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ABSTRACT

Mankind has always speculated about the origin of life and sought to understand its
own existence. Searching for our origin is a natural thrive of human beings. This
leads us to one of the biggest questions in science: how can life emerge from simple
molecules and, even more interestingly, how can we achieve this process in the lab
starting from inanimate matter?
The research group of Prof. Sijbren Otto at the Stratingh Institute for Systems

Chemistry at the University of Groningen is driven by unmasking the mystery of
the origin of life. This research group aims to build up life-like systems by the
bottom up approach using the tools of dynamic combinatoral chemistry based on
reversible disulfide chemistry, being already successful in creating self-replicating
molecules. According to a common definition, life is defined by the combination of the
three fundamental functions reproduction, metabolism and compartmentalization.
The Otto group was able to combine self-replication and a primitive metabolism
by extending the replicator’s catalytic capability from autocatalysis to the Fmoc
deprotection of Fmoc-glycine.
This thesis initially aims to address the combination of all three fundamental

functions of life in a conceptional way. Specific focus of the present project was to
catalyze reactions that will lead to the formation of compartments and hence the
combination of self-replication, a primitive metabolism and compartmentalization in
a conceptual way. This objective was approached by making use of the known as
well as expansion of catalytic activities of the replicator.

Via the capped surfactant approach, protected head groups of surfactants were
successfully deprotected by the self-replicator, which led to the exploration of the
replicator’s substrate scope to primary amines until dodecylamine. The new protect-
ing group dSmoc, a double sulfonated analogon of the Fmoc-group, was successfully
synthesized, which should increase the water solubility of protected amines finally
aiming a further exploration of the substrate scope.

The catalytic capabilities of the self-replicator were investigated towards carbon-
carbon bond formations, including the Aldol and Knoevenagel reaction, which could
potentially be used for the synthesis of surfactants. This work shows that the self-
replicator might be able to catalyze the Knoevenagel condensation in water.
The introduction of a cascade reaction system including the deprotection of a

Smoc-protected organocatalyst by the self-replicator led to new knowledge about
reactivities and interactions in such complex mixtures, which expanded the pool of
ideas and possibilities for the self-replicator induced compartmentalization.
After all, the present project sets a basic fundament for the combination of all

three fundamental functions of life in a conceptional way by the exploration of
the knowledge about the deprotection kinetics and catalytic capabilities of the self-
replicator.
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KURZFASSUNG

Seit jeher philosophiert die Menschheit über den Ursprung des Lebens und ver-
sucht ihre eigene Existenz zu verstehen. Die Suche nach unserem Ursprung ist ein
natürlicher Trieb des Menschen. Dies führt uns zu einer der größten Fragen der
Wissenschaft: Wie kann Leben aus einfachen Molekülen entstehen? Wobei sich
die noch interessanterere Frage stellt: Wie können wir diesen Prozess im Labor
ausgehend von unbelebter Materie erreichen?

Die Forschungsgruppe von Prof. Sijbren Otto am Stratingh Institut für System-
chemie an der Universität Groningen wird durch das Mysterium über den Ursprung
des Lebens getrieben. Diese Forschungsgruppe hat sich zum Ziel gesetzt, lebensähn-
liche Systeme durch einen Bottom-up-Ansatz mit den Werkzeugen der dynamischen
kombinatorischen Chemie auf der Grundlage der Chemie der reversiblen Disulfide
aufzubauen. Dadurch gelang es bereits dieser Arbeitsgruppe selbstreplizierende
Moleküle zu schaffen. Einer gängigen Definition zufolge wird Leben über die Kom-
bination der drei grundlegenden Funktionen Reproduktion, Metabolismus und die
Formierung von Kompartimenten definiert. Die Otto-Gruppe konnte bereits die bei-
den Funktionen Selbstreplikation und einen primitiven Metabolismus kombinieren,
indem sie die katalytische Fähigkeit des Replikators von der Autokatalyse auf die
Fmoc-Entschützung von Fmoc-Glycin ausdehnte.

Ziel dieser Arbeit war zunächst die Kombination aller drei Grundfunktionen
auf konzeptionelle Weise. In diesem Projekt wurden die katalytischen Fähigkeiten
eines Replikators über die Autokatalyse hinaus erweitert. Insbesondere wurde die
Fähigkeit eines peptidbasierten Selbstreplikators, welcher zuvor in der Forschungs-
gruppe von Sijbren Otto entwickelt wurde, erweitert, um verschiedene Reaktionen
zu katalysieren. Ein besonderer Schwerpunkt des vorliegenden Projekts lag auf der
Katalyse von Reaktionen, welche schlussendlich zur Bildung von Kompartimenten
führen und damit zur Kombination der drei Grundfunktionen auf eine konzeptuelle
Weise. Dieses Ziel wurde durch die Nutzung der bekannten sowie der Erweiterung
der katalytischen Fähigkeiten des Replikators erreicht.

Über den Ansatz der gekappten Tenside wurden geschützte Kopfgruppen von
Amphiphilen erfolgreich durch den Selbstreplikator entschützt. Dadurch wurde der
Substratumfang des Replikators auf primäre Amine bis hin zu Dodecylamin erweitert.
Die neue Schutzgruppe dSmoc, das doppelt sulfonierte Analogon der Fmoc-Gruppe,
wurde erfolgreich synthetisiert, was die Wasserlöslichkeit von geschützten Aminen
erhöhen soll und schließlich zu einer erneuten Erweiterung des Substratumfangs
führen könnte.

Die katalytischenKapazitäten des Selbstreplikatorswurden hinsichtlich Kohlenstoff-
Kohlenstoff Bindungsformationen untersucht, mit besonderemHinblick auf die Aldol-
und Knoevenagel-Reaktion, welche schlussendlich für die Synthese von Tensiden
durch den Replikator verwendet werden können. Diese Arbeit zeigt, dass der Selb-
streplikator in der Lage sein könnte, die Knoevenagel-Kondensation in Wasser zu
katalysieren.

Die Implementierung eines Kaskadenreaktionssystems, welches die Entschützung
eines Organokatalysators durch den Selbstreplikaor beinhält, führte zu neuen Erken-
ntnissen über Reaktivitäten undWechselwirkungen in solch komplexen Mischungen,
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welche Möglichkeiten zur Selbstreplikator induzierten Formierung von Komparti-
menten maßgeblich erweitern.
Das vorliegende Projekt liefert einen wichtigen Grundstein für die Kombination

aller drei fundamentalen Funktionen des Lebens in konzeptionelle Weise durch die
Erweiterung desWissens über die Reaktionskinetik und die katalytischen Fähigkeiten
des Selbstreplikators.
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ACRONYMS

a.u. Absorption unit

ACN Acetonitrile

BRIJ30 Polyoxythylene(4) lauryl ether

CAC Critical aggregation concentration

CDCl3 Deuterated chloroform

CMC Critical micelle concentration

CTAB Cetyltrimethylammoniumbromid

DBF Dibenzofulvene

DCM Dichloromethane

ddH2O Doubly distilled water

D2O Deuterated water

DNA Desoxyribonucleicacid

G Glycine

L Leucine

K Lysine

F Phenylalanine

HCl Hydrochloric acid

HEPES 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethanesulfuric acid

Fmoc Fluorenylmethoxycarbonyl

Fmoc-Cl 9-Fluorenylmethyloxycarbonylchloride

FmocGly Fmoc-Glycine

EA Ethylacetate

EtOH Ethanol

EWG Electron-withdrawing group

KCl Potassium chloride
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MeOH Methanol

Mg2SO4 Magnesium sulfate

NaCl Sodium chloride

Na2CO3 Sodium carbonate

PAA Polyacrylic acid

PBS Phosphor buffered saline

RP Reversed phase

SDBS Sodiumdodecylbenzenesulfate

SDBF Sulfo-dibenzofulvene

dSmoc-Cl 9-(x,x-disulfo)fluorenylmethyloxycarbonylchloride

dSmocGly dSmoc-glycine

Smoc 9-(2-Sulfo)fluorenylmethoxycarbonyl

Smoc-Cl 9-(2-Sulfo)fluorenylmethyloxycarbonylchloride

SmocGly Smoc-glycine

SmocProl Smoc-L-proline

SmocPyr Smoc-pyrrolidine

TEM Transmission electron microscopy

TLC Thin layer chromatography

UPLC Ultrahigh pressure liquid chromatography

UPLC-MS Ultrahigh pressure liquid chromatography coupled to mass spectrometry

UV Ultra violet
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I N TRODUCT ION 1
Mankind’s probably most mysterious questions discussed in community, science, phi-
losophy, ethics, religion and even politics are: what is life? When does life start? And
how did life emerge? This thrive for our roots defines today‘s prebiotic research starting
from life as we know it today tracing it back to early microorganisms finally ending up
with the molecules from which life could have emerged. This includes the long-standing
philosophical as well as scientific problem about the definition of life. We will not be able
to overcome the problem about the definition of life until there is a general theory about
the nature of living systems. However, the synthesis of living systems in the laboratory
will help us to earn a better understanding about the nature of life.

1.1 the fundamental functions of life

Nowadays living organisms as we know them are built up from molecules which are
per se not alive, hence these living organisms must possess properties that distinguish
them from non-living systems. No matter what kind of collisions may occur between
definitions about what is life, all living systems collectively possess three main
functions.1–3 One of these functions is reproduction, meaning the ability to transfer
information through the process of self-replication.4 Furthermore, living systems
must posses the ability to sustain themselves by staying out of the thermodynamical
equilibrium through metabolism, meaning a series of reactions that are characterized
by energy consumption and the renewal of metabolites.4 These reactions need to
take place in a locally restricted area thus boundaries between environment and
the system are needed, referred as compartmentalization.4 The three fundamental
functions reproduction, metabolism and compartmentalization are present in all
living systems that we know and hence these properties are a good starting point
for unmasking the roots of how life has emerged.
The top-down approach, which is often referred as the biologists approach, is

using biological molecules like desoxyribonucleicacid (DNA), proteins and lipids for
the creation of protocells.5 However, the bottom-up approach is based on chemical
and physical interactions between non-living molecules as building blocks for the
creation of life-like systems without the use of biological molecules.5 The bottom-up
approach, which is often referred as the chemists approach, will be treated in this
work for achieving a better understanding of how life could have emerged from
simple molecules.

1.1.1 Self-Replication

Meanwhile, information in living systems is transferred through copies of
information-rich molecules such as DNA, using a complex protein machinery re-
ferred as the term self-replication, meaning the transfer of information.2,6–8 Research
in these areas has mainly focused on biomolecules that are crucial to current life
or on the bottom-up approach of constructing chemical systems which mimic the
essential characteristics of life.2,6,9 However, it is assumed that in the prebiotic world
these processes must have occurred through much simpler systems.2,8
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introduction

Living systems function by a complex interplay of covalent bond formation and
non-covalent assembly processes. The introduction of dynamic covalent chemistry
made the development of regimes that feature concurrent covalent and non-covalent
interactions.10 Systems, which are made from different building blocks capable of
undergoing reversible covalent bonds, show a tendency to result in diverse mixtures
of products, which continuously undergo an exchange of building blocks via re-
versible covalent bond formation.10 Non-covalent interactions, which lead to certain
assemblies and hence are energetically more favored, shift the equilibrium towards a
specific product. This is a very important behavior for the question about the origin
of life. Such building block libraries result in spontaneous and in some cases even in
autocatalytic emergence of specific molecules that had gained information and are
able to pass this information on the next generation during self-replication.5,11

Over the last decades, pioneering works about synthetic replicators by the groups
of Chiemlewsky,12 Ghadiri,13 Ashkenasy14 and Otto15–18 use the fields of systems
chemistry and dynamic combinatoral chemistry focusing largely on autocatalysis
whereby a molecule is able to catalyze its own formation from a set of precursors.9,19

Synthetic peptide-based Self-Replicators

The research group of Sijbren Otto at the University of Groningen is largely focused
on the development of molecules that are capable of promoting their own formation
with simultaneous assembly into supramolecular structures by using the tools of
dynamic combinatoral chemistry.19 By mixing building blocks, which can react with
each other through the formation of reversible covalent bonds, a dynamic combina-
toral library is created leading to a mixture of products which are all in equilibrium.
If a formed product is able to stabilize its own species through non-covalent interac-
tions the equilibrium is shifted towards the formation of this particular product at
the expense of all other products in this library.

A specific building block that has been intensively investigated in the Otto group
is shown in Figure 1. This synthetic building block consists out of an aromatic
core bearing two thiol groups in meta position as well as a peptide chain out of the
five α-amino acids glycine (G), leucine (L), lysine (K), phenylalanine (F) and again
lysine (K). Such peptide structures that feature alternating polarity are known for a
high tendency to assemble into β-sheets.21 Through oxidation of the thiol groups
on the aromatic core reversible covalent disulfide bonds are formed between the
precursor molecules. These molecules can undergo exchange reactions leading to
a mixture of different sizes of macrocycles that are in equilibrium with each other.
It has been shown that the hexamer species shows the most favored non-covalent
interactions resulting in the assembly of hexamers into fibers. This supramolecular
structure shifts the equilibrium towards the hexamer at the expense to the other
macrocycles. It has been shown that the assembled stacks grow from the fibre
ends via a nucleation/growth mechanism. When the library is stirred, mechanical
forces cause breakage of the fibers, which results in an exponential growth via
elongation/breakage mechanism, in the end achieving self-replication hence the
information transfer of the ring size is managed through a template effect to the next
generation.17,19
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1.1 the fundamental functions of life

(a)

(b)

(c)

Figure 1: Formation of disulfide linkages result in different sizes of macrocycles through
oxidation between two aromatic thiol groups of a building block which bears a peptide
chain with five amino acids in alternating polarity which favor non-covalent interactions
between each other in a way that leads to β-sheet formation resulting in stacks of nano
fibres. These non-covalent interactions seem to be most favored for hexamers and hence
the equilibrium of different sizes of macrocycles is driven towards hexamers. Growth of
the stacks happens at the fibre ends. External mechanical sheer forces break the stacks
which leads to an exponential growth via an elongation/breakage mechanism resulting in
self-replication.20

1.1.2 Metabolism

Self-replication is a necessary but not a sufficient functionality in order for life to
emerge. One of the central features of living systems is that they operate out of
equilibrium meaning a continuous supply of energy. Equilibrium means death since
living systems need thermodynamic openness for a constant flow of energy to power
reaction networks.22

Early Stages of combining Self-Replication and a primitive Metabolism

Recently the Otto group has demonstrated that the assembly into fibres as driving
force for self-replication introduces catalytic abilities as a new function which is
another important purpose for life. Emergence experiments showed an autocat-
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introduction

alytic reproduction of catalytic capabilities.24 It was shown that the stacked fibre
conformation is able to catalyze the retro aldol reaction of methodol to 6-methoxy-2-
naphthaldehyde and acetone. This reaction includes the imine formation between
the carbonyl group of methodol and the deprotonated lysine residues of the fibres,
which is shown in Figure 2 (b). Another reaction, which can be catalyzed by the
self-replicator, is the deprotection of Fluorenylmethoxycarbonyl (Fmoc) protected
glycine. This reaction can be catalyzed by the replicator due to the placement of its
lysine residues into a microenvironment that activates ϵ-amines for catalysis upon
the formation of a fibre shown in Figure 2 (a). The coulomb interaction in this close
proximity changes the pKa of some ϵ-amines contained in the lysine side chain,
thus increasing their nucleophilicity.24 This phenomenon can be compared to the
non-covalent assembly of protein complexes which affects the protein’s ability to
catalyze chemical reactions.
Protecting groups are used in chemical synthesis as a tool for preventing a func-

tional group from unwanted reactions. If a molecule contains such a vulnerable
functional group, as a given example an amine group, it can be coupled to the so
called Fmoc protecting group in order to prevent the amine functionality to undergo
a reaction. The Fmoc group can be removed under basic conditions due to the acidity
of the proton in position 9. The removal of this specific proton is usually carried
out with amine bases like piperidine or pyrrolidine. Due to the perturbed pKa in the
lysine side chains also the replicator is capable to deprotonate the proton in position
9 which is followed by a β-elimination leading to the release of the free amine as
well as carbon dioxide acting as the driving force and DBF.23

Another essential feature is a phenomenon referred as feedback which is a
control element that controls auto-inhibition denoted as negative feedback and

(a)

(b)

Figure 2: The assembly into fibres (a) places the amino groups from the lysine side chains into
microenvironments that activates ϵ-amines for catalysis upon the formation of a fibre through
lowering the amine’s pKa of about 3 units. The amino groups in the stacked conformation
are due to their perturbed pKa now capable of catalyzing reactions. Scheme (b) shows the
retro aldol reaction of methodol to 6-methoxy-2-naphthaldehyde and acetone which happens
via an intermediate iminium formation between the carbonyl group of methodol and the
ϵ-amine of the replicator.
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1.1 the fundamental functions of life

auto-amplification called positive feedback. The latter provides the basis for self-
replication.22

Recently, the Otto group has shown emerging catalytic properties that create
a positive feedback loop which is reminiscent to a primordial anabolism.24 It was
shown that the side product DBF resulting from the Fmoc deprotection speeds up
thiol oxidation hence it creates a positive feedback on the replication mechanism. It is
suspected that super-oxide radicals, working as reactive oxygen species, play a central
role during the oxidation of the building block thiols, resulting in a one electron
oxidation of thiolates to thiyl radicals. Furthermore, through oxidative addition of
the reactive oxygen species to the released side product DBF, the super-oxide radicals

(a)

(b)

(c)
Figure 3: Mechanism of (a) the Fmoc deprotection. The
proton that has to be removed in position 9 shows a pKa of
about 2523 since its conjugate base is an aromatic cyclopenta-
dienyl anion also stabilized by the two phenyl rings leading
to a stable 14 electron aromatic system. Via an E1cB mech-
anism the elimination is usually carried out by a secondary
amine like piperidine as the base with following loss of CO2

as the driving force finally resulting in the elimination of the
free amine as well as dibenzofulvene (DBF)23 which (b) speeds up thiol oxidation through
oxidative addition of the reactive oxygen species to the C−−C double bond stabilizing super-
oxide radicals. The following decomposition generates even more radicals which oxidize
the thiolates of the building block creating a radical avalanche resulting in a positive feed-
back on the replication mechanism.24 Due to solubility issues of the apolar Fmoc group
the water soluble sulfonated analogon (c) 9-(2-Sulfo)fluorenylmethoxycarbonyl (Smoc), first
established by Merrifield et al.25, was successfully tested in the Otto group to be deprotected
by the self-replicator.
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introduction

are stabilized and the following decomposition generates even more radicals, which
oxidize the thiolates of the building block creating a radical avalanche.24

Recent Catalysis Expansions of a peptide-based Self-Replicator

The substrate scope has also been explored to the sulfonated analogon of the Fmoc
group, the water soluble Smoc protecting group first established byMerrifield et al. in
the 1970s.25 The deprotection rate of Smoc-glycine (SmocGly) is even faster compared
to the Fmoc analogon. This could be due to higher coulomb attraction between the
negatively charged sulfonate group on the substrate and the positively charged lysine
residues of the replicator, probably causing a tighter and more favored arrangement
between substrate and replicator leading to a faster deprotection. Furthermore, the
released side product sulfo-dibenzofulvene (SDBF) seems to have a higher impact on
the positive feedback loop resulting in a faster thiol oxidation compared to DBF.26

With the Fmoc- and Smoc-deprotection of glycine a first step towards creating
metabolic-type pathways was accomplished. This achievement combines two neces-
sary functions for life which is self-replication and a primitive metabolism.

1.1.3 Compartmentalization

Another necessary requirement for a living system is the local restriction of self-
replication and metabolism to a confined environment meaning defined boundary
between "inside" and "outside" by compartments.27 Without local restriction a cell
would not be able for the transfer of mass and information and would rather be a
mixed-reactor with having potential interactions and reactions between all compo-
nents.22

Surfactants, also denoted as amphiphiles, consist out of a hydrophilic moiety
referred as head group as well as a hydrophobic moiety, which is often denoted

  

CMC

  

CAC

(a) (b)

(c)

Figure 4: Different forms of compartmentalization (a) mizellation through the supramolecu-
lar assembly of single tail amiphiphiles when above the critical micelle concentration (CMC)
(b) formation of vesicles from double tailed surfactants when above the critical aggregation
concentration (CAC) and (c) coacervation through equilibration of opposite charges carried
by polymers in a certain pH range.
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1.1 the fundamental functions of life

as tail and usually corresponds to an alkyl chain. In aqueous systems amphiphiles
start to assemble into compartments above a certain concentration with having the
hydrophobic tails on the inside and the polar headgroup on the outside. With the
formation of compartments, hydrophobic attraction between the hydrocarbon chains
in aqueous media and repulsive forces caused by steric and electrostatic interactions
between the neighboring hydrophilic head groups become relevant. The driving force
for these supramolecular assemblies is the tendency of the hydrophobic part of the
surfactant to minimize its contact with water, which is denoted as the hydrophobic
effect. This is achieved by bunching together the apolar alkyl chains forming the
core of the compartment. The hydrophilic head groups remain on the surface of the
compartment, which further reduces the contact between the hydrophobic chains
and water.28

In most cases single tailed amphiphiles self-assemble in aqueous systems into
micelles, when above the so called CMC. In micelles the hydrophobic chains come
in close contact and form an oily core which is surrounded by polar head groups.
Due to the hydrophobic core, micelles are important to solubilize water-insoluble
compounds.29

Amphiphiles that bear two hydrophobic tails and a hydrophilic head group are
mostly able to self-assemble into hollow closed bilayers denoted as vesicles. They
have drawn much attention due to the structural similarities to biological cell mem-
branes but also because of their capacity to entrap active compounds in their in-
sides.29,30 When above the CAC, which is usually lower than the CMC, vesicles are
often spherical but can also have other shapes in a uni- or multilamellar arrangement.
An important difference between vesicles and micelles is, that the former is able to
enclose some of the aqueous phase due to the hollow hydrophilic inner structure,
which can be used to entrap active compounds.29

Another form of compartmentalization is coacervation which is shown in Figure 4
(c).31 "IUPAC defines coacervation as the separation into two liquid phases in colloidal
systems (the phase more concentrated in colloid component is the coacervate, and the
other phase is the equilibrium solution). The phenomenon can be divided into “simple”
and “complex” coacervation" 31 p .1313 Systems which contain only one colloidal solute
are denoted as simple coacervation, while the complex phenomenum usually involves
more than one colloid. The latter process has been found to be pH dependent and
has been discovered in systems containing two dispersed colloids showing opposite
electrical charge. The optimum condition for complex coacervation is achieved at
a certain pH where equivalent amounts of oppositely charges of the two colloids
are present, since the greatest number of salt bonds is formed at this point. These
compartments can be used for micro encapsulation and thus also for entrapping
active molecules like the self-replicator.

Recent Developments of Self-Replication in Compartments

Recent developments in the Otto group showed the entrapment of a synthetic self-
replicator in coacervates.32 Further works dealed with the entrapment of the self-
replicator bearing the peptide chain -GLKFK in vesicles formed by phospholipides
in order to investigate the behavior of the replicator in presence of liposomes.33

However, none of these compartmentalizations were directly induced by the self-
replicator, which will be treated in this thesis by applying three different main
strategies.
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introduction

  

CMC

+

(a)

(b)

(c)

Figure 5: Main strategies used in this work
for inducing compartmentalization by the self-
replicator. In the capped surfactant strategy
(a) a Smoc-protected amphiphile such as an
aliphatic amine is deprotected by the self-
replicator resulting in compartmentalization
when above the CMC. In the synthesis strategy
(b) a molecule bearing a Smoc-protected func-
tional group such as an amine is deprotected by
the replicator and can then undergo a reaction
such as an imine formation with an aldehyde
resulting in a surfactant structure which will
form compartments.27,28 Also the replicator
by itself could catalyze C−C bond formations
hence the synthesis of amphiphiles. In the
trapped catalyst approach (c) an aminobase
such as pyrrolidine, which is able to catalyze

C−C bond formations, is protected with the Smoc-group. When it is deprotected by the
self-replicator the amino base is released and can catalyze the synthesis of a surfactant.
The mentioned strategies can be expanded to double tailed surfactants resulting in vesicle
formation.

1.2 main research strategies elaborated in this thesis

Connecting the three fundamental functions of life self-replication, a primitive
metabolsim and compartmentalization in a conceptual way is a crucial step for
a better understanding about how life could have emerged. In order to achieve
this, three different main strategies were applied in this work: the deprotection
of amiphiphiles, deprotection of "active" molecules which then undergo a reaction
leading to surfactants, and the synthesis of surfactants through a cascade reaction
by an organocatalyst which needs to be deprotected by the self-replicator at first.

1.2.1 Deprotection of Surfactants

The deprotection of compartment forming molecules by the synthetic self-replicator
should lead on the one hand to compartmentalization and hence to the combination
of self-replication, a primitive metabolism and formation of compartments in a
conceptual way as well as on the other hand to knew knowledge about substrate
dependence.

As described in Figure 5 (a), a Smoc potected surfactant such as a primary amine,
is deprotected by the self-replicator and when the concentration of the released am-
phiphile becomes higher than the CMC, compartmentalization is induced. However,
during the work for this thesis, solubility issues with the non-polar Fmoc protecting
group occurred, which led to a switch to the Smoc group, the water soluble analogon
of Fmoc. Although Smoc protected amines already show a surfactant structure, it
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1.3 aim and outline

is assumed that due to the heavy negatively charged sulfonate group, the CMC is
higher compared to the free aliphatic amine and hence compartmentalization still
can be induced through deprotection.

1.2.2 Synthesis of Surfactants induced by the Self-Replicator

It was reported by Šegota28 and Seoane 27 that the formation of vesicles was achieved
by imine formation between a phospholipid bearing an amine group and an aliphatic
aldehyde. As described in Figure 5 (b), the deprotection of a molecule featuring an
amine moiety which can undergo imine formation with an aliphatic aldehyde after its
release should lead to the formation of amphiphiles followed compartmentalization
when above the CAC.

Furthermore, it could be that the self-replicator is not just able to catalyze the
Fmoc/Smoc deprotection or methodol retro aldol reaction, but also other aminobase
catalyzed reactions like the Knoevenagel condensation between a CH-active meth-
ylene compound and an aldehyde. By choosing the substrates and reaction media
wisely it could be that even the self-replicator is able to be the catalyst and synthesize
amphiphiles by itself leading to compartmentalization.

1.2.3 Synthesis of surfactants through a reaction cascade

Various aldol reactions and Knoevenagel condensations catalyzed by aminobases in
water are reported in literature, among others by Jiang 34 and Gomes 35. In nature,
biochemical reaction cascades involving a series of chemical reactions such as sig-
naling cascades causing cell responses, are very common and essential for keeping
the biochemical machinery alive.36 A reaction cascade involving the deprotection
of a Smoc protected organocatalyst, which can then catalyze a reaction leading to
a surfactant, finally forming compartments, is used as one of the strategies in this
work and is described in Figure 5 (c).

1.3 aim and outline

The aim of this thesis is to connect the three fundamental functions of life self-
replication as transfer of information, a primitive metabolism for a constant supply
of energy and compartmentalization for a local restriction and prevention from
unwanted side reactions.
During the course of this master project the long-term goals for each of the

treated projects remained constant. However, as research uncovered new data and
contradicted expectations, the strategies and milestones for achieving these goals
changed often. The pursuit of the main research lines also opened new ones, which
were only marginally treated (if at all) due to limited time available during the course
of this master project.
Despite understanding that the main focus should be on finished projects, the

author believes that this master thesis would not be complete without describing
those initial ideas and possible chances of the treated research lines. For this reason,
some chapters include an "Outlook"-section.
The reminder of this thesis is organized as follows: Chapter 2 is giving an intro-

duction to the behavior of the self-replicator in presence of compartment forming
molecules and the exploration of its substrate scope, Chapter 3 deals with the intro-
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introduction

duction of a reaction cascade induced by the replicator followed by the synthesis
of amphiphiles by a released organocatalyst which should lead to the formation of
compartments and Chapter 4 is dealing with the synthesis of surfactants induced by
the replicator. The whole analysis data can be found in the appendix.
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TOWARDS COMPARTMENTAL IZAT ION IN PRESENCE OF A 2SYN THET IC SELF -REPL ICATOR

Previous works in the Otto group have shown that the synthetic self-replicator featuring
the peptide chain -GLKFK is capable of deprotecting Fmoc- and Smoc-glycine. In order to
use this reaction to catalyze the formation of compartments, we first need to address if the
replicator remains stable and catalytically active in presence of relevant compartment-
forming molecules. Furthermore, the substrate scope should be expanded to protected
surfactants in order to achieve compartmentalization by the capped surfactant approach.

2.1 stability and catalytic activity of a peptide-based self-

replicator in presence of different types of surfactants

To answer the question about the replicator’s stability and catalytic activity in pres-
ence of surfactants, transmission electron microscopy (TEM) was used to visualize
the fibres and ultra violett (UV) measurements to confirm that the fibres are still
catalytically active in presence of compartment-forming molecules.

2.1.1 Proof of Stability by TEM Measurements

In order to investigate if surfactants destroy the fibres or inhibit the emergence of hex-
amer, non-ionic (polyoxythylene(4) lauryl ether (BRIJ30)), cationic (cetyltrimethyl-
ammoniumbromid (CTAB)) and anionic (sodiumdodecylbenzenesulfate (SDBS)) sur-
factants were each mixed with hexamer and monomer in borate buffer (50 mM,
pH 8.2) and stirred with 1200 rpm at ambient temperature for 10 days. Negative
stain TEM was then performed for all six samples (Figure 6, (a) - (f)). Additionally,
oleic acid was mixed with monomer in borate buffer (50 mM, pH 8.2) and stirred
with 1200 rpm at ambient temperature for 2 days. With this sample cryo-TEM was
performed (Figure 6, (g)). In all experiments, the concentration of the surfactant was
chosen to be above the critical micelle concentration (CMC).37–40

Since the TEM images (a) - (c) in Figure 6 show that the fibres are still present
when mixed with the different surfactant types, it can be assumed that the tested
surfactants do not significantly destroy the fibres. Furthermore due to the presence
of fibres in (d) and (e) it can be assumed that the emergence of hexamer and its
assembly to fibres is not significantly hindered by the non-ionic BRIJ30 or cationic
CTAB. Since it seems that no fibres are present in (f) it could be that the anionic
surfactant SDBS inhibits the emergence of hexamer and its assembly to fibres due to
an electrostatic attraction between the positive charge of the lysine residues present
in the monomer and the negatively charged head group of SDBS. The structures in
(f) appear to be dried membranous structures of SDBS. However, it could also be that
the fibres are aggregated to the surfactant or covered up by the dried membraneous
structures due to an electrostatic attraction. In order to confirm the latter, cryo TEM
needs to be performed (not in this thesis). Interestingly, the cryo TEM picture of
monomer mixed with oleic acid in (g) shows fibre-like structures with a diameter of
about 25 nm whereas hexamer fibres show dimension of about 3 nm.8 It could be
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compartmentalization in presence of a synthetic self-replicator

(a) (b) (c)

(d) (e) (f)

(g) Figure 6: Negative stain TEM images of hexamer fibres in
presence of different surfactant types. The scale bars are
given on the left lower side of each image. (a) hexamer
(2 mM) with BRIJ30 (0.006 mM). Scale bar: 200 nm. (b) hex-
amer (1.7 mM) with CTAB (1.5 mM). Scale bar: 200 nm. (c)
hexamer (1.5 mM)with SDBS (2.8 mM). Scale bar: 200 nm. (d)
monomer (2 mM) with BRIJ30 (0.006 mM). Scale bar: 200 nm.
(e) monomer (1.7 mM) with CTAB (1.5 mM) in borate buffer
(50 mM, pH 8.2). Scale bar: 200 nm. (f) monomer (1.5 mM)
with SDBS (2.5 mM). Scale bar: 50 nm. Cryo-TEM of (e)

monomer (0.5 mM) with oleic acid (3 mM) in borate buffer (50 mM, pH 8.2). Scale bar:
200 nm.

that the structures in (g) are intertwined hexamer fibres but this was not confirmed
in this work.

2.1.2 Proof of Catalytic Activity by UV Measurements

As shown in the section before, in presence of different surfactant types the fibres
seem to be stable. However, TEM images do not give any indication of their catalytic
activity. In order to probe catalytic activity the deprotection of the standard substrate
Smoc-glycine (SmocGly) by the replicator in presence of different surfactant types
was monitored by UV measurements where the absorption of the released side prod-
uct sulfo-dibenzofulvene (SDBF) from the deprotection is measured at its absorption
maximum of 308 nm. The catalytic rates are given in Abs/min since the absorption
coefficient of SDBF is difficult to measure due to various side reactions that SDBF
can undergo in water. These side reactions include polymerization, water addition to
the double bond and recent results from the Otto group show that the self-replicator
forms addition products with SDBF as well. These side reactions could cause a shift of
the absorption maximum which makes the measurement of its absorption coefficient
difficult. Nevertheless, in this measurement set up the evolution of absorbance over
time gives an indication of the rate of deprotection.
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2.2 deprotection of compartment forming molecules

Catalytic rate

∗10−5 [Abs/min]

6mer/SDBS 1410 ± 4

6mer/CTAB 1880 ± 3

6mer 1760 ± 2

SDBS -19 ± 5

CTAB -80 ± 2

Figure 7: Results of SmocGly deprotection by the self-replicator in presence of different
surfactant types. The UV measurements were performed without stirring in 50 mM borate
buffer pH 8.2 at 25°C using 308 nm as the detection wavelength for SDBF. The concentration
for the substrate SmocGly was 50 µM, the replicator 20 µM, SDBS 20 µM and CTAB 20 µM.
The catalytic rates are given in *10−5 Abs/min in the table to the right beside the UV graph.

Figure 7 shows that the fibres are still capable of deprotecting SmocGly in presence
of surfactants. The blank measurements were performed with just the substrate and
surfactant without replicator in order to exclude a possible background reaction.
The results for the catalytic rates are given in Table 1. Since the slopes of both
blanks are negative, which does not make sense in this measurement set up, the
background reaction is treated as 0 Abs/min. The control measurement included just
the replicator and standard substrate SmocGly without adding any surfactants. It
shows a catalytic rate of 1760∗10−5 Abs/min.
The deprotection rate in presence of the positively charged surfactant CTAB is

slightly higher than the control measurement which could result from possible
pipetting mistakes. The positively charged surfactant does not hinder the replicator
to be catalytic active. However, it is interesting that in presence of the cationic
surfactant not the same plateau in absorption unit (a.u.) is reached compared to the
control. A reason for this could be, that an electrostatic attraction between the anionic
sulfonate group of SmocGly and the positively charged head group of CTAB traps
the substrate, which results in an incomplete conversion of the substrate. It could also
be that an electrostatic attraction between the cationic surfactant and the sulfonate
group of the released side product SDBF causes a shift of the absorption maximum
of SDBF and hence cannot be detected by the UV machine which measures just at
the wave length of 308 nm. In presence of the negatively charged surfactant SDBS
the deprotection rate is slowed down to 1410∗10−5 Abs/min compared to the control
measurement. However, the same plateau in a.u. as in the control was reached.

In order to confirm the phenomena, if the deprotection rate is indeed significantly
slowed down by an anionic surfactant and enhanced by a cationic one, if the substrate
is trapped by a positively charged surfactant or if the differences compared to the
control result from pipetting mistakes, multiple measurements should be carried out
(not in this thesis). However, the important conclusion from this section is that the
replicator is still catalytic active in presence of surfactants.

2.2 deprotection of compartment forming molecules mediated

by a synthetic self-replicator

It was shown in the previous section that the synthetic self-replicator is indeed
capable of deprotecting the standard substrate SmocGly in presence of different
surfactant types. In order to combine self-replication and a primitive metabolism
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compartmentalization in presence of a synthetic self-replicator

CMC

Figure 8: The capped surfactant ap-
proach. Scheme (a) shows the principle
behind this strategy. The polar head group
of the surfactant is capped by the Fmoc
group and prevents compartmentalization. The self-replicator uncaps the protecting group so
that the free surfactant forms compartments above the CMC. Scheme (b) shows the substrate
scope of aliphatic single tail amines that was synthesized and tested.

with compartmentalization in a conceptual way the substrate scope will be explored
to protected compartment-forming molecules (Figure 8).

2.2.1 Deprotection of aliphatic primary amines

Previous works in the Otto group have shown that this particular synthetic self-
replicator is able to deprotect the substrate Fmoc-Glycine (FmocGly). Primary amines
form micelles in water when their concentration is above the CMC. As a given
example, hexylamine shows a CMC of 4*10−3 M in water at 25°C.41

As a first starting point, hexylamine was protected with the Fmoc group. The UV
measurements in Figure 9 (a) show that the self-replicator is not able to do the Fmoc
deprotection with hexylamine. The negative absorption results from solubility issues
of the Fmoc group which already appeared with the standard substrate FmocGly
(not in this thesis) but become even more crucial with Fmoc-hexylamine due to
the hydrophobic aliphatic chain of the amine. Hence, in order to prevent solubility
issues the experiment was repeated with the Smoc-protected hexylamine. Figure 9
(b) shows that the replicator is able to deprotect Smoc-hexylamine with a catalytic
rate of 334*10−5 Abs/min.

Catalytic rate

∗10−5 [Abs/min]

BlankHexyl 0.6 ± 1

SmocHexyl 334 ± 3

BlankHexyl 35 ± 1

SmocOctyl 153 ± 1

SmocDecyl 90 ± 3

SmocDodecyl 50 ± 2

(a) (b)

(c)
Figure 9: Kinetic measurements of
(a) Fmoc-Hexylamine and (b) Smoc-
protected amines starting from Smoc-
hexylamine, increasing the substrate
alkyl chain length with Cn+2 to Smoc-
Dodecylamine. The UV measurements
were performed without stirring in wa-
ter at 25°C using 308 nm as the detection
wavelength for SDBF. The concentration for each substrate was 100 µM and the replicator
40 µM. Panel (c) shows the correlation between aliphatic chain length of the substrate and
catalytic rate. The catalytic rates are given in the table beside (c).
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2.2 deprotection of compartment forming molecules

In order to explore what is the longest amine that the replicator can deprotect
before aggregation starts playing an important role, the experiments were continued
with Cn+2 Smoc-protected primary amines. In Figure 9 (b) it is shown that the
replicator is able to deprotect Smoc-amines until dodecylamine.

Graphs (b) and (c) in Figure 9 clearly show the longer the alkyl chain is the lower
is the catalytic rate. Thus, it seems to be that the deprotection rate correlates with
hydrophibicity. It could be the hydrophobicity of the alkyl chains that makes the
accessibility of the Smoc-protecting group harder for the hydrophilic replicator.
The longer the alkyl chain is, the higher is the hydrophibicity and the lower the
interaction becomes between the aliphatic amine and the self-replicator. At a certain
chain length the hydrophobicity of the substrate is too high, so that the replicator
cannot access the Smoc group anymore. In order to confirm if the correlation between
catalytic rate and substrate hydrophobicity is linear, parabolic or exponential, as it
looks like in graph (c), multiple measurements of each Smoc-amine should be carried
out (not in this thesis).

2.2.2 Deprotection Kinetics of Smoc-protected aliphatic primary Amines

To study the effects of temperature, reaction medium and hydrophobicity on the cat-
alytic rate, kinetic measurements of the Smoc-hexylamine as well as Smoc-octylamine
deprotection were performed at different temperatures in various reaction media.
The only structural difference between these two compounds is the additional −C2H5

group of octylamine which is ideal to study how the hydrophobicity and tendency
for aggregation of the substrate changes the deprotection kinetics.

(a) (b)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankHexyl 10 ± 1 3 ± 1

Hexyl-1 2150 ± 40 1800 ± 20

Hexyl-2 2240 ± 50 2060 ± 1

Mean 2200 ± 100 1900 ± 200

BlankOctyl 6 ± 1 -3 ± 1

Octyl-1 198 ± 8 1360 ± 60

Octyl-2 150 ± 20 850 ± 20

Mean 180 ± 30 1100 ± 400

Figure 10: Kinetic UV measurements of Smoc-hexylamine and Smoc-octylamine deprotec-
tion by the self-replicator in water. The measurements were performed without stirring at
25°C (a) as well as 40°C (b) using 308 nm as the detection wavelength for SDBF. Each blank
was the Smoc protected amine in water. The catalytic rates (*10−5 Abs/min) are given in the
table below the graphs.
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compartmentalization in presence of a synthetic self-replicator

In water (Figure 10) there is no significant background reaction for the Smoc-
protected amines neither at 25°C nor at 40°C. Since the slope of the Smoc-octylamine
blank at 40°C is negative, which does not make sense in this measurement set up,
the background reaction is considered to be 0 Abs/min.
At 25°C a remarkable difference in the catalytic rate between the deprotection

of Smoc-hexylamine and Smoc-octylamine occurs which shows that the length of
the alkyl chain clearly influences the catalytic rate since Smoc-hexylamine is faster
deprotected than Smoc-octylamine. Interestingly at 40°C there is not a significant
difference for the deprotection rate of Smoc-hexylamine compared to the rate at 25°C
while for Smoc-octylamine the deprotection rate at 40°C is almost 6 times increased.

Since Smoc-hexylamine carries a shorter alkyl chain it could be that at 25°C
aggregation effects play a minor role for the accessibility to the replicator compared
to Smoc-octylamine. The CMC increases with temperature, which is due to increased
molecular motion. Hence a higher temperature could have more impact on the
enhancement of the Smoc-octylamine deprotection rate, because more aggregates are
broken and the substrate is suddenly way more accessible to the replicator compared
to 25°C and thus is faster deprotected. Smoc-hexylamine is better accessible to the
replicator at 25°C and it could be, that the increased temperature hence does not
influence the deprotection rate by the same factor as it does with Smoc-octylamine
because less aggregates need to be broken.
Another reason that the deprotection rate for Smoc-hexylamine shows not a

significant difference between 25°C and 40°C could be that at higher temperatures the
released side product SDBF undergoes faster addition reactions with water and the
replicator so that SDBF could not be accurately detected which makes the rate appear
to be not significantly affected by temperature. Furthermore a pipetting mistake
could have happened as well, so that there was less substrate available compared
to 25°C. However, when comparing the shapes of the curves at 25°C and 40°C of
Smoc-hexylamine it appears to be that at higher temperature the curve is steeper
than at 25°C.
After all, reaction rates tend to increase with temperature. Due to the fact that

reactants must collide with one another with enough energy, and temperature in-
creases the average kinetic energy of reactants the catalytic rate should actually be
increased for Smoc-hexylamine as well.

Another interesting aspect is that at 25°C in case of Smoc-hexylamine the plateau
is reached at almost 1 a.u. while at 40°C the plateau is reached at 0.7 a.u. Since in all
UV measurements the same substrate concentration was used and the absorption
maximum of 308 nm of the released sideproduct SDBF was measured, the decreased
plateau at 40°C could either mean an incomplete conversion of the substrate or a shift
of the absorption maximum due to various side reactions that SDBF can undergo.
One of these side reactions is the polymerization at the double bond. It could be
that SDBF polymerizes faster at higher temperatures compared to 25°C and the
resulting multiple negatively charged polymer sticks to the replicator which carries
positive charges and hinders it from further catalysis thus causes an incomplete
conversion or the absorption maximum of the polymer is shifted so that the released
SDBF which polymerized was not measured. An enhanced polymerization at higher
temperatures could explain the fact that at 40°C a lower plateau in a.u. is reached
than at 25°C. Furthermore, it is possible that an addition reaction of the replicator to
the double bond of SDBF happens. It could be that either the deprotonated lysine
residues form the adduct with SDBF or the more nucleophilic thiols which leads to
the destruction of the self-replicator by opening the disulfide bonds. Both cases could
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2.2 deprotection of compartment forming molecules

(a) (b)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankHexyl -1 ± 3 14 ± 1

Hexyl-1 250 ± 5 652 ± 6

Hexyl-2 228 ± 6 552 ± 3

Mean 240 ± 20 600 ± 70

BlankOctyl 2 ± 1 10 ± 1

Octyl-1 30 ± 10 581 ± 7

Octyl-2 91 ± 3 329 ± 4

Mean 60 ± 40 460 ± 180

Figure 11: Kinetic UV measurements of Smoc-hexylamine and Smoc-octylamine deprotec-
tion by the self-replicator in 50 mM borate buffer pH 8.2. The measurements were performed
without stirring at 25°C (a) as well as 40°C (b) using 308 nm as the detection wavelength for
SDBF. Each blank was the Smoc protected amine in buffer. The catalytic rates (*10−5 Abs/min)
are given in the table below the graphs.

cause an incomplete conversion or a shift of the absorption maximum. The addition
of water to the double bond is another possible side reaction that could also explain
a lower plateau in a.u. resulting from the absorption maximum shift. Furthermore
the mentioned explanations for a lower plateau in a.u. could also explain the issues
in determining the absorption coefficient of the released SDBF.
In 50 mM borate buffer pH 8.2 (Figure 11) there is no significant background

reaction for the Smoc-protected amines neither at 25°C nor at 40°C. The negative
slope in the Smoc-hexylamine blank at 25°C is considered as 0 Abs/min.

At 25°C the catalytic rate for Smoc-hexylamine is almost 4 times faster compared
to Smoc-octylamine. The significant difference in catalytic rate between the single
measurements of Smoc-octylamine could be explained by possible aggregation effects.
The Smoc-protected amines are surfactants and the longer the alkyl chain length is
the lower is the aggregation concentration which could cause inhomogenities in the
different measurements.
At 40°C the catalytic rate for Smoc-hexylamine is more than twice as fast as

the deprotection at 25°C. For Smoc-octylamine the catalytic rate at 40°C is about 7
times faster compared to the deprotection at 25°C. Temperature seems to have more
influence on the catalytic rate of the Smoc-octylamine deprotection which could
explained by aggregation which plays a bigger role for Smoc-octylamine than for
Smoc-hexylamine. Since reaction rates tend to be increased with temperature also
the Smoc-hexyl deprotection is enhanced at 40°C.
Interestingly, the Smoc-hexylamine measurements reach the same plateau in

a.u. at both temperatures while the Smoc-octylamine show significant differences
of more than 0.2 a.u. at 25°C and 0.4 a.u. at 40°C. This could also be explained by
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compartmentalization in presence of a synthetic self-replicator

(a) (b)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankHexyl 10 ± 1 -3 ± 1

Hexyl-1 89 ± 1 128 ± 6

Hexyl-2 81 ± 1 146 ± 2

Mean 86 ± 4 140 ± 10

BlankOctyl 6 ± 1 4 ± 1

Octyl-1 7 ± 1 159 ± 8

Octyl-2 9 ± 1 20 ± 1

Mean 8 ± 2 90 ± 100

Figure 12: Kinetic UV measurements of Smoc-hexylamine and Smoc-octylamine depro-
tection by the self-replicator in 50 mM phosphor buffered saline (PBS) buffer pH 7.5. The
measurements were performed without stirring at 25°C (a) as well as 40°C (b) using 308 nm
as the detection wavelength for SDBF. Each blank was the Smoc protected amine in buffer.
The catalytic rates (*10−5 Abs/min) are given in the table below the graphs.

inhomogenities between the single measurements due to aggregation which could
make the Smoc-protected octylamine less accessible for the replicator.

In 118 mM PBS buffer pH 7.5 (Figure 12) there is no significant background reaction
neither at 25°C nor at 40°C. The negative slope in the Smoc-hexylamine blank at
40°C is considered as 0 Abs/min.

At 25°C Smoc-hexylamine can be deprotected by the self-replicator while the rate
for Smoc-octylamine is comparable with its blank. At 40°C the catalytic rate for
Smoc-hexylamine is increased by a factor of approximately 1.5 while the deprotection
of Smoc-octylamine is increased by a factor of 11. Thus at higher temperature it can
be deprotected by the self-replicator while at 25°C this is not the case. However, the
single Smoc-octylamine deprotection measurements show a huge difference in the
catalytic rate. One measurement (Octyl-1) shows a deprotection rate of 159∗10−5

Abs/min which is in the magnitude of the Smoc-hexylamine deprotection rate but
the second one (Octyl-2) shows almost no deprotection. Hence the error is bigger
than the average which makes this result unreliable. It is very likely that a pipetting
mistake happened. Either in the Octyl-1 measurement Smoc-hexylamine was used
as substrate instead since the catalytic rate is very similar to the Smoc-hexylamine
deprotection or the substrate was forgotten in the Octyl-2 measurement since there
is almost no deprotection. In order to exclude a pipetting mistake the measurement
should be repeated (not in this thesis).
In 50 mM HEPES buffer pH 7.5 (Figure 13) there is a significant background

reaction for Smoc-hexylamine at both temperatures as well as for Smoc-octylamine
at 40°C which could also be an indication that aggregation effects play a bigger role
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2.2 deprotection of compartment forming molecules

(a) (b)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankHexyl 17 ± 2 42 ± 1

Hexyl-1 760 ± 20 1400 ± 100

Hexyl-2 660 ± 10 920 ± 10

Mean 710 ± 70 1200 ± 300

BlankOctyl 9 ± 1 27 ± 2

Octyl-1 8 ± 0.008 250 ± 10

Octyl-2 9 ± 0.006 196 ± 3

Mean 8.0 ± 0.4 220 ± 40

Figure 13: Kinetic UV measurements of Smoc-hexylamine and Smoc-octylamine deprotec-
tion by the self-replicator in 50 mM 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethanesulfuric
acid (HEPES) buffer pH 7.5. The measurements were performed without stirring at 25°C (a)

as well as 40°C (b) using 308 nm as the detection wavelength for SDBF. Each blank was the
Smoc protected amine in buffer. The catalytic rates (*10−5 Abs/min) are given in the table
below the graphs.

for Smoc-octylamine which shows almost no background reaction at 25°C but a
significant one at 40°C.

At 25°C Smoc-hexylamine can be deprotected by the self-replicator while the rate
for Smoc-octylamine is comparable with its blank of 8∗10−5 Abs/min. At 40°C the
catalytic rate for Smoc-hexylamine is increased by a factor of approximately 1.7
while the deprotection of Smoc-octylamine is increased by a factor of 28 hence at
higher temperature it can be deprotected by the self-replicator while at 25°C this is
not the case. Interestingly, Figure 13 (b) shows that between the Smoc-hexylamine
measurements there is a difference of around 0.2 a.u. of the reached plateau. It could
be that in these measurements inhomogenities due to aggregation effects played a
role.

Another interesting aspect is that the reaction medium has a remarkable influence
on the catalytic rate. Table 5 shows a summary of all catalytic rates mentioned in
this section for a better overview. At 25°C the order from highest to lowest catalytic
rate for Smoc-hexylamine is water, HEPES pH 7.5, borate pH 8.2 and PBS pH 7.5
buffer. Smoc-octylamine showed a different order of water, borate pH 7.5 and almost
no deprotection in HEPES pH 7.5 and PBS pH 7.5 buffer. Hence with both substrates
the highest catalytic rates were achieved in water. At 40°C for Smoc-hexylamine
the order from highest to lowest catalytic rates is water, HEPES pH 7.5, borate
pH 8.2 and PBS pH 7.5 buffer. Smoc-octylamine shows a different order of water,
borate pH 7.5, HEPES pH 7.5 and PBSi pH 7.5 buffer. Again, with both substrates

iNote that the error is bigger than the mean due to a possible pipetting mistake.
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compartmentalization in presence of a synthetic self-replicator

H2O Borate PBS HEPES

Catalytic rate Catalytic rate Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min] ∗10−5 [Abs/min] ∗10−5 [Abs/min]
Hexyl25C 2200 ± 70 240 ± 20 86 ± 4 710 ± 70
Hexyl40C 1900 ± 200 600 ± 70 140 ± 10 1200 ± 300
Octyl25C 180 ± 30 60 ± 40 8 ± 2 8.0 ± 0.4
Octyl40C 1100 ± 400 560 ± 180 90 ± 100 220 ± 40

Table 5: Summary of the mean values of the deprotection rates of Smoc-hexylamine and
Smoc-octylamine received by the kinetic UV measurements at 25°C and 40°C in different
reaction media.

the highest catalytic rates were achieved in water. To find a possible explanation
for the order of reaction media, one has to take a closer look at the properties
of the reaction media. Boric acid shows pKa values of ∼ 9.2, 12.4 and 13.3 and
phosphoric acid ∼ 2.2, 7.2 and 12.3. HEPES is a zwitterionic compound bearing one
sulfonate group that is completely dissociated over almost the whole pH range and a
piperazine moiety with two nitrogens, showing a pKa of ∼ 3.0 and ∼ 7.6, respectively.
HEPES has its isoelectronic point pI at ∼ 5.0. At pH 7.5 the sulfonate group and one
nitrogen are completely deprotonated and the other one partially protonated at this
pH. Hence a possible explanation for the order of reaction media could be that the
buffered solutions contain a certain amount of charged molecules depending on the
dissociation grade which is linked to the pKa of the buffer molecules. Negatively
charged salts and molecules could have an inhibition effect to the positively charged
replicator. Furthermore, the sulfonate group of the substrate could be blocked by
positively charged buffer salts and therefore the substrate and replicator do not
attract each other which could hinder the arrangement of substrate and replicator
into a suitable conformation for a faster deprotection.
An important aspect regarding the influence of the reaction medium on the cat-

alytic rate could be the ionic strength which is according to Allen et al. defined as a
dimensionless parameter that provides a measure of concentration and charge of
ions influencing the properties of a solution containing ions. It is determined by all
ions in the solution and hence given by the sum of the product of the molality and
charge of all ions.ii Palladino et al. showed ionic strength effects on the CMC drawing
the conclusion that an increasing ionic strength decreases the CMC. The order of
reaction media after the catalytic rates could be explained by their ionic strength.
Compared to the other reaction media that were used, water shows the lowest ionic
strength hence according to Palladino et al. the highest CMC for Smoc-hexylamine
as well as Smoc-octylamine. The 118 mM PBS buffer with the additional salts sodium
chloride (NaCl) and potassium chloride (KCl) shows the highest ionic strength, thus
the lowest CMC, which possibly explains why Smoc-hexylamine is at 25°C very
slowly deprotected and Smoc-octylamine not at all.This is due to more aggregation
in the PBS buffer.
According to the ionic strength explanation the order of reaction media from

highest to lowest catalytic rate should be water - borate pH 8.2 - HEPES pH 7.5 - PBS
pH 7.5 which fits for Smoc-octylamine but not exactly for Smoc-hexylamine. The
latter shows a significant higher catalytic rate in HEPES pH 7.5 compared to borate
pH 8.2. Furthermore, at 25°C Smoc-hexylamine shows a significant background
reaction in HEPES buffer in contrast to Smoc-octylamine. The background reaction
in HEPES buffer could be caused by the piperazine moiety, which seems to have more
impact on Smoc-hexylamine than on Smoc-octylamine. This can also be explained by

iiNote that there exist different definitions for the term ionic strength with different units.
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2.2 deprotection of compartment forming molecules

the lower aggregation effects of Smoc-hexylamine and therefore is more accessible
for the deprotection compared to Smoc-octylamine, not just for the replicator but
for the buffer as well. However, wether the order of reaction media results from
inhibition of the replicator by charged buffer molecules, or from aggregation effects
by different CMCs depending on ionic strength, or if it is a combination of both
effects, kinetic UV measurements should be carried out with substrates that do not
form aggregates which will be discussed in Chapter 3.

Another important aspect is the temperature, which seems to have more impact on
the catalytic rate for the Smoc-octylamine deprotection than for Smoc-hexylamine.
As with all equilibrium constants, Ka is a function of temperature since it is related
to the Gibbs free energy of reaction. The pKa decreases with increasing temperature.
Hence at 40°C the pKa and pH values are lower than at 25°C which could also affect
the reaction rate. At lower pH values a larger amount of lysines of the self-replicator
are protonated hence it should be less efficient as a catalyst for the Smoc deprotection.
However, the reaction rates increase at higher temperatures due to higher average
kinetic energies as well as broken aggregates as already discussed. The last two
aspects might play a bigger role so that they overrule decreased pKa values and
higher temperatures speed up the deprotection.

2.2.3 Deprotection of Coacervate forming Molecules

Another approach for compartment formation is coacervation (Figure 14 (a)). Previ-
ous works in the Otto group have shown that synthetic peptide based self-replicators
can be trapped inside coacervates. The tetraamine spermine forms in combination
with PAA in the ratio 1:4 in water within the pH range 7,4 - 7,9 coacervates. In
this section the approach is to protect all four nitrogens of spermine with the Smoc-
group and test if the replicator is able to deprotect the tetraamine and finally induces
coacervation (Figure 14 (a)).

(a)

(b)

Figure 14: Coacervation is also a form of compartmentalization. Scheme (a) shows the
principle behind coacervation. Scheme (b) shows the idea of combining self-replication with
coacervation. The polyamine spermine is protected with the Smoc-group hence the positive
charge of the amines is capped and no coacervation happens. The self-replicator cuts off
the protection groups and in a 1:4 ratio of spermine and polyacrylic acid (PAA) at pH 7.6
coacervates are formed.
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compartmentalization in presence of a synthetic self-replicator

200 400 600 800 1000
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b
s
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a
n

c
e

(a
.u

.)

Blank

4xSmoc-FKBuffer

4xSmoc-PAA-FKBuffer

4xSmoc-FKwater

4xSmoc-PAA-FKwater

Catalytic rate

∗10−5 [Abs/min]

BlankBuf f er -9 ± 4

4xSmocSpermine/FKBuf f er 84 ± 4

4xSmocSpermine/PAA/FKBuf f er 18 ± 3

4xSmocSpermine/FKwater 260 ± 9

4xSmocSpermine/PAA/FKwater -33 ± 4

Figure 15 & Table 6: Kinetic measurements of 4xSmocSpermine in water and 50 mM borate
buffer pH 7.7 at 25°C using 308 nm as the detection wavelength for SDBF without stirring.
The concentration for the substrate was 100 µM, for PAA 40 µM and the replicator 40 µM.
The results for the catalytic rates are given in the table beside the graph.

After the synthesis of the protected tetraamine 4xSmocSpermine, UV measure-
ments were performed to see if the self-replicator is capable of deprotecting it in
general but also under the conditions which are necessary for coacervation.
The graph in Figure 15 shows that in general the replicator is able to deptrotect

4xSmocSpermine in water. Borate buffer with a pH of 7.7 slows the deprotection
down which could be caused on the one hand by buffer salts and on the other hand
by the pH of 7.7 where more lysines are protonated and hence the replicator becomes
less efficient deprotecting the Smoc-group. However, 4xSmocSpermine cannot be
deprotected in presence of PAA, neither in water nor in borate buffer. The reason
for that is most likely that the negatively charged PAA is electrostatically attracted
to the positive lysine residues of the replicator and hinders therby the deprotection
of the tetraamine.

2.2.4 Outlook

A possible solution to the inhibition of the replicator by the negatively charged
polymer could be the addition of PAA after 4xSmocSpermine was deprotected so
that the lysine residues are not blocked by the negatively charged polymer but this
was not done in this thesis.

Another possible solution to continue this project could be the idea of a destructing
self-replicator. It should be tested if 4xSmocSpermine which is four times negatively
charged forms coacervates with the four times positively charged spermine in a 1:1
ratio. If coacervation happens the self-replicator could destroy the compartments
through deprotection of the negatively charged component 4xSmocSpermine.

2.3 introduction of a new protecting group

The Otto group has explored the substrate scope, that the self-replicator is capable
to deprotect, from the Fmoc protecting group starting with the substrate FmocGly
to the mono sulfonated pendant Smoc using SmocGly as the analogon to FmocGly.
To continue this sequence of Fmoc analoga for further exploring the replicator’s
substrate scope, the double sulfonated pendant dSmoc is introduced in this thesis.
Figure 9 (a) shows that the replicator is not able to deprotect Fmoc-hexylamine

probably due to solubility issues of the substrate whereas (b) shows that the repli-
cator is capable to deprotect the mono sulfonated analogon Smoc-hexylamine. The
substrate scope was expanded until Smoc-dodecylamine, where possibly solubility
issues and aggregation hindered the replicator to access the substrate for carrying
out the deprotection. It is assumed in this thesis that the introduction of the dSmoc
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2.3 introduction of a new protecting group

Figure 16: Synthesis of a
di-sulfonated Fmoc protect-
ing group via two methods.
Method 1 was performed
according to a patent of
Knauer et al.42 that does not
mention any work up tech-

niques for this compound. Method 2 was performed according to the synthesis of 9-(2-
Sulfo)fluorenylmethyloxycarbonylchloride (Smoc-Cl) by Merrifield et al.25 with 2 eq. of
chlorosulfonic acid and 24h stirring. The positions of the sulfonate groups on the benzene
rings are not fully clear.

protecting group further increases the water solubility hence the substrate scope
could be expanded beyond dodecylamine possibly even to secondary amines.

2.3.1 Synthesis of the new Protecting Group dSmoc-Cl

The synthesis of 9-(x,x-disulfo)fluorenylmethyloxycarbonylchloride (dSmoc-Cl)
was at first performed according to a patent of Knauer et al.42 by treating 9-
Fluorenylmethyloxycarbonylchloride (Fmoc-Cl) with concentrated sulfuric acid. It
is not clear wether the sulfonate groups are attached at positions 2,9 or 3,8 hence
these positions are marked as x,x in the compound name. Accurate synthesis con-
ditions such as temperature, stirring time or work-up are not mentioned by the
authors of the patent. In this work the synthesis was carried out by treating 2.93 g
(11.33 mmol) Fmoc-Cl with 20 mL concentrated sulfuric acid in a 100 mL round
bottom flask equipped with a stirring bar. The reaction mixture was clear and dark
blue. After 5 h of stirring at room temperature the mixture became light blue and a
precipitate started to form. The suspension was stirred for another 15 h followed by
vacuum filtration of the light brown solid and washing the solid with a mixture of
hexane/dichloromethane (DCM) (1:1). Due to clogging of the filter the suspension
was neutralized by slowly adding a saturated sodium carbonate solution under cool-
ing. With raising the pH closer to neutral range the color of the solution changed
from cherry red to light yellow. The solvent was evaporated and the light brown solid
dried in vacuum. The 1H-NMR in Figure 2.3.1 (a) shows that the double sulfonation
seemed to be successful. However, it is very likely that during the neutralization
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Figure 17: 1H-NMR in deuterium oxide of a designed synthesis taking (b) the patent of
Knauer et al.42 and (a) the protocol for Smoc-Cl from Merrifield et al.25 as basis. The signal
in (a) at 3.81 ppm shows a slightly different shift in (b) at 3.89 ppm. It is possible that (a)
shows the acid and (b) the chloride.
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compartmentalization in presence of a synthetic self-replicator
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Figure 18: 1H-NMR in deuterium oxide of (a) stacked spectra of glycine (red line) and
dSmocGly (green line) showing a shift of the glycine signal from 3.57 ppm to 3.66 ppm in the
dSmocGly spectrum (acetone: 2.26 ppm, dioxane: 3.79 ppm) meaning that the coupling to
the dSmoc group worked. The 1H-NMR spectrum in (b) shows the integrated spectrum of
dSmocGly.

procedure the conversion from the chloride to the acid happened and thus cannot be
used without further activation for coupling it to an amine.

Another synthesis method that was used is an adjusted procedure for the synthesis
of the mono sulfonated Smoc-Cl. In a 100 mL round bottom flask equipped with a
stir bar 2.66 g (10.28 mmol) was dissolved in 25 mL DCM and 1.5 mL (22.53 mmol)
chlorosulfonic acid dissolved in 10 mL DCM was added in a dropwise fashion over a
period of 7 min under cooling with an ice bath. Afterwards the reaction mixture was
stirred for 20 h at ambient temperature. A brownish precipitate formed which was
vacuum filtrated and intensively washed with hexane/DCM (2:1) and the brownish
powder finally dried under vacuum. The 1H-NMR in Figure 2.3.1 (b) shows that the
double sulfonation seemed to be successful. However, the synthesis and workup
should be carried out under inert gas since the product seems to be very hygroscopic.

2.3.2 Synthesis of dSmoc-glycine

In a 10 mL round bottom flask equipped with a stir bar 202 mg (0.45 mmol) dSmoc-Cl
were dissolved in 1.5 mL dioxane and 20 mg (0.27 mmol) glycine dissolved in a 10%
Na2CO3 solution was added dropwise under cooling with a water bath. A white
precipitate formed and 1 mL dioxane with 0.5 mL 10% Na2CO3 solution was added.
The mixture became clear with some white agglomerates. The reaction mixture
showed a pH of 8 and was stirred for 3 h at ambient temperature where it finally
became turbid. Afterwards it was acidified with a 1 MHCl to a pH 2-3. The remaining
solid was vacuum filtrated, washed with dioxane and dried in vacuum.
The 1H-NMR in Figure 2.3.2 (a) shows that the coupling seems to have worked

since the glycine peak at 3.57 ppm is shifted to 3.66 ppm meaning that the protons
experience a stronger electroning withdrawing effect coming from the carbamate
group. However, the white precipitate was very likely salt that had some remaining
product from the solution phase and is thus visible in the 1NMR spectrum. The
synthesis should be repeated with a purification of the solution by chromatography
using a water/ACN gradient.
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2.4 contributions

2.3.3 Outlook

The dSmoc protecting group shows great potential to expand the substrate scope of
the self-replicator to more apolar substrates that are not accessible with the Fmoc-
or Smoc-group due to hydrophibicity reasons.
As a next step after dSmoc-glycine (dSmocGly) was isolated, kinetic UV mea-

surements should be performed for determining the catalytic rate of the dSmocGly
deprotection by the self-replicator. This should be compared to the deprotection rates
of FmocGly and SmocGly. These results might confirm or negate the trend that each
sulfonate group enhances the deprotection rate. An enhanced rate might be caused
through a possibly more favored arrangement between substrate and replicator by
higher attractive coulomb forces between the negatively charged sulfonate group of
the substrate and positive lysine residues of the replicator.
After the confirmation that the standard substrate glycine can be deprotected

by the self-replicator, more hydrophobic molecules such as dodecylamine or even
secondary amines should be protected by the dSmoc group.

2.4 contributions

The question about the behavior of the self-replicator in presence of surfactants as
well as the substrate scope and deprotection kinetics of protected aliphatic single
tail amines was proposed by the author. Kayleigh van Esterik, BSc, synthesized
the standard substrate SmocGly, carried out the UV measurement in Figure 7 and
prepared the HEPES buffer (50 mM, pH 7.5). The negative stain TEM was done by
Jim Ottelé, MSc and cryo TEM by Guillermo Monreal Santiago, MSc. The 1H-NMRs
of Smoc-hexylamine and Smoc-octylamine were taken by Paul Adamsky, MSc. and
the mass spectra were carried out by Marcel Eleveld, MSc.
The research question about the deptrotection of coacervate forming molecules

was proposed by Guillermo Monreal Santiago, MSc.
The author carried out the remaining synthesis’, UV measurements, 1H-NMR

spectra and data evaluation as well as drew the conclusions in this chapter.
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compartmentalization in presence of a synthetic self-replicator

2.5 experimental

2.5.1 Synthesis

9-(2-Sulfo)fluorenylmethyloxycarbonyl chloride (Smoc-Cl)

Fmoc-Cl (2.59 g, 0.01 mol) was dissolved in 20 mL DCM (technical grade) in a
100 mL round bottom flask equipped with a magnetic stir bar. The solution was
slightly yellow. Then, chlorosulfonic acid (0.56 mL, 8.4 mmol) was dissolved in 10 mL
DCM and transferred dropwise to the stirred solution of Fmoc-Cl under cooling with
an ice-water bath over a time period of 10 minutes. The solution turned yellow and
then dark green. After the addition of chlorosulfonic acid was finished, the solution
was allowed to reach room temperature. A light brown precipitate was formed so
that the magnetic stir bar got stuck. The mixture was left in this condition for 2
hours.

Then, 20 mL of n-hexane were poured on to the mixture and the precipitate then
vacuum filtrated. The old-white solid was washed intensively with a 1:1 mixture of
n-hexane:DCM (100 mL). The product was dried in vacuo for 2 days yielding 2.57 g
(76% of theory). The 1H-NMR in CD3CN showed the pure product.

1H-NMR (400 MHz, Acetonitrile-d3): δ = 8.14 (s, 1H), 8.04 – 7.93 (m, 3H), 7.70 (d,
J = 7.2 Hz, 1H), 7.55 – 7.43 (m, 2H), 4.90 (dd, J = 10.8, 5.7 Hz, 1H), 4.81 (dd, J = 10.8,
6.0 Hz, 1H), 4.47 (t, J = 5.9 Hz, 1H).

Fmoc-hexylamine

In a 50mL round bottom flask equippedwith amagnetic stir bar, Fmoc-Cl (384,3mg,
1.5 mmol) was dissolved in 10 mL DCM and cooled with an ice-water bath. Then,
n-hexylamine (71.6 mg, 0.7 mmol) dissolved in 4 mL DCM was transferred dropwise
to the stirred solution of Fmoc-Cl. Afterwards, the clear and colourless solution was
stirred for 20 min under cooling and then at room temperature for another 2 hours.
The reaction was controlled by thin layer chromatography (TLC) using a 1:1 mixture
of ethylacetate (EA):n-heptane.
The organic phase was washed 3 times excessively with doubly distilled water

(ddH2O) in a 50 mL separation funnel, then with 5% hydrochloric acid (HCl) and
finally with saturated NaCl solution. The organic phase was dried over anhydrous
magnesium sulfate (Mg2SO4), filtered an evaporated leading to 120 mg (53% of theory)
of a white solid. The 1H-NMR in CDCl3 showed the pure product.

1H-NMR (400 MHz, Chloroform-d): δ = 7.77 (d, J = 7.6 Hz, 2H), 7.60 (d, J = 7.5 Hz,
2H), 7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 4.40 (d, J = 6.9 Hz, 2H), 4.22 (t, J =
6.9 Hz, 1H), 3.19 (q, J = 6.8 Hz, 2H), 1.50 (s, 2H), 1.30 (s, 6H), 0.88 (d, J = 7.1 Hz, 3H).
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2.5 experimental

Smoc-hexylamine

In a 25 mL round bottom flask equipped with a magnetic stir bar, Smoc-Cl (310 mg,
0.9 mmol) was dissolved in 1.6 mL 1,4-dioxane. Then, n-hexylamine (71.6 mg,
0.71 mmol) dispersed in 1.3 mL of a 10% aqueous sodium carbonate (Na2CO3) solution
and transferred dropwise under cooling with a water bath to the stirred Smoc-Cl
solution. The reaction was stirred at room temperature and controlled by TLC using
a 1:9 mixture of MeOH:DCM. The dispersion became turbid and a white solid was
formed.

After 4 hours of stirring, the reaction was acidified with 1 M HCl aqueous solution
to a pH of 2-3 resulting in a clear yellow solution. The crude was purified by reversed
phase (RP) flash chromatography using a H2O/acetonitrile (ACN) gradient. The
solvent was evaporated yielding 121 mg (43% of theory) of a white solid. The 1H-
NMR in deuterated water (D2O) showed the pure product.

1H-NMR (400 MHz, DMSO-d6): δ = 7.91 – 7.85 (m, 2H), 7.82 (d, J = 7.9 Hz, 1H),
7.70 – 7.65 (m, 2H), 7.36 (dtd, J = 34.0, 7.5, 1.1 Hz, 2H), 7.21 (t, J = 5.7 Hz, 1H), 4.54 (dd,
J = 10.2, 5.3 Hz, 1H), 4.28 – 4.09 (m, 2H), 2.94 (q, J = 6.6 Hz, 2H), 1.36 (q, J = 6.9 Hz,
2H), 1.23 (hept, J = 5.4, 4.2 Hz, 6H), 0.85 (t, J = 6.8 Hz, 3H).

Smoc-octylamine

In a 25 mL round bottom flask equipped with a magnetic stir bar, Smoc-Cl (304 mg,
0.9 mmol) was dissolved in 1.6 mL 1,4-dioxane. Then, n-octylamine (90.5 mg,
0.7 mmol) dispersed in 1.3 mL of a 10% aqueous Na2CO3 solution and transferred
dropwise under cooling with a water bath to the stirred Smoc-Cl solution. The
reaction was stirred at room temperature and controlled by TLC using a 1:9 mixture
of MeOH:DCM. The dispersion became turbid and a white solid formed.

After 4 hours of stirring, the reaction was acidified with 1 M HCl aqueous solution
to a pH of 2-3 resulting in a clear yellow solution. The solvent was evaporated and
dissolved in 4 mL ddH2O and purified by RP flash chromatography using a H2O/ACN
gradient. The solvent was evaporated yielding 260 mg (86% of theory) of a white
solid. The 1H-NMR in D2O showed the pure product.

1H-NMR (400 MHz, DMSO-d6): δ = 7.91 – 7.85 (m, 2H), 7.82 (d, J = 7.9 Hz, 1H),
7.71 – 7.66 (m, 2H), 7.41 (td, J = 7.5, 1.2 Hz, 1H), 7.32 (td, J = 7.5, 1.2 Hz, 1H), 7.21 (t, J
= 5.7 Hz, 1H), 4.54 (dd, J = 10.3, 5.4 Hz, 1H), 4.21 (t, J = 6.2 Hz, 1H), 4.15 (dd, J = 10.3,
7.0 Hz, 1H), 2.94 (q, J = 6.6 Hz, 2H), 1.36 (p, J = 6.7 Hz, 2H), 1.23 (s, 10H), 0.85 (t, J =
6.7 Hz, 3H).
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compartmentalization in presence of a synthetic self-replicator

Smoc-decylamine

In a 25 mL round bottom flask equipped with a magnetic stir bar, Smoc-Cl (300 mg,
0.9 mmol) was dissolved in 1.6 mL 1,4-dioxane. Then, n-decylamine (94 mg, 0.6 mmol)
dispersed in 1.3 mL of a 10% aqueous Na2CO3 solution was transferred dropwise
under cooling with a water bath to the stirred Smoc-Cl solution. The reaction was
stirred at room temperature. After 3 hours a white solid formed so that the magnetic
stir bar got stuck. Cold water was ( 5 mL) added to the reaction and then the mixture
was vacuum filtrated. The white solid was washed intensively with ice cold water.
The product was dried in vacuum yielding 95 mg (34% of theory) of a white solid.
The 1H-NMR in DMSO-d6 showed the pure product.

1H-NMR (400 MHz, DMSO-d6): δ = 7.86 (d, J = 6.3 Hz, 2H), 7.80 (d, J = 7.8 Hz, 1H),
7.66 (t, J = 7.9 Hz, 2H), 7.39 (t, J = 7.4 Hz, 1H), 7.30 (t, J = 7.4 Hz, 1H), 7.19 (t, J = 5.7
Hz, 1H), 4.51 (dd, J = 10.0, 5.3 Hz, 1H), 4.22 – 4.09 (m, 2H), 3.55 (s, 1H), 2.92 (d, J = 6.8
Hz, 2H), 1.34 (s, 2H), 1.21 (s, 16H), 0.83 (t, J = 6.5 Hz, 3H).

Smoc-dodecylamine

In a 25 mL round bottom flask equipped with a magnetic stir bar, Smoc-Cl (315 mg,
0.9 mmol) was dissolved in 1.6 mL 1,4-dioxane. Then, n-dodecylamine (115 mg,
0.6 mmol) was suspended in 1.3 mL of a 10% aqueous Na2CO3 solution and transferred
dropwise under cooling with a water bath to the stirred Smoc-Cl solution. The
reaction was stirred at room temperature. After 2 hours a white solid formed so that
the magnetic stir bar got stuck. A bit of cold water was added to the mixture and
then vacuum filtrated. The solid was washed intensively with ice cold water. The
product was dried in vacuum yielding 154 mg (53% of theory) of a white solid. The
1H-NMR in DMSO-d6 showed the pure product.

1H-NMR (400 MHz, DMSO-d6): δ = 8.11 – 7.62 (m, 5H), 7.45 – 7.19 (m, 2H), 4.20
(s, 1H), 2.93 (s, 2H), 1.23 (s, 20H), 0.97 – 0.76 (m, 3H).

4xSmoc-spermine

In a 25 mL round botton flask equipped with a magnetic stir bar, Smoc-Cl (303 mg,
0.9 mmol) was dissolved in 1.6 mL 1,4-dioxane. Then, spermine (37 mg, 0.18 mmol)
dissolved in 1.3mL of a 10% aqueous Na2CO3 solutionwas transferred dropwise under
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2.5 experimental

cooling with a water bath to the stirred Smoc-Cl solution. The reaction was stirred
at room temperature and a white precipitate formed. The reaction was controlled by
TLC using a 1:4 mixture of MeOH:DCM.

After 4 hours of stirring, the reaction was acidified with 1 M HCl aqueous solution
to a pH of 2-3 resulting in a clear yellow solution, which was poured as it was on a
RP flash column. A H2O:ACN gradient was used for purification. The solvent was
evaporated yielding 200 mg (16% of theory) of a white solid. The 1H-NMR in D2O
showed the pure product.

1H-NMR (400 MHz, D2O): δ = 8.13 – 6.57 (m, 28H), 4.57 – 0.04 (m, 32H).

9-(x,x-disulfo)fluorenylmethyloxycarbonylchloride

Method I:

In a 100 mL round bottom flask equipped with a stir bar 2.66 g (10.28 mmol) was
dissolved in 25 mL DCM and 1.5 mL (22.53 mmol) chlorosulfonic acid dissolved
in 10 mL DCM was added in a dropwise fashion over a period of 7 min under
cooling with an ice bath. Afterwards the reaction mixture was stirred for 20 h at
ambient temperature. A brownish precipitate formed which was vacuum filtrated
and intensively washed with hexane/DCM (2:1) and the brownish powder finally
dried under vacuum yielding 2.1 g (49% of theory). The 1H-NMR in D2O showed the
pure product.

1H-NMR (400 MHz, D2O): δ = 7.92 (s, 2H), 7.76 (q, J = 8.1 Hz, 4H), 4.05 (d, J = 4.4
Hz, 2H), 3.81 (s, 1H).

Method II:

Fmoc-Cl (2.93 g, 11.33 mmol) was treated with 20 mL concentrated sulfuric acid in a
100 mL round bottom flask equipped with a stirring bar. The reaction mixture was
clear and dark blue. After 5 h of stirring at room temperature the mixture became
light blue and a precipitate started to form. The suspension was stirred for another
15 h, which was followed by vacuum filtration of the light brown solid and washing
the solid with a mixture of hexane/DCM (1:1). Due to clogging of the filter the
suspension was neutralized by slowly adding a saturated Na2CO3 solution under
cooling. With raising the pH closer to neutral range the color of the solution changed
from cherry red to light yellow. The solvent was evaporated and the light brown
solid dried in vacuum. The 1H-NMR in D2O showed the pure product. However, the
white solid was a mixture of the product and Na2CO3.

1H-NMR (400 MHz, D2Oe): δ = 7.92 (s, 2H), 7.77 (s, 4H), 4.07 (d, J = 4.6 Hz, 2H),
3.89 (t, J = 4.7 Hz, 1H).
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compartmentalization in presence of a synthetic self-replicator

dSmoc-glycine

In a 10 mL round bottom flask equipped with a stir bar 202 mg (0.45 mmol)
dSmoc-Cl were dissolved in 1.5 mL dioxane and 20 mg (0.27 mmol) glycine dissolved
in a 10% Na2CO3 solution was added dropwise under cooling with a water bath.
A white precipitate formed and 1 mL dioxane with 0.5 mL 10% Na2CO3 solution
was added. The mixture became clear with some white agglomerates. The reaction
mixture showed a pH of 8 and was stirred for 3 h at ambient temperature where it
finally became turbid. Afterwards it was acidified with a 1 M HCl to a pH 2-3. The
remaining solid was vacuum filtrated, washed with dioxane and dried in vacuum
leading to a white solid in a quantitative yield. The 1H-NMR in D2O showed the
product.

1H-NMR (400 MHz, D2O): δ = 8.18 – 8.05 (m, 4H), 7.94 (t, J = 6.8 Hz, 2H), 4.35 (s,
1H), 4.30 (d, J = 4.6 Hz, 2H), 3.66 (s, 1H).
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2.5 experimental

2.5.2 Buffer preparation

Buffer Preparation
Borax buffer (50 mM, pH 8.2) Borax Na2B4O7x10H2O (953.4 mg,

2.5 mmol) was dissolved in 45 mL
ddH2O. The pH was adjusted to 8.2
with HCl (1 M) and NaOH (1 M), re-
spectively.

PBS buffer (118 mM, pH 7.4) Na2HPO4x12H2O (179 mg, 0.5 mmol)
and KH2PO4 (12.25 mg, 0.09 mmol)
were dissolved in 45 mL ddH2O. The
pH was adjusted to 7.4 with HCl (1 M)
and NaOH (1 M), respectively.

HEPES buffer (50 mM, pH 7.5) HEPES (596 mg, 2.5 mmol) was dis-
solved in 45mL ddH2O. The pHwas ad-
justed to 7.5 with HCl (1 M) and NaOH
(1 M), respectively.

2.5.3 Libary preparation

Library Preparation
Atmospheric oxygen oxidized

libary (2 mM)

The monomer featuring the peptide
chain -GLKFK (2.96 mg, 0.003 mmol)
was dissolved in 1.5 mL buffer and
stirred under atmospheric oxygen with
1200 rpm. The hexamer formation was
monitored by ultrahigh pressure liquid
chromatography (UPLC) after 7 days.

Perborate pre-oxidized oxidized

libary (2 mM)

The monomer featuring the peptide
chain -GLKFK (2.96 mg, 0.003 mmol)
was dissolved in 493.75 µL buffer in-
cluding 6.25 µL NaBO3x4H2O (40 mM)
for a 50% pre-oxidation and stirred un-
der atmospheric oxygen with 1200 rpm.
The hexamer formation was monitored
by UPLC after 7 days.
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compartmentalization in presence of a synthetic self-replicator

2.5.4 Analysis

TEM measurements

Samples were diluted to approximately 0.80 mM using doubly distilled water. A small
drop (5 µL) of the sample was deposed on a 400 mesh carbon-coated copper grid
(Agar Scientific) and blotted on filter paper after 30 s. The sample was stained twice
using 4 µL of 2% uranyl acetate solution. The grids were imaged in a Philips CM12
electron microscope operating at 120 kV using a slow scan CCD camera.8

cryo-TEM measurements

A 10 µL drop of the sample was placed on a Quantifoil 3.5/1 holey carbon coated
grid. Blotting and vitrification in ethane was done in a Vitrobot (FEI, Eindhoven, the
Netherlands). The grids were observed in a Tecnai T20 cryo-electron microscope
operating at 200 keV with a Gatan model 626 cryo-stage. Images were recorded
under low-dose conditions with a slow-scan CCD camera.11

UV measurements

A stock solution of the substrate was prepared in the reaction medium. The con-
centration of the hexamer libary was 2 mM in 50 mM borate buffer pH 8.2. The
substrate stock solution was diluted with the reaction medium in a UV quartz glass
cuvette and equilibrated in the UV meter JASCO-II for 20-30 min. Afterwards the
self-replicator was added to the substrate. It was mixed by shaking the cuvette and
a time course measurement was performed by using the detection wavelength of
308 nm.

1H-NMR

1H-NMR spectra were recorded on a 300 MHz spectrometer. The spectra were
referenced to the used solvent.
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DEPROTECT ION OF A ORGANOCATALYSTS BY A 3SYN THET IC SELF -REPL ICATOR

The implementation of a reaction cascade that involves the self-replicator starting the
deprotection of a Smoc-protected organocatalyst capable of catalyzing the Aldol or
Knoevenagel reaction, leading to products featuring a surfactant structure, could be
another approach of achieving compartmentalization. Furthermore, a better knowledge
about the deprotection rate - substrate hydrophobicity correlation will be gained by
expanding the substrate scope through a reaction cascade.

3.1 implementation of a cascade reaction

In nature, biochemical reaction cascades which involve a series of chemical reactions
such as signaling cascades causing cell responses are very common and essential
for keeping the biochemical machinery alive.36 This was taken as a model in order
to achieve compartmentalization induced by the self-replicator. A reaction cascade
involving the deprotection of a Smoc-protected organocatalyst, with the following
catalysis of a reaction by the released organocatalyst leading to a reaction product
that features a surfactant structure, was introduced.

Various aldol reactions catalyzed by organocatalysts such as the aminobase pyrro-
lidine or the amino acid L-proline in aqueous media have been reported in liter-
ature,34,43,44 among others the aldol reaction between p-nitrobenzaldehyde and
aliphatic ketones in PBS buffer.45 The synthetic self-replicator emerges faster in
buffered aqueous media than in just water and previous works in the Otto group
have shown that the replicator emerges in PBS buffer as well. Hence, aldol reactions
that can be catalyzed by pyrrolidine in PBS buffer pH 7.5 were taken for the approach
described in Figure 19.

3.1.1 Selection of Aldol Reactions for the Proof of Concept

The reaction between p-nitrobenzaldehyde and cyclohexanone in PBS buffer pH
7.5 was used according to Córdova et al.45 as a first starting point for the proof
of concept. The 1H-NMR in Figure 21 (a) shows that the reaction works under
pyrrolidine catalysis but not in the negative sample with just the reactants in PBS

RHead H RTail

O O

RHead RTail

OH O

O

N O

N
H

-O3S

+

R
R

N

RTail = C3H7

RHead =

R = H, -COOH

-O3S

CMC

CO2

Figure 19: The reaction cascade
approach. By the Smoc-protection
of the nitrogen of an organocat-
alyst, in this current example
pyrrolidine (R=H) and L-proline
(R=−COOH), the catalyst is not
able to catalyze for instance an al-
dol reaction. The organocatalyst is
trapped and only capable of catalyz-

ing the given reaction until the self-replicator deprotects it. The released organocatalyst then
catalyzes the aldol reaction which ideally leads to a product featuring a surfactant structure
resulting in compartmentalization of the aldol product as shown in the scheme.
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deprotection of a organocatalysts by a synthetic self-replicator

(a)

(b)

(c)

(d)

Figure 20: Starting materials and
products of pyrrolidine catalyzed
aldol reactions for the proof of
principle. In 118 mM PBS buffer pH
7.5 (a) p-nitrobenzaldehyde and cy-
clohexanone yielding 2-(hydroxy(4-
nitrophenyl)methyl)cyclohexan-1-
one (b) p-nitrobenzaldehyde and
2-pentanone yielding 1-hydroxy-
1-(4-nitrophenyl)hexan-3-one
(c) p-nitrobenzaldehyde and
2-nonanone yielding 1-hydroxy-1-
(4-nitrophenyl)decan-3-one and (d)
4-formylbenzene-1,3-disulfonate
and 2-nonanone yielding 1-
hydroxy-1-(4-nitrophenyl)decan-
3-one were used according to
the conditions described in litera-
ture.45 The aldol reactions between
the starting materials in (a) - (c)

do not lead to products that feature a surfactant structure while the reaction (d) yields a
negatively charged surfactant as product.

buffer. In order to achieve products with surfactant-like structures the ketones were
expanded in this thesis to longer alkyl chains (Figure 20 (b)-(c)). The 1H-NMRs in
Figure 21 show that the expanded substrate scope can be catalyzed by pyrrolidine
but not in the negative sample. For finally achieving a surfactant structure in the

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

Cyclohexanone

p-Nitrobenzaldehyde

Aldol reaction PBS buffer

Aldol reaction pyrrolidine catalyzed

(a) (b)

(c)

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

Aldol reaction pyrrolidine catalyzed

Aldol reaction PBS buffer

p-Nitrobenzaldehyde

2-Nonanone

0.01.02.03.04.05.06.07.08.09.010.011.012.0
f1 (ppm)

2-Formyl-1,3-dibenzenesulfonicacid

Aldol reaction PBS buffer

Aldol reaction pyrrolidine catalyzed

Figure 21: 1H-NMR in D2O with
400 MHz of the performed proto-aldol
reactions in 118 mM PBS buffer pH 7.5
shown in Figure 20 between (a) cyclo-
hexanone (blue) and p-nitrobenzaldehyde
(green) with the blank in PBS buffer
(orange) and pyrrolidine catalyzed reac-
tion (red) (b) 2-nonanone (blue) and p-
nitrobenzaldehyde (green) with the blank
in PBS buffer (orange) and pyrrolidine cat-
alyzed reaction (red). In (c) the 1H-NMR

in D2O between 4-formylbenzene-1,3-disulfonate (green) and 2-pentanone (not shown) with
the blank in PBS buffer (orange) and pyrrolidine catalyzed reaction (red) is shown. The
ketones are not visible in the spectra of the crude reactions due to evaporation on the rotary
evaporator during sample preparation.
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3.1 implementation of a cascade reaction

(a) (b)

PBS H2O

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankProl -10 ± 20 60 ± 20

Prol 220 ± 40 3290 ± 20

BlankPyr 96 ± 22 -30 ± 20

Pyr 100 ± 20 850 ± 10

Figure 22: Proto kinetic UV measurements of the Smoc-L-proline (SmocProl) and Smoc-
pyrrolidine (SmocPyr) deprotection by the self-replicator in (a) 50 mM PBS buffer pH 7.5 and
(b) water. The measurements were performed without stirring at 25°C (a), as well as 40°C
(b), using 308 nm as the detection wavelength for SDBF. Each blank was the Smoc protected
organocatalyst in the corresponding reaction medium. The catalytic rates (*10−5 Abs/min)
are given in the table below the graphs.

aldol product, the proto-aldehyde was changed to 4-formyl-1,3-dibenzenesulfonic
acid which bears two negatively charged sulfonate groups. The 1H-NMR in Figure 20
(d) shows that the reaction seems to work under pyrrolidine catalysis but not in the
negative sample. Hence, it is possible to achieve surfactant structures through the
aldol reaction in PBS buffer.
The Smoc-protected organocatalysts pyrrolidine and L-proline were synthesized

since literature reports aldol reactions that can be catalyzed by amino acids like
L-proline as well.43–45 UV measurements of their deprotection by the self-replicator
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Figure 23: Aldol reaction between
p-nitrobenzaldehyde and 2-pentanone
yielding 1-hydroxy-1-(4-nitrophenyl)hexan-
3-one monitored by UPLC showing (a) the
starting materials p-nitrobenzaldehyde,
2-pentanone (no UV absorption at 254 nm)
and SmocPyr without the self-replicator, (b)
the conversion to the corresponding aldol
reaction products catalyzed by pyrrolidine
and (c) the reaction cascade using SmocPyr
as the trapped catalyst. In UPLC (c) the first peak after 6 min is suspected to be the addition
product between pyrrolidine and SDBF trapping the organicatalyst again and hence no
conversion to the aldol reaction products can be observed.

35

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

deprotection of a organocatalysts by a synthetic self-replicator

Figure 24: UPLC/ESI-MS of SmocPyr deprotected by pyrrolidine in order to confirm the
possible addition product of Figure 25 (a) with the exact mass of 328,10 g/mol. The peaks
at 2.72 min and 2.88 min show the mass of 328 g/mol which confirms that pyrrolidine is
trapped by SDBF after it was deprotected, hence is not able to catalyze a reaction anymore.

in PBS buffer (Figure 22, (a)) were performed. Interestingly, in PBS buffer pH 7.5 the
self-replicator cannot deprotect SmocPyr at all and SmocProl just slowly. Figure 22
(b) shows that the replicator is able to deprotect both substrates very efficiently thus
water was chosen as the reaction medium for all further experiments.

The proto-reaction between p-nitrobenzaldehyde and 2-pentanone is catalyzed by
pyrrolidine not only in PBS buffer but in water as well. Hence, the reaction cascade of
the deprotection of SmocPyr by the self-replicator, with the following aldol reaction
catalyzed by the released pyrrolidine, was tested in water and monitored by UPLC.
Figure 23 shows the chromatograms of all measured samples including the reference
(a), which shows that the self-replicator is not destroyed by the starting materials.
Chromatogram (b) shows the aldol reaction catalyzed by pyrrolidine but when
compared to chromatogram (c) where the reaction cascade was tested, it seems that
only the deprotection of SmocPyr but no aldol reaction happens. It is suspected
that the addition of the released pyrrolidine to the double bond of SDBF happens,
which traps the released organocatalyst again hindering it from catalyzing the aldol
reaction. In order to confirm this assumption a mass spectrum in negative mode was
taken. The mass of 328 g/mol found in the mass spectrum in Figure 24 confirms that
the addition of pyrrolidine to SDBF happens, which prohibits the aminobase from
catalyzing the aldol reaction. Hence, in order to prevent that the organocatalyst is
trapped by SDBF, a scavenger needs to be found that forms the addition product
rather than pyrrolidine.

3.1.2 Screening for SDBF Scavengers

For an efficient scavenging of SDBF, compounds that are more nucleophilic than
pyrrolidine are needed (Figure 25). Test reactions of pyrrolidine deprotecting
SmocPyr with the scavenger as additive were carried out and analyzed via ultrahigh
pressure liquid chromatography couled to mass spectrometry (UPLC-MS) in negative
mode shown in Figure 26.

As a first starting point the secundary amine dibutylamine was tested, due to the
benefit that if it competes against pyrrolidine a double tailed surfactant is formed
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3.1 implementation of a cascade reaction

(a)

(b)

Figure 25: Possible ad-
ditions of certain nucle-
ophiles to the SDBF dou-
ble bond. Scheme (a)

shows the addition of pyrro-
lidine to the double bond
trappring the organocata-
lyst after it was released
through the deprotection
of SmocPyr by the self-
replicator. Scheme (b)

shows the addition of possi-
ble scavengers to the double
bond of SDBF. Compounds
featuring a secundary nitro-

gen (spermidine, ditbutylamine, L-proline) as nucelophile or thiol (L-cysteine) as an even
better nucleophile were tested. Since L-proline could serve as an organocatalyst it was also
tested if it forms the addition product to SDBF as well.

through the addition of dibutylamine to SDBF, which would lead to even more
compartmentalization. However, Figure 26 (a) shows that dibutylamine does not
work as a scavenger in presence of pyrrolidine, since only the masses of pyrrolidine
and water addition products to SDBF could be found. Also spermidine, which is a
triamine featuring one primary amine and two secundary ones, did not work as a
scavenger in presence of pyrrolidine. L-proline was tested as well for two reasons: on
one hand to exclude that the amino acid becomes trapped through the formation of
the addition product since it could also be used as a catalyst for the aldol reaction. On
the other hand to check if L-proline could work as a scavenger. However, Figure 26
(c) only shows the masses of the pyrrolidine and water addition products.

Since the amines did not work as scavengers in presence of pyrrolidine, L-cysteine,
which features a thiol group that is more nucleophilic compared to nitrogen, was
tested. Figure 26 (d) shows that L-cysteine is able to scavenge SDBF in a very efficient
way through the addition of the thiol. Another interesting information included in
the mass spectrum, is the mass of cystine, which is the oxidation product of two
cysteine molecules. SDBF enhances the disulfide oxidation hence it is not surprising
that the disulfide cystin is formed in this reaction as well. Since L-cysteine is able to
efficiently trap SDBF in presence of pyrrolidine it was used as a scavenger for the
further experiments.

3.1.3 Proof of Concept with the Aid of a Scavenger

Literature reported aldol reactions between pyridinecarbaldehydes and ketones
catalyzed by pyrrolidine and L-proline respectively in water. Hence, the proto-
aldehyde was changed to pyridine-2-carbaldehyde since the transition from the
pyridine to a charged pyridinium head group for having a surfactant structure
can be easily achieved by methylation of the nitrogen. Furthermore, pyridine-2-
carbaldehyde is miscible with water which facilitates the handling of the reactions
in aqueous systems.
The cascade reaction of the SmocPyr deprotection with the following aldol re-

action catalyzed by the released pyrrolidine was monitored by UPLC (Figure 27)
including the reference (b). Chromatogram (d) shows the aldol reaction catalyzed by
pyrrolidine with the product peaks at 2-3 minutes. Interestingly, when compared to
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deprotection of a organocatalysts by a synthetic self-replicator

(a)

(b)

(c)

(d)

Figure 26: UPLC/ESI-MS in negative mode to investigate a possible scavenging capability
of (a) dibutylamine (b) spermidine (c) L-cysteine and (d) L-proline.
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3.1 implementation of a cascade reaction

chromatogram (c) of the reaction cascade a new peak appears at approximately 2
minutes which is different from the reference. A UPLC-MS (Figure 28) was performed
for further investigation of this new appeared peak. The mass of 210 g/mol which
was found for this peak corresponds to the azathioacetal between the scavenger
L-cysteine and pyridine-2-carbaldehyde. L-cysteine, which appeared to be a very ef-
ficient scavenger for SDBF, cannot be used in presence of aldehydes since L-cysteine
traps the starting material before SDBF is released through the deprotection of the

(a)

(b)

(c)

(d)

(e)

(f)

Figure 27: Scheme (a) shows Pyridine-2-
carbaldehyde and 2-pentanone as starting ma-
terials for the pyrrolidine catalyzed aldol re-
action yielding the surfactant-like structure
1-hydroxy-a-(pyrid-3-yl)hexan-3-one. Due
to the better water solubility of pyridine-2-
aldehyde facilitates the handling of the reac-
tions compared to using p-nitrobenzaldehyde.
Furthermore, through methylation of the ni-
trogen in the aldehyde pyridine is turned into

a pyridinium cation featuring a permanent positively charged nitrogen. The UPLC shows
(b) the starting materials in presence of the self-replicator (c) the pyrrolidine catalyzed
aldol reaction with the corresponding products between 2-3 min (d) the reaction cascade
using SmocPyr where the peak at 2 min is possibly the aza-thioacetal between pyridine-2-
carbaldehyde and the scavenger L-cysteine (e) L-proline catalyzed aldol reaction showing no
conversion (f) the reaction cascade using SmocProl showing no aldol product.
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deprotection of a organocatalysts by a synthetic self-replicator

(a)

(b)

Figure 28: UPLC/ESI-MS of (a) the cascade aldol reaction showing the mass of the aza-
thioacetal (210 g/mol, 1.71 min) of L-cysteine to pyridine-2-carbaldehyde but not the product
1-hydroxy-a-(pyrid-3-yl)hexan-3-one (196 g/mol) of the aldol reaction with 2-pentanone and
(b) the pyrrolidine catalyzed aldol reaction showing the mass of the product (193 g/mol).

organocatalyst by the replicator. After being trapped, the aldehyde is not reactive
enough to undergo the aldol reaction and hence another scavenger needs to be found.
A scavenger, which can be used in presence of aldehydes for a functional reaction
cascade by the usage of pyrrolidine as the organocatalyst. However, this was not
done in this thesis.
Since literature reports aldol reactions that can be catalyzed by L-proline in wa-

ter,43–45 the same reaction cascade as with SmocPyr was performed with SmocProl
which does not require a scavenger since L-proline does not form the addition prod-
uct to SDBF which makes the reaction mixture less complicated. Figure 27 shows the
performed UPLC measurements of the reaction cascade including the reference (e).
Chromatogram (f) shows that L-proline seems not to be able to catalyze this specific
aldol reaction and hence also the reaction cascade does not work.

3.2 deprotection kinetics of smoc-protected amines

Previous works in the Otto group as well as the results from Chapter 2 in this thesis
have shown that the catalytic ability of the self-replicator depends on the substrate. In
order to study influences on deprotection kinetics such as temperature and reaction
medium in correlation with the substrate hydrophobicity, the compounds SmocProl
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3.2 deprotection kinetics of smoc-protected amines

(a) (b)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankProl 60 ± 20 3 ± 1

Prol-1 3030 ± 30 5540 ± 30

Prol-2 3290 ± 20 5610 ± 30

Mean 3160 ± 190 5570 ± 50

BlankPyr -30 ± 20 -3 ± 1

Pyr-1 850 ± 10 1500 ± 20

Pyr-2 840 ± 20 1430 ± 30

Mean 850 ± 10 1460 ± 50

Figure 29: Kinetic UV measurements of SmocProl and SmocPyr deprotection by the self-
replicator in water. The measurements were performed without stirring at 25°C (a) as well
as 40°C (b) using 308 nm as the detection wavelength for SDBF. Each blank was the Smoc
protected organocatalyst in water. The catalytic rates (*10−5 Abs/min) are given in the table
below the graphs.

and SmocPyr are used as substrates since the only structural difference between
these two compounds is the carboxylic acid group of L-proline which is ideal to
study how an additional functional group in the substrate changes the kinetics.
In water (Figure 29) there is no significant background reaction for the Smoc-

protected amines, neither at 25°C nor at 40°C. Since the slope of the SmocPyr blank
is negative at both temperatures, which does not make sense in this measurement
set up, the background reaction is considered to be 0 Abs/min.

Both substrates can be deprotected by the replicator at 25°C as well as 40°C. How-
ever, at both temperatures there is a difference between the substrates concerning
their deprotection rate. SmocProl is faster deprotected than SmocPyr. It could be
that hydrophobic and electrostatic effects play a role since the amino acid L-proline
features a carboxylic acid group while pyrrolidine does not. It is very likely that the
carboxylic acid is deprotonated and hence electrostatically more attracted to the pos-
itively charged lysine residues of the replicator. This attraction brings the substrate
closer to the replicator which could result in a tighter and more favored arrangement
between replicator and substrate and thus results in a faster deprotection.
It seems that the catalytic rate also correlates with hydrophibicity, as shown in

Chapter 2. Due to the missing carboxylic acid group pyrrolidine is more hydrophobic
compared to L-proline, which could cause an adverse interaction with the self-
replicator and hence slows down the deprotection rate. Furthermore, the carboxylic
acid group shows an electronic withdrawn mesomeric effect (-M) which could cause
a higher driving force for the decarboxylation during the deprotection and thus
increases the catalytic rate.
The reached plateau at 25°C was 0.7 a.u. for SmocProl and 0.4 a.u. for SmocPyr.

A temperature of 40°C did not change the reached plateaus, neither for SmocProl
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deprotection of a organocatalysts by a synthetic self-replicator

(a) (b)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankProl -30 ± 40 -50 ± 30

Prol-1 940 ± 30 2260 ± 70

Prol-2 900 ± 40 2350 ± 50

Mean 920 ± 30 2310 ± 60

BlankPyr -40 ± 40 -70 ± 30

Pyr-1 160 ± 40 440 ± 40

Pyr-2 80 ± 40 370 ± 20

Mean 120 ± 60 410 ± 50

Figure 30: Kinetic UV measurements of SmocProl and SmocPyr deprotection by the self-
replicator in 50 mM borate buffer pH 8.2. The measurements were performed without stirring
at 25°C (a) as well as 40°C (b) using 308 nm as the detection wavelength for SDBF. Each
blank was the Smoc protected organocatalyst in buffer. The catalytic rates (*10−5 Abs/min)
are given in the table below the graphs.

nor SmocPyr. The difference in a.u. between the substrates is either caused by an
incomplete deprotection of SmocPyr or side reactions. Since L-proline does not
in terms of an addition to the double bond of SDBF, while pyrrolidine reacts very
efficiently, it is very likely that the released SDBF during the SmocPyr deprotection
could not be detected due to a shift of the absorption maximum by the addition of
pyrrolidine to SDBF. A temperature of 40°C increases the catalytic rate by a factor of
∼ 1.7 for SmocProl as well as for SmocPyr. Hence the temperature seems to have a
comparable impact for both substrates.
In 50 mM borate buffer pH 8.2 (Figure 30) there is no significant background

reaction for the Smoc-protected amines, neither at 25°C nor at 40°C. Since the slope
of all blanks are negative at both temperatures, which does not make sense in this
measurement set up, the background reaction is considered to be 0 Abs/min.

In borate buffer there is a remarkable difference between the two substrates. While
at 25°C SmocProl is deprotected quite fast by the replicator, the deprotection rate for
SmocPyr is almost 8 times slower and it seems that the latter is not fully deprotected
since it is close to the blank. However, a temperature of 40°C increases the catalytic
rate for SmocProl by a factor of 2.5 and for SmocPyr the rate is increased by a factor
of ∼ 3.3 times. This could be due to a higher kinetic energy that comes with an
increased temperature. It is possible that in borate buffer a higher kinetic energy
is needed in order to start the deprotection. This means 25°C are not enough for
SmocPyr, which already shows a smaller attraction to the replicator anyway due to
the lack of the carboxylic acid group. Hence, temperature seems to have a higher
impact on the deprotection rate of SmocPyr than SmocProl.
Furthermore, the reached plateau for SmocProl (0.7 a.u.) is almost equal at both

temperatures, while for SmocPyr the plateau is increased from 0.03 a.u. to 0.2 a.u.
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3.2 deprotection kinetics of smoc-protected amines

(a) (b)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankProl -6 ± 20 40 ± 20

Prol-1 220 ± 40 530 ± 30

Prol-2 150 ± 20 530 ± 40

Mean 180 ± 50 530 ± 2

BlankPyr 100 ± 20 -100 ± 30

Pyr-1 100 ± 20 270 ± 40

Pyr-2 50 ± 20 210 ± 30

Mean 80 ± 30 240 ± 40

Figure 31: Kinetic UV measurements of SmocProl and SmocPyr deprotection by the self-
replicator in 50 mM PBS buffer pH 7.5. The measurements were performed without stirring
at 25°C (a) as well as 40°C (b) using 308 nm as the detection wavelength for SDBF. Each
blank was the Smoc protected organocatalyst in buffer. The catalytic rates (*10−5 Abs/min)
are given in the table below the graphs.

This could be caused by the fact that for the deprotection of SmocPyr a higher kinetic
energy is needed, which is achieved by an increased temperature and hence results
in a release of more SDBF that can be detected at 40°C leading to a higher plateau.
In 118 mM PBS buffer pH 7.5 (Figure 30) there is no significant background re-

action for the Smoc-protected amines, neither at 25°C nor at 40°C. Since the slope
of SmocProl at 25°C and SmocPyr at 40°C is negative, the background reaction is
considered to be 0 Abs/min.
At 25°C SmocProl is just slowly deprotected and SmocPyr shows a catalytic rate

that is in the range of the blank. A temperature of 40°C increases the deprotection
rate of both substrates by factor 3. Hence, temperature seems to have the same
impact for both substrates. Interestingly, at both temperatures there is a lot of noise
noticeable. A possible explanation for this could be the salts NaCl and KCl present
in the PBS buffer, which seems to cause aggregation of the replicator, since in all
samples showed turbidity, including the reference.
In 50 mM HEPES buffer pH 7.5 (Figure 30) there is no significant background

reaction for the Smoc-protected amines, neither at 25°C nor at 40°C. Since the slope
of SmocProl at both temperatures is negative, the background reaction is considered
to be 0 Abs/min.

At both temperatures SmocProl showed a remarkable high deprotection rate com-
pared to SmocPyr, which showed just ∼ 1/10 and ∼ 1/5 of the SmocProl deprotection
rate, respectively. At 25°C a plateau of 0.7 a.u. is reached for SmocProl and 0.3 a.u.
for SmocPyr. While at 40°C for SmocProl the reached plateau of 0.8 a.u. does not
significantly differ from 25°C, the reached plateau for SmocPyr is doubled to 0.6 a.u.
Furthermore, for SmocProl the catalytic rate at 40°C is increased by a factor of ∼ 1.7
while for SmocPyr it is increased by a factor of 2.8. It seems that temperature has
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deprotection of a organocatalysts by a synthetic self-replicator

(a) (a)

25°C 40°C

Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min]

BlankProl -10 ± 2 -30 ± 20

Prol-1 4560 ± 50 7730 ± 60

Prol-2 4650 ± 30 7430 ± 60

Mean 4610 ± 70 7580 ± 210

BlankPyr 20 ± 30 30 ± 20

Pyr-1 520 ± 30 1400 ± 30

Pyr-2 470 ± 30 1380 ± 30

Mean 490 ± 30 1390 ± 20

Figure 32: Kinetic UV measurements of SmocProl and SmocPyr deprotection by the self-
replicator in 50mMHEPES buffer pH 7.5. Themeasurements were performedwithout stirring
at 25°C (a) as well as 40°C (b) using 308 nm as the detection wavelength for SDBF. Each blank
was the Smoc protected amineorganocatalyst in buffer. The catalytic rates (*10−5 Abs/min)
are given in the table below the graphs.

a higher impact on the more hydrophobic SmocPyr than on SmocProl. A possible
explanation for this is the zwitterionic structure of HEPES at pH 7.5. It could be that
additionally to the attraction between the replicator and the carboxylic acid group,
the buffer ions stabilize this pre-organization. The stabilization could be due to the
zwitterionic properties with the negatively charged sulfonate group in the substrate
and the positively charged nitrogen from the piperazine ring. SmocPyr does not
feature a carboxylic acid group which could explain why it shows just ∼ 1/10 of the
catalytic rate of SmocProl at 25°C.
Table 12 shows a summary of all catalytic rates mentioned in this section for a

better overview. Previous works in the Otto group show that the standard substrate
SmocGly is faster deprotected than FmocGly. It can be assumed that the negatively
charged sulfonate moiety of the Smoc protecting group facilitates the deprotection.
This could be due to a stronger electrostatic interaction between the positively
charged lysine residues of the self-replicator and the negatively charged sulfonate
group in the Smoc group. Hence, the interaction with the negative sulfonate group

H2O Borate PBS HEPES

Catalytic rate Catalytic rate Catalytic rate Catalytic rate

∗10−5 [Abs/min] ∗10−5 [Abs/min] ∗10−5 [Abs/min] ∗10−5 [Abs/min]
Prol25C 3100 ± 200 920 ± 30 180 ± 50 4610 ± 70
Prol40C 5570 ± 60 2300 ± 60 533 ± 2 7600 ± 200
Pyrr25C 847 ± 9 120 ± 60 80 ± 30 490 ± 30
Pyrr40C 1460 ± 50 400 ± 60 240 ± 40 1390 ± 20

Table 12: Summary of the mean values of the deprotection rates of SmocProl and SmocPyr
received by the kinetic UV measurements at 25°C and 40°C in different reaction media.
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3.2 deprotection kinetics of smoc-protected amines

could cause some sort of pre-organization between the substrate and catalyst. This
brings the deprotonated lysines of the replicator closer to the crucial proton of
the Smoc protecting group and hence facilitates the accessibility causing a faster
deprotection. The Fmoc group does not feature a negative charge, resulting in a
weaker attraction between self-replicator and substrate.

In general, SmocProl is faster deprotected by the self-replicator than SmocPyr. The
reason for this trend could be a more favored interaction between SmocProl due to
the carboxylic acid group which is not present in SmocPyr. It could be that through
electrostatic interactions between the deprotonated negatively charged carboxylic
acid of L-proline in combination with the negative sulfonate moiety of the Smoc
protecting group and the positively charged lysine residues of the self-replicator
a stronger pre-organization of substrate and catalyst is enabled so that the crucial
proton of the Smoc protecting group is brought closer to the deprotonated lysine
residues of the replicator compared SmocPyr which does not feature the additional
carboxylic acid group.
Another possible explanation for the increased deprotection rate of SmocProl

compared to SmocPyr could be the enhanced driving force for the decarboxylation
due to the electron withdrawing effect of the carboxylic acid group.

Furthermore, the carboxylic acid makes L-proline more polar compared to pyrroli-
dine. A more polar substrate could show a more favored interaction with the polar
self-replicator compared to the less polar pyrrolidine moiety. As shown in Chapter 2
the deprotection rate could also correlate with the hydrophobicity of the substrate.
The more hydrophobic the substrate is, the less is the interaction with the replicator
and hence the slower is the deprotection.

Another interesting aspect is that the reaction medium has a remarkable influence
on the catalytic rate. For SmocProl the highest catalytic rates at both temperatures
were achieved in 50 mMHEPES buffer pH 7.5 while for SmocPyr the highest catalytic
rates were achieved in water. In general the order from highest to lowest catalytic
rate at both temperatures for SmocProl is HEPES 7.5 > H2O > borate 8.2 > PBS 7.5
and for SmocPyr H2O > HEPES 7.5 > borate 8.2 > PBS 7.5 but at 40°C the catalytic
rates in water and HEPES are very similar.

The order from highest to lowest catalytic rate at both temperatures for SmocPyr
is H2O > HEPES 7.5 > borate 8.2 > PBS 7.5 where at 40°C the catalytic rates in water
and HEPES are very similar. Hence, the reaction media has almost the same impact
on both substrates.

The substrate SmocPyr shows the same order of reaction media as the Smoc-amine
substrates in Chapter 2 where SmocProl shows a slightly different order with having
the fastest deprotection rate in HEPES buffer and not water. As discussed in Chapter
2, a possible explanation for the order of reaction media could be that the buffered
solutions charged molecules. The amount of charges depends on the dissociation
grade, which is linked to the pKa of the buffer molecules. This could cause an
inhibition effect by blocking the positively charged replicator and negatively charged
sulfonate group of the substrate by electrostatic attractions to the buffer salts. This is
in agreement with the order of reaction media for the substrates Smoc-hexylamine,
Smoc-octylamine and SmocPyr but not exactly for SmocProl, since it shows the
highest catalytic rates in HEPES buffer and not water. A possible explanation for
the different order of water and HEPES, especially at 25°C, could be an interaction
between the deprotonated negatively charged carboxylic acid group of L-proline
with the zwitterionic buffer species. This facilitates the deprotection through the
stabilization of a pre-organization between SmocProl and the replicator. However,
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deprotection of a organocatalysts by a synthetic self-replicator

pyrrolidine does not feature this additional negative charge. It could be even possible
that the zwitterionic buffer species rather slows down the catalytic rate through
blocking the catalytic sides of the replicator than facilitating it through stabilization.
Temperature seems to have almost the same impact on the deprotection rate of

both substrates. As shown in Chapter 2 the temperature has more impact on the
deprotection rate of Smoc-octylamine, probably since more aggregates are broken
compared to Smoc-hexylamine. Compared to the substrates used in this chapter,
in borate and HEPES buffer there is a slight difference of temperature impact on
the SmocPyr deprotection rate compared to SmocProl. This could be linked to a
possible inhibition of the replicator by buffer ions rather than a buffer ion stabilized
pre-organization, which is possibly present during the SmocProl deprotection. After
all, the substrates in this chapter do not show surfactant like structures hence the
substrates do not aggregate and the assumption that temperature should have a
similar effect on the catalytic rate of both substrates is confirmed.
All in all, both substrate pairs Smoc-hexylamine/Smoc-octylamine and

SmocProl/SmocPyr showed that the deprotection rate clearly depends on the sub-
strate’s hydrophobicity. Wherever a slower deprotection rate of a more hydrophobic
substrate is caused, the accessibility of the crucial proton in position 9 of the Smoc-
group is hindered. This happens either by aggregation in case of Smoc-protected
primary amines, or by a possibly less favored pre-organization due to a lack of
additional charges in case of SmocPyr. The overall conclusion of the tested substrate
pairs in this thesis is the more hydrophobic a substrate is, the more the accessibility
to of the proton in position 9 is hindered, hence the slower is the deprotection by
the self-replicator.

3.3 contributions

The research question about a reaction cascade that should lead to compartmental-
ization as well as the substrate scope and deprotection kinetics of Smoc-protected
amines was proposed by the author. The synthesis of all products, screenings, UV
measurements, 1H-NMR spectra and data evaluation as well as the drawn conclusions
in this were made by the author. The HEPES buffer (50 mM, pH 7.5) was prepared
by Kayleigh van Esterik, BSc and all the mass spectra were carried out by Marcel
Eleveld, MSc.
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3.4 experimental

3.4 experimental

3.4.1 Synthesis

Smoc-pyrrolidine:

In a 25 mL round botton flask equipped with a magnetic stir bar, Smoc-Cl (563 mg,
1.7 mmol) was dissolved in 3 mL 1,4-dioxane. Then, pyrrolidinde (71 mg, 1 mmol)
mixed with 2.1 mL of a 10% aqueous Na2CO3 solution was transferred dropwise
to the stirred Smoc-Cl solution over a time period of 15 minutes under cooling
with a water bath. The reaction was stirred at room temperature and a white
precipitate was formed. The reaction was controlled by TLC using a 1:4 mixture of
methanol (MeOH):DCM.
After 3 hours of stirring 3 mL ddH2O were added and the mixture was then

acidified to a pH of 2-3 with HCl (1 M) resulting in a yellow solution which was
poured as it was on a RP flash column. A H2O:ACN gradient was used for purification.
Afterwards, the solvent was evaporated yielding 100 mg (27% of theory) of a white
solid. The 1H-NMR in D2O showed the pure product.

1H-NMR (400 MHz, Deuterium Oxide): δ = 7.92 (s, 1H), 7.79 (q, J = 8.1 Hz, 2H),
7.71 (d, J = 7.5 Hz, 1H), 7.46 (d, J = 7.3 Hz, 1H), 7.32 (dt, J = 22.8, 7.4 Hz, 2H), 4.35 (dd,
J = 10.6, 5.8 Hz, 1H), 4.15 (dd, J = 10.6, 6.5 Hz, 1H), 3.99 (t, J = 6.1 Hz, 1H), 3.13 (s, 2H),
2.92 (t, J = 6.3 Hz, 2H), 1.70 (q, J = 7.1, 6.5 Hz, 4H).

Smoc-proline:

In a 25 mL round botton flask equipped with a magnetic stir bar, Smoc-Cl (306 mg,
0.9 mmol) was dissolved in 1.6 mL 1,4-dioxane. Then, L-proline (101 mg, 0.9 mmol)
dissolved in 1.5 mL of a 10% aqueous Na2CO3 solution was transferred dropwise
to the stirred Smoc-Cl solution under cooling with a water bath. The reaction was
stirred at room temperature and a white precipitate was formed. The reaction was
controlled by TLC using a 1:4 mixture of MeOH:DCM.

After 3 hours of stirring themixture was then acidified to a pH of 2-3 with HCl (1M)
resulting in a yellow solution which was poured as it was on a RP flash column. A
H2O:ACN gradient was used for purification. Afterwards, the solvent was evaporated
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deprotection of a organocatalysts by a synthetic self-replicator

yielding 73 mg (19% of theory) of a white solid. The 1H-NMR in D2O showed the
pure product.

1H-NMR (400 MHz, Deuterium Oxide): δ = 7.70 – 7.60 (m, 1H), 7.55 (d, J = 7.9 Hz,
1H), 7.44 – 7.22 (m, 2H), 7.20 – 6.90 (m, 3H), 4.27 – 3.81 (m, 2H), 3.72 – 3.51 (m, 1H),
3.33 (ddd, J = 33.9, 9.0, 3.8 Hz, 1H), 3.10 – 2.71 (m, 2H), 1.98 – 1.36 (m, 4H).

3.4.2 Screenings

Aldol reaction screening

In a 1.5 mL vial, the aldehyde (0.05 mmol) and ketone (0.04 mmol) were mixed with
25 mol-% catalyst. The mixture was filled up to a total volume of 1000 µL with water
and buffer, respectively. The reaction was stirred at ambient temperature for 24 h
with 1200 rpm and monitored by UPLC and 1H-NMR.

Scavenger screening

In a 1.5 mL vial, Smoc-Cl (0.01 mmol) was mixed with the scavenger (0.01 mol) and
an excess of pyrrolidine (1.4 mmol). The mixture was filled up to a total volume of
1000 µL with water and stirred for 24 h with 1200 rpm at ambient temperature. The
reaction was monitored by UPLC-MS.

Cascade reaction without a scavenger

In a 1.5 mL vial, the aldehyde (150 µM) and ketone (500 µM) were mixed with Smoc-
protected catalyst (150 µM) and a 2 mM stock of the self-replicator (40 µM). The
mixture was filled up to a total volume of 1000 µL with water and buffer, respectively.
For the reference only the original catalyst without the self-replicator was used. The
reaction was stirred at ambient temperature for 24 h with 1200 rpm and monitored
by UPLC and 1H-NMR.

Cascade reaction with a scavenger

In a 1.5 mL vial, the aldehyde (150 µM) and ketone (500 µM) were mixed with
Smoc-protected catalyst (150 µM), scavenger (150 µM) and a 2 mM stock of the
self-replicator (40 µM). The mixture was filled up to a total volume of 1000 µL with
water and buffer, respectively. For the reference only the original catalyst without
the self-replicator was used. The reaction was stirred at ambient temperature for
24 h with 1200 rpm and monitored by UPLC and 1H-NMR.

3.4.3 Analysis

UV measurements

A stock solution of the substrate was prepared in the reaction medium. The con-
centration of the hexamer libary was 2 mM in 50 mM borate buffer pH 8.2. The
substrate stock solution was diluted with the reaction medium in a UV quartz glass
cuvette and equilibrated in the UV meter JASCO-II for 20-30 min. Afterwards the
self-replicator was added to the substrate. It was mixed by shaking the cuvette and
a time course measurement was performed by using the detection wavelength of
308 nm.
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SYN THES I S OF SURFACTANTS BY THE SYN THET IC 4SELF -REPL ICATOR

Compartmentalization formed by surfactants that were synthesized through a reaction
catalyzed by the self-replicator would be the ultimate goal of combining the three
fundamental parts of life self-replication, metabolism and compartmentalization. The
knowledge about the self-replicator being able to catalyze the deprotection of Fmoc-
and Smoc-protected compounds enables the exploration to more reaction types that can
possibly be catalyzed by the self-replicator, among others the aldol and Knoevenagel
reaction. The expansion to new reaction types, which could result in the possibility
the replicator being able to catalyze the synthesis of surfactants, would lead to a huge
progress concerning the question about the origin of life.

4.1 catalysis of carbon-carbon bond formation reactions medi-

ated by a peptide-based self-replicator

In nature, C−C carbon bond formations are crucial for metabolism reactions such as
the formation of fructose-1,6-biphosphate out of dihydroxyacetonephosphate and
glycerinaldehydephosphate through an aldol reaction. This is just one example out
of a variety of metabolism reactions and hence the reactions, that can be catalyzed by
the self-replicator, should be expanded in order to come one step closer to understand
the question about life.
The proton of the Fmoc-protecting group at position 9 that the self-replicator is

capable to deprotonate, shows a pKa of ∼25.23 Usually, the Fmoc-deprotection is
carried out by secondary amino bases like piperidine (pKa ∼11.22), pyrrolidine (pKa

∼11.27) or morpholine (pKa ∼8.36). As it is reported in literature,35,46–48 the men-
tioned amines can also serve as organocatalysts under aqueous conditions catalyzing
various C−C carbon bond formations such as the aldol reaction or Knoevenagel
condensation. The self-replicator is capable of performing the Fmoc- and Smoc-
deprotection just like the cyclic amino bases do. Hence, the scope of catalyzed
reactions by the self-replicator should be explored to C−C carbon bond formations
which could be used for the synthesis of surfactants catalyzed by the self-replicator
itself (Figure 33).

4.1.1 The Self-Replicator and the Knoevenagel Reaction

Knoevenagel condensations catalyzed by organocatalysts such as the aminobases
piperidine, pyrrolidine and morpholine or even amino acids like L-proline in aqueous
media have been reported in various publications.35,46,47

Figure 34 shows the substrates which were tested in 50 mM borate buffer pH 8.2
for the proof of concept. In order to achieve a surfactant structure in the product, a
charged head group and an aliphatic tail must be connected through the Knoeve-
nagel condensation. The initial idea behind the first tested substrates (a) was that
a charge has to be present in one of the starting materials, either at the CH active
methylene compound or at the aldehyde. In (a) both components bear a negative
charge hence if this reaction may be catalyzed by the replicator, the residues in the
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synthesis of surfactants by the synthetic self-replicator
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+
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(b)

Figure 33: Achieving surfactant structures by connecting a charged with an uncharged
moiety through a reaction catalyzed by the self-replicator. Via the Knoevenagel condensation
(a) a CH-active methylene compound bearing a charge should be deprotonated by the self-
replicator resulting in a nucleophilic attack on the aldehyde which features a hydrophopic
tail leading to a connection of charged and uncharged part of the final surfactant through
a C−−C bond. Via the aldol reaction (b) a ketone bearing an apolar aliphatic chain should
be deprotonated by the self-replicator resulting in a nucleophilic attack on the aldehyde
which features a charge leading to a connection of charged and uncharged part of the
final surfactant through a C−C bond. Above the critical micelle concentration (CMC) the
synthesized surfactants in both reactions (a) and (b) form micelles in case of a single tail
surfactant.

starting materials can be varied in order to design the product composition that leads
to a surfactant structure. Figure 35 shows the UPLC measurements of this initial
experiment including the reference that was catalyzed by piperidine. Chromatogram
(b) shows that the conversion was achieved by piperidine catalysis but not in (c)
where the self-replicator should have served as the catalyst. A reason for this could
be that too many negative charges are involved. At pH 8.2 malonic acid bears two
and 2-formylbenzenesulfonic acid one negative charge which could result in a strong
electrostatic attraction to the positively charged replicator hindering the active ly-
sine residues from deprotonating the CH active methylene compound which would
further result in an additional negative charge.
Hence, the CH active methylene compound was changed to a more apolar but

also more acidic acetylacetone (Figure 34 (b)). However, due to the sulfonate group
present in the aromatic aldehyde as well as in the product, starting material and
product peaks are hard to separate by UPLC. Hence, the aldehyde was changed to
4-hydroxybenzaldehyde as shown in Figure 34 (b).

After all, acetylacetone shows a keto-enol tautomerism with a strongly shifted
equilibrium to the enol conformation and hence is highly reactive which results in
various reaction products already in the buffer without any catalyst. The CH active
methylene compounds in Figure 34 (d) and (e) were too reactive as well since the
reaction already happened in the buffer without any catalyst.
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4.1 catalysis of carbon-carbon bond formation reactions

(a)

(b)

(c)

(d)

(e)

(f)

Figure 34: Starting materials
and products of piperidine
catalyzed Knoevenagel con-
densations for the proof of
principle. In 50 mM borate
buffer pH 8.2 (a) malonic acid
and 2-formylbenzenesulfonic
acid (b) acetylacetone and
2-formylbenzenesulfonic
acid (c) acetylacetone and
p-hydroxybenzaldehyde (d) 2-
sulfoacetic acid and benzalde-
hyde and (e) 2-cyanoacetic
acid and p-nitrobenzaldehyde
were mixed together with
piperidine as reference, with
the self-replicator as proof
of concept and without any
catalyst as negative sample.
In water (f) diethylmalonate
and p-nitrobenzaldehyde were
mixed together as (a) - (e).
Reactions (a) - (d) as well as
(f) were controlled by TLC and UPLC. Reaction (e) already showed product formation by
precipitation in the negative sample hence the reaction took place without any organic
catalyst.

In literature various Knoevenagel and aldol reactions are reported where p-
nitrobenzaldehyde was used as the proto-aldehyde,35,45,48 hence the startingmaterials
were changed to p-nitrobenzaldehyde and (f) diethylmalonate. Since the borate buf-
fer as the reaction medium has an important influence on the reaction rate or can
even hinder the replicator from catalyzing a reaction due to charged buffer salts, the
medium was changed to water. Chromatogram (d) in Figure 35 shows a conversion
of the starting materials with a retention time of 4 min catalyzed by L-proline.
Chromatogram (b) shows the cascade reaction of SmocProl deprotection by the

replicator with following catalysis of the Knoevenagel reaction by the released L-
proline. However, the chromatogram shows no conversion to the products of the
Knoevenagel condensation. Since L-proline seems in general not as efficient as
the aminobases piperidine or pyrrolidine the concentration of SmocProl should be
increased so that more L-proline is released by the replicator and hence could possibly
catalyze the Knoevenagel condensation which was not done in this thesis.

In chromatogram (c), which shows the starting materials with the self-replicator, it
seems that a conversion happened especially when compared to the negative sample
containing just the starting materials in buffer (a) which also seems to show a conver-
sion but with less peaks than the starting materials with the replicator. Furthermore
(c) shows more peaks than the reference reaction catalyzed by L-proline. It could be
that the replicator interacts with the starting materials and forms additional reaction
products. In order to confirm that, a mass spectrum in negative mode was taken,
which is shown in Figure 37.

Possible reaction products that would fit with their masses to those ones that
appear in the mass spectrum (a) are shown in (e) and include the hydrolyzed and de-
carboxylated cinnamic acid derivative and partly- as well as non-hydrolyzed products
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synthesis of surfactants by the synthetic self-replicator
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Figure 35: UPLC measurements of the Knoevenagel condensation between 2-
formylbenzenesulfonic acid and malonic acid in 50 mM Borax buffer pH 8.2 (a) without
any additional catalyst (b) with piperidine as the organocatalyst (c) with the self-replicator
as the catalyst and Knoevenagel condensation between 2-formylbenzenesulfonic acid and
acetylacetone in 50 mM Borax buffer pH 8.2 (d) without any additional catalyst (e) with
piperidine as the organocatalyst (f) with the self-replicator as the catalyst
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4.1 catalysis of carbon-carbon bond formation reactions

(a)

(b)

(c)

(d)

Figure 36: UPLC measurements of the Knoevenagel condensation between p-
nitrobenzaldehyde and diethylmalonate in water (a) without any additional catalyst (b)
using the reaction cascade of Smoc-L-proline (SmocProl) deprotection by the self-replicator
(c) the self-replicator as the catalyst and (d) L-proline as the organocatalyst. Differences of
the relevant chromatogram part between (a) - (c) are shown in the red boxes.

all obtained via the Knoevenagel reaction. Further masses that appear in the spec-
trum are those ones of the replicator dimer and interactions between the monomeric
and dimeric structures of the replicator with the starting materials. However, in
order to confirm that the self-replicator catalyzed this specific Knoevenagel reaction,
a series of experiments including references that contain only the starting materials,
a reference reaction catalyzed by pyrrolidine as well as the reaction catalyzed by
the self-replicator should be performed and monitored by UPLC and UPLC-MS with
an adjusted chromatography protocol in order to achieve a better separation of the
peaks, which was not done in this thesis.
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synthesis of surfactants by the synthetic self-replicator

(a)

(b)

(c)

(d)

(e)
Figure 37: UPLC/ESI-MS (a)

in negative mode of the Kno-
evenagel condensation between
p-nitrobenzaldehyde and diethyl-
malonate possibly catalyzed by
the self-replicator. Spectra (b) at
1.07 min and (d) in the wash show

the mass of a partly hydrolyzed product and spectrum (c) at 5.31 min the cinnamic acid
derivative and water addition to the Knoevenagel product. Masses, which fit to compounds
resulting from the condensation reaction, are marked in red and shown in (b). The more
accurate UPLC/ESI-MS spectrum is shown in the appendix.

4.1.2 The Self-Replicator and the Aldol Reaction

Previous works in the Otto group have shown that the self-replicator might not
be able to catalyze the aldol reaction in aqueous buffered media. Since reactions
can be hindered by buffer salts, the medium was changed to water and the aldol
reaction between pyridine-2-carbaldehyde and 2-pentanone was taken as a prototype
of reaction.

Figure 38 shows the chromatograms of the reference (a) containing just the starting
materials and (b) the startingmaterials with the self-replicator. The reference reaction
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4.1 catalysis of carbon-carbon bond formation reactions

catalyzed by pyrrolidine shows product peaks between 2-4 min.i Taking a closer
look on this time window the starting materials mixed with the replicator (d) seem
to show more peaks and also more intensive ones compared to the reference (b)
containing just the starting materials in water. In order to confirm a possible product
formation, mass spectra in positive as well as negative mode were taken from both,
the reference as well as starting materials mixed with the replicator. The mass spectra
are shown in Figure 39.
Possible reaction products that would fit with their masses to those ones that

appear in Figure 39 are shown in (d) and include products resulting from a reac-
tion of 2-pentanone with itself, through a Knoevenagel reaction with the aldehyde
as well as hydrates of the products. Masses that arise from interactions between
replicator building blocks and starting materials do not appear. However, in order
to confirm that the self-replicator catalyzed this specific Aldol reaction, multiple
series of experiments including references that contain only the starting materials, a
reference reaction catalyzed by pyrrolidine as well as the reaction catalyzed by the
self-replicator should be performed and monitored by UPLC and UPLC-MS, which
was not done in this thesis.
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Figure 38: UPLC measurements of the aldol reaction between pyridine-2-carbaldehyde and
2-pentanone in water (a) without any additional catalyst (b) using the self-replicator as the
catalyst. The relevant parts of the chomatogram are each shown to the right.

iNote that the retention time depends on the solvent composition and can differ from run to run.

55

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

synthesis of surfactants by the synthetic self-replicator

(a)

(b)

(c)

(d)

Figure 39: UPLC/ESI-MS of the aldol reaction between pyridine-2-carbaldehyde and 2-
pentanone in (a) in water without any additional catalyst in negative mode as a control
as well as with the self-replicator in negative mode (b) and positive mode (c). Masses and
structures, which have been found are shown in (d) where 3-(1-hydroxy-3-oxohexyl)-1-
pyridine with an exact mass of 193,11 g/mol would have been the desired product of the
aldol reaction.
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4.2 the self-replicator and the imine formation

4.2 the self-replicator and the imine formation

Another reaction that can be induced by the self-replicator in order to achieve
reaction products that are capable of forming compartments is the process of imine
formation shown in Figure 40. In order to achieve a surfactant structure in the final
product, the self-replicator deprotects a Smoc-amine and through imine formation
between the free amine and an aldehyde a surfactant is formed. Above the critical
aggregation concentration (CAC) compartmentalization is finally induced.
Usually, imines are not stable in water and the equilibrium is mostly on the side

of the free amine and carbonyl compound. However, the formation of surfactants
finally leading to supramolecular structures has a stabilizing effect. This pulls the
equilibrium towards the imine, meaning in this case the formed surfactant.27

4.2.1 Imine Formation of Amino Acids

Amino acids show a great potential for being the amine component during the
imine formation leading to compartment forming molecules since amino acids bear
a negative charge at the carboxylic acid group that finally forms the headgroup of
the surfactant as it is described in Figure 40 (a). Furthermore, some amino acids
are ideal candidates for the formation of double tail surfactants finally leading to
vesicles. Kayleigh van Esterik investigated the potential of lysine forming surfactants
through imine formation. Lysine features an additional amine group in the side chain.
Hence, it this amino acid is suggested to form double tail surfactants through imine
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Figure 40: Achieving surfactant structures by imine formation. In general (a) a Smoc-
protected amine is hindered by the protecting group to form an imine with a carbonyl
compound until the self-replicator deprotects it and releases the free amine, which can
then undergo imine formation resulting in surfactant structures. The use of (b) Smoc
protected cysteine can result, after deprotection, in single tail surfactants (i) or (ii) double
tail surfactants through oxidation to the dimer cystine by sulfo-dibenzofulvene (SDBF). L-
cysteine can also be pre-oxidized (c) already starting from the dimer. Another possibility
achieving double tail surfactant structures is (d) the deprotection of Smoc-protected primary
amines forming imines with charged aromatic dialdehydes.
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synthesis of surfactants by the synthetic self-replicator

formation with an aliphatic aldehyde in a ratio of 1:2. In this case the carboxylate
forms the negatively charged head group.

Another amino acid that shows a great potential for forming double tail surfactants
through imine formation is cysteine which bears just one amino group but a thiol in
the side chain. Previous works in the Otto group have shown that the side product
of the Fmoc- and Smoc-deprotection dibenzofulvene (DBF) and SDBF respectively,
enhances the oxidation of thiols to disulfides through a radical mechanism. Cysteine
bears just one amine nevertheless it shows potential to form a double tail surfactant
through imine formation and an additional oxidation to a disulfide by SDBF that is
released during the deprotection of the amine or thiol component induced by the self-
replicator as it is described in Figure 40 (b). However, the thiol group could interact
with the replicator leading to undesired products and destruction of the replicator.
Furthermore, even by a pre-oxidation to the disulfide cystine as described in Figure 40
(c), an interaction with the self-replicator cannot be fully avoided. However, in order
to keep the experiments to a simpler level, the oxidation step was skipped and the
experiment started from the thiol as a first starting point.

L-cysteine was protected with the Smoc-group according to the standard protocol
mentioned in the experimental section. Figure 41 shows the mass spectra of the
received products, where L-cysteine was protected on the one hand at the N-terminus
Smoc-N-Cys yielding a carbamate (a) and on the other hand at the thiol group
resulting in a thiocarbonate (b). Since both compounds share the same mass of

Figure 41: UPLC/ESI-MS in negative mode of the Smoc-protection of L-cysteine leading to
the two different products (a) Smoc-N-Cys (N-terminus) and (b) Smoc-S-Cys (side chain).

58

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

4.2 the self-replicator and the imine formation

422 g/mol the spectra were analyzed for different characteristics in order to identify
the products.
Evidence has been found suggesting (a), which shows the spectrum of the carba-

mate Smoc-N-Cys is the mass of 541 g/mol belonging to the dimer cystine which
is protected on just one nitrogen. Furthermore, the mass of 378 g/mol belongs to
the addition product of cysteine to SDBF. It is very likely that a certain amount of
Smoc-N-Cys decomposed into L-cysteine and SDBF, which enhances the formation
of disulfides. The free L-cysteine is on the one hand able to form an adduct with
SDBF as well as a disulfide with Smoc-N-Cys, which has a free thiol leading to the
dimer cystine which is protected on just one amino group. The product Smoc-S-Cys
is not able to form a disulfide with L-cysteine, since the thiol group is protected
thus the mass of 541 g/mol must not appear. Hence, it is suspected that spectrum (b)
shows Smoc-S-Cys due to the absence of a peak with the mass 541 g/mol. However,
the mass of the addition product of Smoc-N-Cys to SDBF was not found in one of
the mass spectra. Although spectrum (b) shows the mass of SDBF, no thiol addition
products were found. It could be that SDBF formed during the synthesis and could
not be separated properly with flash chromatography. It is suggested that spectrum
(b) shows the thiocarbonate Smoc-S-Cys, since it does not show the masses of any
thiol addition products or disulfide compounds.

UV-measurements for monitoring the deprotection of Smoc-N-Cys as well as Smoc-
S-Cys by the self-replicator were carried out in water and are shown in Figure 42. The
replicator is able to deprotect both compounds, Smoc-N-Cys as well as Smoc-S-Cys,
with a catalytic rate being in the same magnitude for both substrates.

In order to confirm that the double imine of the disulfide cystine forms vesicles,
L-cysteine was pre-oxidized with sodium perborate in water followed by the addition
of hexanal in the same amount as L-cysteine. The mixture was stirred at room
temperature for 24 hours and analyzed by confocal microscopy shown in Figure 43
(a) and (b) as well as cryo transmission electron microscopy (TEM) (c). However, the
structures shown in the cryo TEM images appear to be oil droplets and not vesicular
structures. The reason for the formation of oil droplets instead of vesicular structures
could be the fact that long chained aliphatic carboxylic acids in general show an
increased pKa , meaning a weaker acidity due to the +I-effect of the alkyl chain, which
lowers the tendency to release a proton from the −COOH group. In combination
with aggregation, where more alkyl chains come closer, the pKa could be even more

Catalytic rate

∗10−5 [Abs/min]

Smoc-N-Cys 1890 ± 20

Smoc-S-Cys 2280 ± 30

0 50 100 150 200 250
0.0
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a
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Smoc-N-Cys

Figure 42: Kinetic UVmeasurements of th deprotection of the N-terminus protected cysteine
Smoc-N-Cys as well as the thiol protected one Smoc-S-Cys in water using 100 µM of the
substrate and 20 µM of the replicator. Both can be deprotected fast by the replicator showing
catalytic rates in the same magnitude.
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synthesis of surfactants by the synthetic self-replicator

(a) (b) (c)

Figure 43: Confocal images (a) and (b) showing compartment formation. In order to confirm
a vesicular structure cryo-TEM (c) was performed with the same sample showing oil droplets
and not vesicles.

increased, thus the partly deprotonated carboxylic acid is too weak to form the
head group of this specific surfactant. After all, the double tail surfactant bears two
apolar aliphatic chains that try to have the lowest possible interaction with water
oil droplets are formed instead of micelles or vesicles since the head group is not
charged enough. A possible solution to this issue could be attaching the more acidic
and hence more negatively charged sulfonate group of p-hydroxybenzenesulfonic
acid through an esterfication between its −OH group and the −COOH group of
L-cysteine, which was not in this thesis.

4.2.2 Imine Formation of primary amines

As it was shown in Chapter 2 the self-replicator is able to deprotect Smoc-protected
primary amines, which are capable of forming micelles. In order to explore the
supramolecular structure to vesicles the approach of forming double tail surfactants
through imine formation could be used, which is described in Figure 40 (d). This
section will be mainly discussed in a conceptual way.
For achieving a double tail surfactant through imine formation using primary

amines, a charged aromatic dialdehyde can be used as the head group part. The ar-
moatic dialdehyde 5-hydroxy-6-methylpyridine-3,4-dicarbaldehyde was synthesized
from the vitamin B6 analogon pyridoxal through oxidation with manganese(II)oxide.
In order to attach a permanent positive charge the nitrogen of the pyridine ring
should be methylated resulting in a pyridinium cation (Figure 44 (a)) which was
not achieved in this thesis. However, this charged dialdehyde shows the ideal struc-
ture for serving as a head group since the −OH group on the fifth position is able
to stabilize the imine through donation of an H-bond to the nitrogen leading to a
six membered arrangement as described in Figure 44 (b). By mixing the charged
dialdehyde with a Smoc-protected primary amine, the imine formation is hindered
by the protecting group until the self-replicator deprotects it and releases the free
amine, which is capable of forming an imine with the aldehyde resulting in a double
tail surfactant when mixed in a ratio 1:2.

Since the synthesis of a charged dialdehyde can be challenging due to sensitivity
for over reactions of the aldehyde group another possibility that yields double tail
surfactants through imine formation is the use of single tail surfactants that carry
a carbonyl group as shown in Figure 44 (c). In general, the CAC for single tail
surfactants is higher compared to the CAC of double tail surfactants. Through an
aldol reaction between a methylated pyridiniumcarbaldehyde and an aliphatic ketone
a single tail surfactant is synthesized bearing a carbonyl group and a hydroxy group
in position 2, which has a stabilizing effect on imine formation through H-bonding.
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4.3 contributions

(a) (b) (c) (d)

Figure 44: Imine formation between (a) the positively charged aromatic dialdehyde 5-
hydroxy-6-methylpyridine-3,4-dicarbaldehyde and primary amines resulting in (b) dou-
ble tail surfactants and between (c) the single tail surfactant 3-(1-hydroxy-3-oxohexyl)-1-
methylpyridin-1-ium and primary amines resulting in (d) double tail surfactants. Both imines
(b) and (d) are stabilized by H-bonding and an additional six membered arrangement.

In this work, pyridine-2-carbaldehyde was methylated at the pyridine nitrogen
according to Plater et al.49 in order to attach a permanent positive charge followed
by the synthesis of 3-(1-hydroxy-3-oxohexyl)-1-methylpyridin-1-ium through an
aldol reaction with 2-pentanone according to the conditions of Chimni.50

In order to continue this approach, it should be confirmed that the imine formation
between a primary amine bearing an aliphatic chain fromC6 - C10 and the synthesized
3-(1-hydroxy-3-oxohexyl)-1-methylpyridin-1-ium leads the formation of vesicles. If
the vesicle formation is successful, the next step should be mixing the synthesized
single tail surfactant and a Smoc protected primary amine together with the self-
replicator, which should finally induce the formation of compartments. However,
this was not done in this thesis.

4.3 contributions

The research question about the expansion of reaction scope that can be catalyzed by
the self-replicator to C−C carbon bond formation such as the Knoevenagel reaction
was proposed by the author. The approach of achieving compartmentalization
through imine formation was proposed by Andreas Hussain, MSc and Kayleigh van
Esterik, BSc and expanded by the author to L-cysteine as well as primary amines as
the amino component. Negative stain TEM was carried out by Guillermo Monreal
Santiago, MSc, confocal microscopy images taken by Viktor V. Krasnikov as well as
Guillermo Monreal Santiago and mass spectrometry performed by Marcel Eleveld,
MSc. The author who also carried out synthesis of all products, screenings, UV
measurements, 1H-NMR spectra and data evaluation as well as drew the conclusions
in this chapter.
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synthesis of surfactants by the synthetic self-replicator

4.4 experimental

4.4.1 Synthesis

Smoc-N-Cys/Smoc-S-Cys

In a 25 mL round bottom flask, L-cysteine (1.35 mmol) was dissolved in 1.3 mL 10%
Na2CO3 and Smoc-Cl (0.9 mmol) dissolved in 1.6 mL dioxane was transferred to the
flask dropwise under cooling with a water bath. The mixture became white turbid
and was stirred at ambient temperature for 2h. Afterwards, the mixture was acidified
with HCl (1M) to pH 2-3 and then poured as it was on the flash chromatography and
purified by using a H2O/ACN gradient. Then the fractions were concentrated on
the rotary evaporator yielding 123 mg of Smoc-N-cysteine and 100 mg of Smoc-S-
cysteine. Both products were light yellow solids.

N-methylpyridine-2-carbaldehyde

Pyridine-2-carbaldehyde (10.5 mmol) was mixed with methyliodine (40 mmol) in
10 mL DCM and heated under reflux for 24 h. The orange crystals were vacuum
filtrated and washed with DCM. The yield were 105 mg (8% of theory).

1H-NMR (400 MHz, D2O): δ 8.78 (d, J = 6.2 Hz, 1H), 8.57 (t, J = 8.0 Hz, 1H), 8.34 (d,
J = 8.2 Hz, 1H), 7.98 (t, J = 7.1 Hz, 1H), 6.40 (s, 1H), 4.40 (s, 3H).

2-(1-hydroxy-3-oxoundecyl)-1-methylpyridin-1-ium

In a 3 mL vial, N-methylpyridine-2-carbaldehyde (0.044 mmol) was dissolved in
1 mL H2O and 2-decanone (2 mmol) was added. Afterwards, pyrrolidine (0.6 mmol)
was added to the mixture and the 2-phase system was intensively stirred at ambient
temperature. After 5 min the organic phase turned from colourless to milky. After
2h of stirring the organic phase became red. It was then extracted with 3x4 mL DCM
and the organic phase was washed with 25 mL H2O. The solvent was evaporated
leading to a red liquid in a quantitative yield. A 1H-NMR was taken in D2O.

1H-NMR (400 MHz, D2O): δ 8.78 (d, J = 6.2 Hz, 1H), 8.57 (t, J = 8.0 Hz, 1H), 8.34 (d,
J = 8.2 Hz, 1H), 7.98 (t, J = 7.1 Hz, 1H), 6.40 (s, 1H), 4.40 (s, 3H).
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4.4 experimental

5-hydroxy-6-methylpyridine-3,4-dicarbaldehyde

In a 50 mL round bottomflask, manganese(IV)oxide (22 mmol) were suspended in
15 mL H2O. Afterwards, pyridoxal hydrochloride (1.5 mmol) was dissolved in 2 mL
H2O and transferred to the MnO2 suspension. The mixture was stirred at ambient
temperature for 6h. Afterwards, it was vacuum filtrated and the filtrate evaporated
on the rotary evaporator. The crude was dissolved in 3 mL H2O and filtrated though
a syringe filter in order to get rid of MnO2 residues. The filtered solution was
intensively yellow and purified by flash chromatography using a H2O/ACN gradient.
The solvent was evaporated leading to a brownish liquid in a quantitative yield.

4.4.2 Screening

Knoevenagel reaction

In a 1.5 mL vial, the aldehyde (1 mM) and CH-active methylene compound (1 mM)
were mixed with the catalyst (50 µM) to a total volume of 200 µL with water. For the
positive reference pyrrolidine was used as the catalyst and for the testing sample
the self-replicator. For the negative reference only the starting materials were mixed
together. The reaction was stirred at ambient temperature for 24 h with 1200 rpm
and monitored by (MS-)UPLC.

Aldol reaction

In a 1.5 mL vial, the aldehyde (350 µM) and ketone (500 µM) were mixed with the
catalyst (14 µM) to a total volume of 1000 µL with water. For the positive reference
pyrrolidine was used as the catalyst and for the testing sample the self-replicator.
For the negative reference only the starting materials were mixed together. The
reaction was stirred at ambient temperature for 24 h with 1200 rpm and monitored
by (MS-)UPLC.

Imine formation test reaction

Sodium perborate tetrahydrate (4.61 mg, 0.03 mmol) was dissolved in 1 mL deuterium
oxide. L-cysteine (3.63 mg, 0.03 mmol) was added and the clear solution stirred for
4 h at ambient temperature. Then, n-hexanal (2.6 mg, 0,03 mmol) was added and
mixed on a shaker. After a few minutes the mixture became turbid. Droplets were
visible under a light microscope and the mixture was further analyzed by confocal
microscopy as well as cryo-TEM.
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4.4.3 Analysis

UV measurements

A stock solution of the substrate was prepared in the reaction medium. The concen-
tration of the hexamer libary was 2 mM in 50 mM borate buffer pH 8.2. The substrate
stock solution was diluted with the reaction medium in a ultra violett (UV) quartz
glass cuvette and equilibrated in the UV meter JASCO-II for 20-30 min. Afterwards
the self-replicator was added to the substrate. It was mixed by shaking the cuvette
and a time course measurement was performed by using the detection wavelength
of sulfodibenzofulvene at 308 nm.

cryo-TEM measurements

A 10 µL drop of the sample was placed on a Quantifoil 3.5/1 holey carbon coated
grid. Blotting and vitrification in ethane was done in a Vitrobot (FEI, Eindhoven, the
Netherlands). The grids were observed in a Tecnai T20 cryo-electron microscope
operating at 200 keV with a Gatan model 626 cryo-stage. Images were recorded
under low-dose conditions with a slow-scan CCD camera.11

Confocal microscopy

Confocal microscopy experiments were performed using a MicroTime 200 setup
(PicoQuant, Germany), using an Olympus IX73 microscope with a 100x oil immersion
objective. For the fluorescence images, a standard 120Wmercury lamp (X-Cite®series
120 Q) was used as an irradiation source, together with a fluorescence cube with
exciter and emitter wavelengths of 466 ± 20 and 525 ± 25 nm, respectively (Semrock
GFP-4050B). For confocal images, a 440 nm laser was used together with a 10%R/90%T
beamsplitter, an interference filter with wavelengths of 482 ± 35 nm, and a standard
Single-Photon Counting Module (Excelitas Technologies, USA). The laser power
remained under 10 µW, and was kept constant for each series of experiments.
Glass slides were coated with PEG to prevent interactions with

the coacervate phase, using a protocol modified from Lau et al.51: 3-
[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (6-9 PE-units, ACBR GmbH)
(0.5% v/v) and acetic acid (1% v/v) were dissolved in ethanol to make the coating
reagent. 50 µL of this solution was placed on top of each microscope slide, placing
another slide on top of it to spread the solution through both surfaces. More slides
and droplets of coating reagent were put on top of each other in this way, and then
heated in an oven to 100 °C for at least 30 minutes. The slides were then submerged
in ddH2O, sonicated, rinsed with more ddH2O, dried, and stored for use.
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Figure 45: 1H-NMR of 9-(2Sulfo)fluorenylmethyloxycarbonylchloride in acetonitrile-d3 at
400 MHz. The solvent is marked in grey.
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Figure 46: 1H-NMR of 9-(x,x-disulfo)fluorenylmethyloxycarbonylchloride in deuterium
oxide at 400 MHz. The solvent is marked in grey.
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Figure 47: 1H-NMR of dSmoc-glycine in deuterium oxide at 400 MHz. The solvent is marked
in grey.
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Figure 48: 1H-NMR of Fmoc-hexylamine in chloroform-d at 400 MHz. The solvent is marked
in grey.
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Figure 49: 1H-NMR of Smoc-hexylamine in DMSO-d6 at 400 MHz. The solvent is marked in
grey.
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Figure 50: 1H-NMR of Smoc-octylamine in DMSO-d6 at 400 MHz. The solvent is marked in
grey.
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Figure 51: 1H-NMR of Smoc-decylamine in DMSO-d6 at 400 MHz.
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Figure 52: 1H-NMR of 4xSmoc-spermine in deuterium oxide at 400 MHz. The solvent is
marked in grey.
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Figure 53: 1H-NMR of Smoc-N-cysteine in deuterium oxide at 400 MHz. The solvent is
marked in grey.
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Figure 54: 1H-NMR of Smoc-S-cysteine in deuterium oxide at 400 MHz.
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Figure 55: 1H-NMR of Smoc-pyrrolidine in deuterium oxide at 400 MHz. The solvent is
marked in grey.
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Figure 56: 1H-NMR of Smoc-proline in deuterium oxide at 400 MHz. The solvent is marked
in grey.
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Figure 57: UPLC/ESI-MS in negative mode of Smoc-pyrrolidine deprotection by pyrrolidine
with the additive dibutylamine acting as a potential scavenger. The mass spectra are from
the peaks at (b) 2.90 min (c) 5.05 min (d) 5.86 min (e) 7.39 min (f) wash.
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Figure 58: UPLC/ESI-MS in negative mode of Smoc-pyrrolidine deprotection by pyrrolidine
with the additive spermidine acting as a potential scavenger. The mass spectra are from the
peaks at (b) 1.28 min (c) 2.66 min (d) 2.92 min (e) 5.00 min (f) 5.81 min (g) 7.42 min (h) wash.
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Figure 59: UPLC/ESI-MS in negative mode of Smoc-pyrrolidine deprotection by pyrrolidine
with the additive cysteine acting as a potential scavenger. The mass spectra are from the
peaks at (b) 0.95 min (c) 2.88 min (d) 3.45 min (e) 5.72 min (f) wash.
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Figure 60: UPLC/ESI-MS in negative mode of Smoc-pyrrolidine deprotection by pyrrolidine
with the additive L-proline acting as a potential scavenger. The mass spectra are from the
peaks at (b) 1.28 min (c) 2.88 min (d) 4.99 min (e) 5.73 min (f) 7.39 min (g) wash.
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Figure 61: UPLC/ESI-MS in negative mode of Smoc-pyrrolidine deprotection by pyrrolidine
showing the addition product of pyrrolidine to SDBF. The mass spectra are from the peaks
at (b) 2.71/2.88 min (c) 7.41 min (d) wash.
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Figure 62: UPLC/ESI-MS in negative mode of Smoc-N-cysteine. The mass spectra are from
the peaks at (b) 3.56 min (c) 4.33 min (d) 8.64 min (e) wash.
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Figure 63: UPLC/ESI-MS in negative mode of Smoc-S-cysteine. The mass spectra are from
the peaks at (b) 6.08 min (c) 7.46 min (d) 8.66 min (e) wash.
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Figure 64: UPLC/ESI-MS in negative mode of the aldol reaction between 2-pentanone and
pyridine-2-carbaldehyde catalyzed by pyrrolidine in water. The mass spectra are from the
peaks at (b) 0.89 min (c) 1.03 min (d) 1.34 min (e) wash.
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Figure 65: UPLC/ESI-MS in negative mode of the aldol reaction between 2-pentanone and
pyridine-2-carbaldehyde potentially catalyzed by the self-replicator in water. The mass
spectra are from the peaks at (b) 0.93 min (c) 1.07 min (d) 1.27 min (e) 2.75 min (d) wash.
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Figure 66: UPLC/ESI-MS in negative mode of the aldol reaction between 2-pentanone and
pyridine-2-carbaldehyde without any additional catalyst in water. The mass spectra are from
the peaks at (b) 0.98 min (c) 1.27 min (d) wash.
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Figure 67: UPLC/ESI-MS in negative mode of the Knoevenagel reaction between diethyl-
malonate and p-nitrobenzaldehyde potentially catalyzed by the self-replicator in water. The
mass spectra are from the peaks at (b) 1.07 min (c) 2.47 min (d) 2.77 min (e) 3.90 min (d) 5.31
min.
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(a)

(b)

(c)

(d)

(e)

Figure 68: UPLC/ESI-MS in negative mode of the Knoevenagel reaction between diethyl-
malonate and p-nitrobenzaldehyde potentially catalyzed by the self-replicator in water. The
mass spectra are from the peaks at (b) 1.07 min (c) 5.99 min (d) 6.21 min (e) wash.
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