution was removed and the resin was washed with
anhydrous acetonitrile. Step (iz). The phosphite produced in step (i1) was oxidized into a
more stable phosphate treating the resin with 0.1 M iodine solution (I, in water/2,6-
lutidine/THF, 2/20/80) for 15 min. The excess of iodine was then removed washing the solid-
support with anhydrous dichloromethane.

3.1.3.2 Nitroxide-radical coupling (step ii)

The resin was swollen in anhydrous dichloromethane and washed 2 times with anhydrous
DMSO. A solution of hydroxy-functionalized nitroxides (T1, T2 or T3, 5 eq.) and tris(2-
dimethylaminoethyl)amine (3.3 eq.) in 2 mL of anhydrous DMSO was added under argon
atmosphere. To the mixture, a solution of CuBr (3 eq.) in 2 mL of anhydrous DMSO was
added; and the resin was shaken for 40 minutes. Afterwards, the solution was removed and
the resin was washed with THF and shaken 2 time with a 2% solution of 4,4'-di-n-nonyl-2,2'-
dipyridyl in dichloromethane for 5 minutes.

3.1.3.3 Cleavage and deprotection (step iii)

Traces of copper were removed washing several times the resin with a solution 2% sodium-
EDTA in water/THF (2:1 v/v) for 5 minutes. Deprotection of the cyanoethyl group was
achieved shaking the solid-support with a 10% piperidine solution in acetonitrile 2 times for
15 minutes. The polymer was cleaved from the support using a mixture of ammonia aqueous
solution, methylamine aqueous solution and 1,4 dioxane (1:1:0.5 v/v/v) for 1h. The reaction
mixture was filtered and degased for 30 min. Afterward, the solvent was removed, giving the
resulting powders in overall yields between 40-60%. The products were analyzed by ESI-
HRMS, SEC and NMR.

3.1.4 Monomer synthesis for F2S sequencing

The synthesis of linker L1 was done following the synthetic strategy depicted in Scheme E.3.

0
0 0
@ — HOMOH EE— AOMOH
(5) (6)
0 0
6 — ~ A~ ~oomr — N~ _o-omr
)] L,

Scheme E.3: Synthetic strategy employed for the synthesis of linker L;.
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3.1.4.1 Synthesis of intermediate 5

NaOH (350 mg, 8.6 mmol, 2 eq.) was added to a solution of € Caprolactone (500 mg, 4.38
mmol 1 eq.) in 15 mL of water. The reaction mixture was stirred for 3 hours at room
temperature. The mixture was then acidified until PH 3-4 via a carefully HCI addition. The
mixture was extracted with EtOAc (3x 10mL) and the combined organic layers were dried
over MgS04. The mixture was filtered and the solvent removed. The product was recovered
in 82% yield as a white solid. *H NMR (400 MHz, CDCls): 1.37-1.44 (m, 2H, HO-CH,-CH>-CH,);
1.54-1.69 (m, 4H, HO-CH-CH>-CH>-CH»>-CH»-), 2.32-2.36 (m, 2H, O=C-CH>), 3.61-3.65 (t, 2H,
HO-CH,). 3C NMR (100 MHz, CDCls): 24.52, 25.34, 32.43, 34.04, 62.81, 179.18.

3.1.4.2 Synthesis of intermediate 6

PTSA (9.5 mg, 0.055mmol, 0.013eq.) was added to a solution of intermediate 5 (564 mg, 4.25
mmol, 1 eq.) in absolute ethanol (6 mL) and the mixture was stirred at 65°C for 4 hours. The
solvent was evaporated, the residue was dissolved in EtOAc (20 mL) and washed with
saturated NaHCOs (2x2 OmL) and brine (20 mL). The combined organic layers were dried
over MgSQy, filtered and the solvent was evaporated. The product was recovered as a yellow
oil in 87% vield. 'H NMR (400 MHz, CDCls): 1.22-1.26 (t, 3H, O-CH,-CHs), 1.40-1.44 (m, 2 H,
0=C-CH,-CH>-CH3), 1.55-1.69 (m, 4H, 0=C-CH,-CH,-CH,-CH>), 2.30-2.32 (t, 2H, 0=C-CH,-CH>-),
3.65 (t, 2H, HO-CH,), 4.10-4.13 (q, 2H, O=C-O-CH,). 13C NMR (100 MHz, CDCls): 14.44, 24.86,
25.45,32.41, 34.48, 60.47, 62.85, 173.99.

3.1.4.3 Synthesis of intermediate 7

In a round bottom flask, DMAP (0.4 g, 3.27mmol, 0.5eq.), DMT-CI (2.5 g, 7 mmol, 1.1 eq.)
and intermediate 6 (1.1 g, 6.85 mmol, 1 eq.) were added under argon atmosphere. The
mixture was dissolved in 13 mL of anhydrous pyridine and the mixture was stirred for 3
hours. The solvent was evaporated and the crude was taken in 50 mL of EtOAc and washed
with water (2x50 mL). The combined aqueous layers were extracted with EtOAc (80 mL). The
combined organic layers were dried over MgS0,, filtered and the solvent was evaporated.
Chromatographic column on silica gel (EtOAc/cyclohexane/TEA) (7/91/2) gives the product
as a white oil in 95% yield. *H NMR (400 MHz, CDCls): 1.25 (t, 3H, 0=C-CH,CHs), 1.40-1.44 (m,
2 H, 0=C-CH,-CH»-CH>), 1.55-1.69 (m, 4H, 0=C-CH,-CH,-CH,-CH>), 2.30-2.32 (t, 2H, 0=C-CH,-
CHy-), 3.65 (t, 2H, DMT-0-CH3), 3.79 (s. 6H 2x Ar-O-CHs), 4.10-4.13 (q, 2H, 0=C-0O-CH,), 6.79-
6.84 (m, 4H, Ar-H), 7.25-7.34 (m, 8H Ar-H), 7.40-7.43 (m, 1H, Ar-H). 3C NMR (100 MHz,
CDCl3): 14.42, 25.13, 26.15, 29.98, 34.54, 55.37, 60.35, 63.38, 85.88, 113.12, 126.74, 127.83,
128.38,130.27, 136.81, 145.50, 158.35, 173.94.

3.1.4.4 Synthesis of linker L1

An aqueous solution of NaOH (6M 10 mL) was added to a solution of intermediate 8 (2.36 g,
5.1 mmol, 1 eq.) in absolute ethanol (5 mL). The reaction was stirred for 6 hours the
saturated NH4Cl was added to the mixture until a white precipitate was formed. The mixture
was filtered and the residue was acidified with a solution of citric acid in water (1%m/m,
100mL) and extracted with dichloromethane (3x60 mL). The organic layers were washed
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with water (120 mL), dried over MgSQs, filtered and the solvent was evaporated. The
product was recovered as a foam in 85%yield. *H NMR (400 MHz, CDCls): 1.41-1.66 (m, 2H,
DMT-0-CH;-CH-CH), 1.58-1.66 (m, 4H, DMT-0-CH;,-CH,-CH,-CH,-CH,-), 2.18 (s, 6H, Ar-O-
CHs) 2.33-2.36 (t, 2H, DMT-O-CH,), 3.06-3.08 (t, 2H, 0=C-CH>), 6.81-6.85 (m, 4H, Ar-H), 7.19-
7.23(m, 1H, Ar-H), 7.26-7.34 (m, 4H AR-H), 7.40-7.43 (m, 4H, Ar-H). 13C NMR (100 MHz,
acetone-d6): 25.64; 26.73, 30.58, 34.20, 55.51, 63.87, 86.58, 113.80, 127.49, 128.52, 129.05,
130.97, 137.59, 146.71, 159.54, 174.66.

3.1.4.5 Capping agent synthesis.

NC—>

(0]

pow e Vol
Scheme E.4: Synthetic strategy employed for the synthesis of the capping agent.

A solution of HPLC-grade propan-2-ol (246.8 mg, 4.1 mmol, 1.0 eq.) and DIPEA (3.12 g, 24.1
mmol, 6 eq.) was dissolved in 10 mL anhydrous dichloromethane. The mixture was stirred
for 1 h over activated molecular sieves (3 A) then 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite was added dropwise at 0 °C and 10 min later the reaction
mixture was allowed to reach room temperature. After an additional 40 min the reaction
mixture was filtered and washed with EtOAc (50 mL). The solvent was removed and the
crude was purified by chromatographic column on silica gel (ethyl acetate/cyclohexane/
DIPEA) (40/60/2) to obtain the product as a colourless oil in 93 % yield. 'H NMR (400 MHz,
CDCls, 8): 1.18 (m, 12H, N(CH(CHz)2)2), 1.23-1.26 (m, 6H, OCH(CH3)2), 2.62-2.64 (m, 2H,
OCH,CH,CN), 3.58-3.61 (m, 2H, N(CH(CH3)2)2), 3.79-3.82 (m, 2H, OCH,CH2CN), 4.07-4.09 (m,
1H, OCH(CH3)2). 3C NMR (100.6 MHz, CDCls, §, ppm): 20.4, 24.5, 24.8, 43.1, 58.3, 67.1,
117.8. 3P NMR (161.9 MHz, CDCls, §): 145.7.
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3.1.5 Solid-state protocol for F2S
The general iterative protocol strategy assessed for F2S is depicted in Figure E.1.

Resin bead

Figure E.1: General strategy employed for the development of poly(alkoxyamine phosphodiester)s for fragmentation-free
sequencing.

3.1.5.1 FMOC deprotection (8)

The aminopolystirene resin containing the tetrapeptide (L=0.49 mmol/g) (101 g, 0.25 mmol,
1 eq.) was swollen in dichloromethane for 10 minutes. The support was treated with a
solution of 25% piperidine in DMF for 20 minutes. Afterwards, the solvent was removed and
the resin washed several times with DMF and dichloromethane.

3.1.5.2 Linker L1 coupling (9)

The resin containing the unprotected polypeptidic sequence was swollen in
dichloromethane. Afterwards, DMAP (45 mg, 0.37 mmol, 1.5 eq.), DCC (15 4mg, 0.75 mmol,
3 eq.) and a solution of pentanoic acid (271 mg, 0.55 mmol, 2.5 eq.) in 6 mL of anhydrous
dichloromethane were added and the resin was shaken overnight. The day after, the solvent
was removed and the solid support was washed with DMF (3x10 mL) and dichloromethane
(3x5 mL). The resin was capped for 1 hour with a solution of acetic anhydride in pyridine in
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1/5. Afterwards, the solvent was removed and the resin washed with dichloromethane (5x3
mL) and ether (5x3 mL).

3.1.5.3 Poly(alkoxyamine phosphodiester)s synthesis on solid support.

After DMT deprotection with TCA 3% in dichloromethane the iterative protocol was
performed as described in section 3.1.3 using a mixture of the corresponding monomer (0,
or 15) and 5% of capping agent for the phosphoramidite coupling (step iv). The sequence was
cleaved from the resin using an aqueous solution of ammonia overnight. The mixture was
filtered and bubbled under argon for 30 min in order to remove the excess of ammonia and
the solvent was removed.

3.2 Additional figures chapter2

3.2.1 MS analysis and MS/MS sequencing.

All the synthesized sequence defined polymers were analyzed by the group of Prof. Laurence
Charles at AIX Marseille. The samples were dissolved in methanol and then diluted with a
methanolic solution of ammonium acetate (3 mM) and introduced in the ESI source at a 5
uL.min! flow rate using a syringe pump.

Table E.1: ESI-HRMS characterization of the digital polymers synthesized and studied in this work.

sequence mass m/zi M/Zexp
1 a-0,T20,T20,T2 1339.7 672.3598° 1339.6910
2 a-0,T30,T30:T3 1549.9 515.6196° 515.6187
3 a-0,T30.T30,T30,T3 2041.2 509.2819° 509.2814
4  0-1,T30,T30,T31.T3 2097.2 523.2975° 523.2977
5  a-(1aT3)2(0aT3)31aT314T3 4118.4 514.0417° 514.0429
6  a-0pT305T306T315T3 2097.2 523.2975° 523.2970
7  o-0pT305T316T316T3 2125.3 530.3035° 530.3060
8 a-OpT31pT3 4174.4 521.0496° 521.0495
9  a-0.T30.T305T30.T3 2153.3 537.3132° 537.3123

a[M-3H]?", bto [M - 4H]*; c [M - 8H]® .measured at isotopic maximum
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Figure E.2: Example of Sequencing of poly(alkoxyamine phosphodiester)s a) Negative ion mode ESI mass spectrum of a
poylmer coding for, a-0.T30,T30,T30,T3 (entry 6 Table E.1). b) MS/MS sequencing of [P — 4H]*- at m/z 509.3 (red labelled )
(collision energy : 15 eV) and corresponding dissociation scheme.
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3.2.2 SEC.

The hexadecamer (entry 8 Table E.1) was analyzed by SEC in a mixture of 60% millipore
water, 40% acetonitrile and 0.1 M NaNOs(flow rate: 0.5 mLemin-1). The resulting sequence
defined polymer showed a dispersity index (D) of 1.019.

I T I T T T T T T
32 34 .36 38 40
Elution volume (ml)

Figure E.3: Size exclusion chromatogram recorded in water/acetonitrile for oligomer 9 in Table E.1
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3.2.3 NMR.
3.2.3.1 Coding monomer NMR
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Figure E.4: NMR recorder in CDCl; for the coding monomer 0,. a) tH-NMR b) 13C-NMR.
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3.2.3.2 Poly(alkoxyamine phosphodiester)s NMR

HO\/\/O—E—O\/\/NB)( _,@JY\N\O_;_QN\NJ‘R -b MO_L_OMNJ%O-Q o _&,.«\/\J‘% 'b’ T(\/\/\

c d ib,b’jg+lg
I Rl A A

5 4 3 2 1 ppm

it ——— ittt

100 50 0 -50 ppm

Figure E.5: NMR spectra recorded in D,O for entry 3 in Table E.1 corresponding to the sequence a-0aT30aT30aTs0aTs. a) H
NMR, b) 31 P-NMR.
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3.2.3.2 Capping agent NMR
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Figure E. 6: NMR of the capping agent recorded in CDCls: a) H-NMR; b) 31P-NMR.

3.3 Syntheses Chapter 3

3.3.1 Synthesis of alphabet 1

The synthesis of the monomers forming alphabet 1 was done following the synthetic
strategy depicted in Scheme E.5.

o o
(i) . OH
&Z) —_— o—bu)j\/\;

R 04 R=CH,
1, R=CH,CH,

Scheme E.5: Synthetic strategy employed for the synthesis of alphabet 1.

3.3.1.1 Synthesis of coding nitroxide Oq
4 amino TEMPO (800 mg, 4.6 mmol, 1 eq.) was dissolved in y-valerolactone (1.38 g, 13.8
mmol, 3 eq.). The mixture was refluxed at 130°C for 2.5 hours and the crude was purified by
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chromatographic column on silica gel (dichloromethane/methanol) (95/5). The product was
recovered as a red oil in 82% vyield. ESI-MS [M+H]* m/z expected for C1aH2sN203** 272.2094,
found 272.2092.

3.3.1.2 Synthesis of coding nitroxide 14

4 amino TEMPO (800 mg, 4.6 mmol, 1 eq.) was dissolved in y-hexanolactone (1.62 g,
13.8mmol, 3 eq.). The mixture was refluxed at 130°C for 2.5 hours and the crude was
purified by chromatographic column on silica gel (dichloromethane/methanol) (95/5). The
product was recovered in 89% yield. ESI-MS [M+H]* m/z expected for Ci1sH30N203** 286.2251,
found 286.2249.

3.3.2 Synthesis of alphabet 2
The synthesis of the monomers forming alphabet 2 was done following the synthetic
strategies depicted in Scheme E.6.

i (i) i
S OQMO
Old

o o o) o h
\do (i) o i) Na OJ><\/OH i), o J><\/O—)Si\4<
(11) (12) (13)
o) o)
H H
(14) rd

Scheme E.6: Synthetic strategies employed for the synthesis of alphabet 2. a) Synthesis of monomer 0’g; b) Synthesis of
monomer 1'q.

3.3.2.1 Synthesis of coding nitroxide 0'g

4 amino TEMPO (800 mg, 4.6 mmol, 1 eq.) was dissolved in a-methyl-y-butyrolactone (1.42
g, 13.8 mmol, 3 eq.) and stirred at 130°C for 2.5h. The mixture was purified by
chromatography on silica gel (dichloromethane/methanol) (95/5). The product was
recovered oil in 85% yield. ESI-MS [M+H]* m/z expected for Ci4H2sN203** 272.2094, found
272.2096.

3.3.2.2 Synthesis of intermediate 11

The synthesis of intermediate 11 was adapted according to a procedure from the
litearature!?39 In a two-necked round bottom flask, diisopropylamine (7.2 mL, 40.97 mmol,
1.2 eqg.) was dissolved in 100 mL of anhydrous THF, and the solution was cooled down to 0°C
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under argon atmosphere. A solution of n-Buli in THF 2.5 M (16 mL, 40.97 mmol, 1.2 eq.) was
added dropwise to the solution and stirred for 30 minutes. The mixture was cooled to -78°C
and a solution of a-methyl-y- butyrolactone (4 g, 40.97 mmol, 1 eq.) in 10 mL of anhydrous
THF was dropped. After 30 min a solution of methyl iodide (3.22 mL, 53.26 mmol, 1.3 eq.)
and hexamethylphosphoramide (3.46 mL, 20.48 mmol, 0.5 eq.) was dropped and stirred at -
78°C for 4 h and then overnight at r.t. The day after, the reaction was quenched by carefully
addition of a 10% HCI solution in water until PH1. The THF was then removed and the
aqueous layer was extracted with dichloromethane (3x50 mL). The organic layer was washed
with water (1x 50 mL), 5% NaHCOs solution (2x 50mL), brine (1x 50mL), dried over MgSOQa,
filtered and the solvent evaporated. Chromatographic column on silica gel
(dichloromethane/methanol) (95/5) gives a red brown oil which is distilled under vacuum
(bp 64-66°C, 3.2 mmHg), giving the intermediate 11 in 65% yield.'H NMR (400 MHz, CDCls, §,
ppm): 1.27 (s, 6H, -CH2-C-(CHs)2), 2.11 (t, 2H, -O-CH,-C-(CH3),. 4.26 (t, 2H, -CH,-0-). 3CNMR
(100 MHz, CDCls, 6, ppm): 24.33, 37.24, 38.73, 64.83, 182.41.

3.3.2.3 Synthesis of intermediate 12

The synthesis of intermediate 12 was adapted according to an article from the literature.[231
Intermediate 11 (250 mg, 2.19 mmol, 1 eq.) was dissolved in a mixture of water (1.4 mL) and
1-4 dioxane (1.4 mL). Then, sodium hydroxide (87.6 mg, 2.19 mmol, 1 eq.) was added to the
mixture. The solution was stirred for 45 minutes, the solvent was dried and the product was
recovered in quantitative yield as sodium salt. *H NMR (400 MHz, DMSO-d6, §, ppm): 0.99 (s,
6H, -CH2-C-(CH3)2), 1.51 (t, 2H, -CH2-C-(CH3)2), 3.44 (t, 2H, -CH,-OH). 13C-NMR (100 MHz,
DMSO-d6, &, ppm): 27.55, 41.73, 42.89, 58.43, 181.82.

3.3.2.4 Synthesis of intermediate 13

The synthesis of intermediate 13 was adapted from the literature.[?3?] The intermediate 12
(313 mg, 2.03 mmol, 1 eq.) was dissolved in 6.5 ml of anhydrous DMF. To the solution,
triisopropylsilyl chloride (0.43 ml, 2.03 mmol, 1 eq.), dissolved in 23 mL of anhydrous DMF
was dropped under argon atmosphere and stirred overnight. The reaction mixture was
diluted with Et,0 (30 mL) and the formed precipitate was filtered out; the liquid phase was
then washed with water (70 mL). The diethyl ether was extracted with a saturated NaHCO3
solution (30mL). Afterwards, the combined aqueous layers were acidified to PH 3.5-4 with a
10% HClI solution and extracted with Et,0 (3x 70mL). The combined organic layers were dried
over MgS04 and the solvent removed, giving the intermediate 13 as colorless oil, in 62%
yield, TH NMR (400 MHz, CDCls, §, ppm): 1.05 (s. 21H, -O-Si-(iPr)3), 1.25 (s, 6H, -CH2-C-
(CHs)2), 1.87 (t, 2H, -CH2-C-(CH3)2), 3.80 (t, 2H, -CH2-O-TIPS). 3C-NMR (100 MHz, CDCI3, 8,
ppm): 12.41, 25.16, 40.82, 42.25, 60.31, 181.82.

3.3.2.5 Synthesis of intermediate 14

4-Amino-TEMPO (277 mg 1.62 mmol, leq.), intermediate 13 (467 mg, 1.62 mmol, 1eq.) and
DIPEA (0.85 mL 4.86 mmol, 3eq.) were dissolved in 23 mL of anhydrous dichloromethane
and cooled down to 0°C. To the solution, PyBOP (1.3 g, 2.43 mmol, 1.5 eq.) was added and
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after 10 minutes the reaction mixture was let to reach room temperature and stirred
overnight under argon atmosphere. The day after, the reaction was quenched with
ammonium chloride saturated solution and the solvent was evaporated. The aqueous layer
was extracted with ethyl acetate (3x 40mL). The organic layer was then washed with brine
(60 mL), dried over MgSO4 and the solvent was evaporated. Chromatographic column on
silica gel (EtOAc/Cyclohexane) (35/65) gives the product in 75% of yield. ESI-MS [M+H]*, m/z
expected for C23Ha6N203Si 441.35, found 442.35.

3.3.2.6 Synthesis of nitroxide 1’4

The intermediate 14 (353 mg, 0.8 mmol, 1leq.) was dissolved in10 mL of THF. To the solution,
2.8 mL of TBAF (1M in THF, 2.8 mmol, 3.5 eq.) was added. The reaction was monitored by
thin layer chromatography and was stopped after 2.5 hours. The solvent was evaporated
and purified by chromatographic column on silica gel (dichloromethane/methanol) (95/5).
After purification, the monomer 1’4 was recovered in 98% vyield as a red yellow powder. ESI-
MS [M+H]*, m/z expected for C1sH3oN203** 286.2251, found 286.2251.

3.3.3 Synthesis of alphabet 3

The first synthetic strategy employed to obtain alphabet 3 was done following the synthetic
pathway described in Scheme E.7. However, the alphabet was obtained following the
synthetic pathway described in Scheme E.8.

. ) o
HOWOH — a0 HOWO—DMT L’HQJ\)\AQ_DMT

(15) (16)

0 0
(16) — ), o-N HJ\)\AO—DMT — W . o HM/\OH
.

Scheme E.7: First synthetic strategy employed for the synthesis of alphabet 3.

3.3.3.1 Synthesis of intermediate 15

3-methyl 1-5 pentanediol (1.5 g, 12.7 mmol, 1eq.) was dissolved in a mixture of 12 mL of
anhydrous pyridine and 18 mL of anhydrous THF. To the mixture, DMT-CI (4.3g, 12.7 mmol, 1
eq.) was added under argon atmosphere in 4 aliquots; one each 30 minutes. After the last
addition, the reaction mixture was stirred overnight under argon atmosphere. The day after,
the solvent was evaporated ant the residue taken in EtOAc (30 mL). The solution was
washed with cold water (2x 20 mL) and dried over MgS04. Chromatographic column on silica
gel (cyclohexane/EtOAc/DIPEA) (80/20/2) gives the product in 64% yield. *H NMR (400 MHz,
CDCls, 6, ppm): 0.82-0.84 (d, 2H, CH.CH3), 1.62-1.65 (m, 1 H, CH.CH3), 1.64-1.79 (m, 4H, O-
CH2-CH2-CH-CHa), 3.04-3.15 (m, 2H, CH2-O-DMT), 3.61-3.68 (m, 2H, CH2-OH), 3.79 (s. 6H 2x
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Ar-O-CHs), 6.79-6.84 (m, 4H, Ar-H), 7.25-7.34 (m, 8H Ar-H), 7.40-7.43 (m, 1H, Ar-H). 13C-NMR
(100 MHz, CDCI3, &, ppm): 20.17, 26.25, 40.07, 40.09, 55.75, 64.74, 61.70, 113.12, 126.74,
127.83, 128.38, 130.27, 136.81, 145.50, 158.35, 173.94.

The synthesis of the monomers forming alphabet 3 was done following the synthetic
strategy depicted in Scheme E.8

R R o R

HO/\)\/\OH — 0 Ho/\)\/\oﬁsi/—< LHOJ\)\/\O-\ST{
anrn A (18) R=H
(20) R=CH, (21) R=CH,

O R
(;f) L ‘O0-N HJJ\/K/\OQL ‘'O-N NJ\/K/\OH

H
(19) R=H 0
(21) (22) R=CH, A 1”

Scheme E.8: Synthetic strategy employed for the synthesis of alphabet 3.

3.3.3.2 Synthesis of intermediate 17

Synthesis of intermediate 17 was adapted from the literature. *33ln a 2 necked round
bottom flask, 1,5-pentanediol (5 g, 48 mmol, 1eq.) and imidazole (7.2g, 105 mmol, 2.2 eq.)
were dissolved in 70 mL of anhydrous DMF and the solution was cooled down at 0°C. Into an
addition funnel, TIPSCI (10.17 g, 52 mmol, 1.1 eq.) was dissolved in 30 mL of anhydrous DMF
and the resulting solution was dropped into the reaction mixture at 0°C. After 5 hours, Et,0
(60 mL) and Brine (60 mL) were added to the mixture. The organic layer was separated and
the aqueous layer was further extracted with Et,0 (3x 60mL). The solvent was removed and
the organic layers were washed with water and dried over Na,SOs The solvent was
evaporated and the crude was purified by chromatographic column on silica gel
(EtOAc/Cyclohexane) (35/65) giving the intermediate 15 in 74% vyield. 1H NMR (400 MHz,
CDCls, 8, ppm): 1.04-1.08 (m 21H (IPr)s), 1.40-1.47 (m 2H, -CH2-CH2-CH,-OH), 1.54-1.63 (m
4H, CH,-CH»-OH and CH»-CH,-OTIPS), 3.62-3.66 (t 2H, -CH»-OTIPS), 3.67-3.70 (t 2H, -CH2-OH).
13C NMR (100 MHz, CDCI3, &, ppm): 12.17, 18.10, 22.19 32.71, 32.83, 63.44, 63.17.

3.3.3.3Synthesis of intermediate 18

Synthesis of intermediate 18 was done according to a procedure from the literature.34 |n a
round bottom flask intermediate 17 (3.6 g, 13.8 mmol, 1 eq.), TEMPO (647 mg, 4.6 mmol, 0.3
eg.) and (diacetoxyiodo)benzene (13.7 g, 41.4 mmol, 3 eq.) were dissolved in a mixture of
water (12 mL) and dichloromethane (14 mL).The reaction was stirred at 0°C, monitored by
TLC and stopped after 3 hours. The crude was diluted with dichloromethane (20 mL) and
washed with saturated Na,S;0s3 solution (3x 30mL). The organic layer was dried over Na;SO4
and the solvent was evaporated. Chromatographic column on silica gel (cyclohexane/EtOAc)
(90/10) gives product as pale yellow oil in 62% yield. *H NMR (400 MHz, CDCls, §, ppm): 1.04-
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1.08 (m 21H (IPr)s), 1.56-1.62 (m 2H, HO-C=0-CH,-CH,), 1.70-1.77 (m 2H, CH,-CH,-OTIPS),
2.38-2.42 (m, 2H, -CH,-OTIPS-), 3.69-3.72(m, 2H. HO-C=0-CH,), 10.92 (s, 1H, -C=0-OH). 13C
NMR (100 MHz, CDCls, 8, ppm): 12.12, 18.13, 21.31, 32.37, 34.05, 62.98, 180.43.

3.3.3.4 Synthesis of intermediate 19

Synthesis of intermediate 19 was adapted according to a procedure from the literature. 23]
4-Amino-TEMPO (445 mg, 2.6 mmol, 1.1eq.), intermediate 18 (683 mg 2.36 mmol, leq.) and
DIPEA (1.2 mL, 7.08 mmol, 3eq.) were dissolved in 40 mL of anhydrous dichloromethane
under argon atmosphere. The mixture was cooled down to 0°C then PyBOP (1.84 g, 3.54
mmol, 1.5eq.) was added and after 10 minutes, the reaction mixture was allowed to reach
room temperature and stirred overnight The day after, the reaction was quenched with
ammonium chloride saturated solution and the solvent was evaporated. The aqueous layer
was extracted with EtOAc (3x40 mL), washed with brine (30 mL) and dried over MgSQOa.
Chromatographic column on silica gel (EtOAc/Cyclohexane) (35/65) gives product in 77%
yield. ESI-MS[M+H]*, m/z expected for C23HagN,03Si** 427.34, found 428.34.

3.3.3.5 Synthesis of coding nitroxide 0”4

The intermediate 19 (879 mg, 1.99mmol, leq.) was dissolved in 15 mL of THF. To the
solution, 6.97 mL of TBAF (1M in THF, 2.8mmol, 3.5 eq.) were added. The reaction was
stopped after 2.5 hours. Afterwards, the solvent was dried and chromatographic column on
silica gel (dichloromethane/methanol) (95/5) gives the monomer 0”d in 98% yield as a red
oil. ESI-MS [M+H]*, m/z expected for C1aH2sN,03** 271.20, found 272.21.

3.3.3.6 Synthesis of intermediate 20

The protocol employed for the synthesis of intermediate 20 was the same as the one
described previously for intermediate 17 but using 3-methyl-1,5-pentanediol as starting
material. The product was recovered as colorless oil in 70% yield. *H NMR (400 MHz, CDCls,
8, ppm): 0.94-0.92 (d, 3H, CH2-CH(CHs)-CH,-), 1.08-1.04 (m 21H (IPr)s), 1.67-1.46 (m,2H, -
CH2-CH,-OTIPS), 2.25-2.05 (m, 2H, -CH2-CH2-OH ),. 2.46-2.41 (m, 1H, -CH2-CH(CHs)-CH), 3.79-
3.72 (m, 4H, -CH»-OH- and -CH»-OTIPS-). 13C NMR (100 MHz, CDCls, &, ppm): 12.16, 18.18,
20.17, 26.25, 40.07, 40.09, 61.34, 61.70.

3.3.3.7 Synthesis of intermediate 21

The protocol employed for the synthesis of intermediate 21 was the same as the one
described previously for intermediate 18 but using intermediate 20 as starting material. The
product was recovered as a pale-yellow oil in 65% yield.'H NMR (400 MHz, CDCls, 6, ppm):
1.04-1.05 (d, 3H, CH2-CH(CH3)-CH»-), 1.06-1.08 (m 21H (IPr)s), 1.37-1.45 (d, 3H, -CH,-CH(CH3)-
CH-), 1.53-1.62 (m 2H, CH,-CH»-OTIPS), 2.14-2.25 (m, 2H,. HO-C=0-CH), 2.41-2.46 (m, 1H,
CH,-CH(CH3)-CH3-), 3.70-3.80 (m, 2H, -CH»-OTIPS-), 10.77 (s, 1H, -C=0-OH), 3C NMR (100
MHz, CDCI3, §, ppm): 12.13, 18.11, 19.95, 27.44,39.54, 41.77, 61.46, 179.61.
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3.3.3.8 Synthesis of intermediate 22
The protocol employed for the synthesis of intermediate 22 was the same as the one
employed for intermediate 19, but using intermediate 21 as starting material. The product
was recovered as a colorless oil in 73% vyield. ESI-MS [M+H]+, m/z expected for
Ca4Hs0N203S™** 441.36, found 442.36.

3.3.3.9 Synthesis of coding nitroxide 1”4

The protocol employed for the synthesis of intermediate 1”4y was the same as the one
employed for 0”4, but using 22 as starting material. The product 1”4 was recovered as a red
oil in 98% vyield. ESI-MS [M+H]*, m/z expected for C15sH30N203+. 285.22, found 286.22.

3.3.4 Iterative solid-state protocol

The iterative protocol for the sequence-define polymers synthesis was performed in the
same condition described in section 3.1.3. All the products were recovered in overall yields
between 73 and 90% as shown in Table Ill.2. The resulting products were analyzed by ESI-
HRMS, SEC and NMR and were sequenced by ESI-MS/MS.

3.4 Additional figures chapter 3

3.4.1 MS analysis and sequencing

All the sequencing synthesized using alphabet 3 were recovered in good yield moreover the
molecular weight found were in line with the theoretical ones. The ESI-HRMS
characterization of these sequence-defined polymers is summarized in Table E.2.

Table E.2: Negative ESI-HRMS characterization of the sequence-coded polymers synthesized using alphabet 3.

sequence yield m/zu, mM/Zexp
1 o-1:-174-15-174 90% 556.3263 556.3261"
2 0a-0,-1"¢4-05-1"4-15-0"4 73% 780.9408 780.9429
3 a-15-0"4-0s-174-1.-0"4 75% 787.9486 787.95100!
4  0-15-0"4-1.-1"4-0,-0"4 78% 787.9486 787.94821
5 a-05-1"4-05-0"¢-15-0"4-0,-0"4 93% 1012.5632 1012.566917)
6 a-15,-0"4-02-0"¢-15-1"4-05-1"4 85% 1033.5867 1033.5895/2)
[a] [M-2H]# measured at isotopic maximum.
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One example of dyad extraction of Poly(alkoxyamine phosphodiester)s by MS/MS
depicted in Figure E.7.
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Figure E.7: Mass spectrometry analysis of the sequence-coded oligomer entry 6 tab.4: a) Negative ion mode ESI mass
spectrum (left); molecular structure of the fully deprotonated oligomer with fragments produced in tandem MS; ESI-MS/MS
obtained for this oligomer (right). The peaks not labeled in tandem MS correspond to internal fragments generated during
secondary dissociation reactions .b) Charge state deconvolution (right) of the ¢;*z ion series (blue labeled in MS/MS).
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3.4.2 NMR
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Figure E.8: Examples of NMR spectra obtained for oligomer 3 in Table E.2 recorded in D,0: a) IH-NM, b) 13C-NMR.
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3.4.3 SEC

The Poly(alkoxyamine phosphodiester)s encoding dyads were analyzed by Size exclusion
chromatography in a mixture of 60% millipore water, 40% acetonitrile and 0.1 M NaNOs(flow
rate: 0.5 mLemin-1).

— T i T T T
32 34 36 38 40 42 44

Elution volume (ml)

Figure E.9: Size exclusion chromatograms recorded in water/acetonitrile for oligomers P6 (blue), P4 (red) and P2 (black) in
Table E.2.

3.5 Syntheses Chapter 4

As already discussed in Chapter 4, the hydroxy-functionalized nitroxide T3 was synthesized
following the synthetic strategy depicted in section 3.1.2.13. The monomer SG1-OH was
supplied by Jean-Louis Clement from Marseille University.

3.5.1 Synthesis of monomer Pr;
The synthetic strategy employed for the synthesis of monomer Pr is depicted in Scheme E.9.

(o]
o NH, A on
@ N 0 Nt
N
0. N (Pry)
0.

Scheme E.9: Synthetic strategy employed for the synthesis of Pr;.

The synthesis of this molecule was done modifiying the procedure described in section
3.1.2.13. 3-Amino-PROXYL (250 mg, 1.59 mmol, 1eq.) was dissolved in €-caprolactone (544
mg, 4.77 mmol, 3 eq.) and refluxed at 140°C. The solution was monitored by TLC and
stopped after 190 minutes. The mixture was purified by chromatography on silica gel
(dichloromethane/methanol) (95/5) yielding 332 mg of product which was analyzed by
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positive ESI-HRMS however, as already discussed in chapter 4, the analysis evidenced that
the recovered product was not pure.

3.5.2 Synthesis of monomer Pr;
The synthetic strategy employed for the synthesis of monomer Pr; is depicted in Scheme
E.10.

(o}
HO” >">"0OH —(I)> HO/\/\/\Ojs\i/—< L HOJ]\/\/\O_Si
(17) (18)

(o] (o]
(18) —2 . -o-n uJ\/\AO—\Si/{ — 'o—;éfNJ\/\/\OH
23 L Ho e

Scheme E.10: Synthetic strategy employed for the synthesis of Pr,.

3.5.2.1 Synthesis of intermediate 17
The synthesis of intermediate 17 was done following the same synthetic strategy described
in section 3.3.3.2.

3.5.2.2 Synthesis of intermediate 18
The synthesis of intermediate 18 was done following the same synthetic strategy described
in section 3.3.3.3.

3.5.2.3 Synthesis of intermediate 23

Intermediate 22 (190 mg, 0.66 mmol, 1 eq.), DIPEA (255mg, 1.98 mmol, 3 eq.) and 3-Amino-
PROXYL (103 mg, 0.66mmol, 1 eq.) were dissolved in 20 mL of anhydrous DCM and the
solution was cooled to 0°C. To the reaction mixture, PyBOP (515 mg, 0.99 mmol, 1.5 eq.) was
added and the solution was allowed to reach room temperature and stirred overnight. The
day after, the reaction was quenched with ammonium chloride saturated solution and the
solvent was evaporated. The aqueous layer was extracted with EtOAc (3x20 mL), washed
with brine (20 mL) and dried over MgSO4. Chromatographic column on silica gel
(EtOAc/Cyclohexane) (30/70) gives product in 67% yield. ESI-MS [M+H]*, m/z expected for
Ca3Ha7N20s3Si* 413.32, found 414.33.

3.5.2.4 Synthesis of Monomer Pr;
The synthesis of Pr, was done following the same synthetic strategy described in section
3.3.2.6, using intermediate 23 as starting material. ESI-MS [M+H]*, m/z expected for
Ci3H25N,03°, 257.18 found 258.19.
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3.5.3 Solid state Iterative protocol

3.5.3.1 Phosphoramidite coupling (step i1 and i)
The step (i) of the iterative protocol was performed using the same conditions described in
section 3.1.3.1 using 3eq. of the corresponding monomer (0a, or 1a).

3.5.3.2 Nitroxide-radical coupling (step ii)

The hydroxy-functionalized nitroxides coupling (SG1-OH, T3 and Pr,) were performed using
the same conditions described in section 3.1.3.2. However the reaction time was increased
to 1 hour for nitroxide SG1-OH and nitroxide Pr;.

3.5.3.3 Cleavage and deprotection (step iii)

The final purification and cleavage were done following the same condition described in
section 3.1.3.3. All the products were recovered in overall yields between 70 and 85%. The
resulting products were analyzed by ESI-HRMS, SEC and NMR.

3.6 Additional figures chapter 4

3.6.1 MS analysis and selective cleavage

2 H f.ﬂ;&gﬂ o-
Ho\/\/ofﬁfox/"‘ﬁ )
OH o

554.8 [P-2H]*
1110.6 [P-H]
1132.6 [P-H+Na]
T T T T T T T 'l l T T T T
400 600 800 1000 1200 1400 m/z
554.8 [P-2H]*
Ilo eV
T T T T T T T T T T !
300 400 500 600 700 800 m/z

Figure E.10: Selective fragmentation of the SG1-based alkoxyamine bonds obtained at 10 eV for a polymer coding forl,-
SG1-1,-Pry.
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3.6.2 SEC
Size exclusion chromatography registered in water/acetonitrile for the polymer Octamer
coding for 15-Pr2-1,-SG1-0,-Pry-1,-SG1.

34 35 36 37 38 39 40
Elution volume (ml)

Figure E.11: Size exclusion chromatograms recorded in water/acetonitrile for oligomers coding for 1,-Pr,-1,-SG1-05-Pr;-1,-
SG1.
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3.6.3 NMR
a) oe i oH N
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Figure E.12: NMR spectra recorded in D0 for an oligomer coding for 1,-SG1-1,-Pr,: a) H-NM, b) 31P-NMR.
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Résumé en anglais

Uniform sequence-defined polymers were synthesized using a new iterative (AB+CD)
strategy involving two orthogonal reactions. This approach allowed the protecting-group
free synthesis of uniform poly(alkoxyamine phosphodiester)s. These molecules, having a
defined sequence of comonomers defined as bits 0 and 1, enable the data storage of
binary information at the molecular level. Interestingly, poly(alkoxyamine
phosphodiester)s were found to be extremely easy to sequence. Indeed, the cleavage of
the labile alkoxyamine bond in MS/MS generates “easy-to-read” fragmentation patterns.
The sequencing was also tested using non-conventional techniques as fragmentation-free
sequencing. Furthermore, the poly(alkoxyamine phosphodiester) backbone was modified
using an extended alphabet. This optimization increases the storage capacity maintaining
the read-out by MS/MS easy. Finally, two alkoxyamine bonds, having different stabilities,
were inserted in the poly(alkoxyamine phosphodiester) backbone to obtain sequence-
defined polymers which can be fragmented in defined poistions of the chain using
different stimuli.

Key words: Sequence-defined polymers, digital polymers, iterative synthesis, MS/MS
sequencing




