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Abstract

Abstract

Nature provides us with a large number of complex macromolecules with highly specific
properties and functions, such as deoxyribonucleic acids (DNA) or proteins. In comparison,
synthetic macromolecules or polymers are often much less complex and their properties and
functions simpler. Nevertheless, synthetic macromolecules play an important role in our
everyday life and through advanced synthetic methods such as controlled polymerization
more complex synthetic polymers, e.g., multiblock copolymers, have become available.
Indeed, the increase in structural complexity has enabled more advanced properties and
functions, e.g., of synthetic macromolecules in biomedicine or catalysis. One limitation that
remains with polymer synthesis is the control over the dispersity where most polymers are
isolated only as mixtures of macromolecules of different chain lengths. An alternative
synthetic strategy that has been successfully used to derive both, biological and synthetic
macromolecules with absolute control over their chain length and thus dispersity, is the solid
phase synthesis. For example, in solid phase peptide synthesis, amino acids carrying protecting
groups are successively coupled to a solid-phase resin, thus building up oligomeric structures.
After each coupling step, the protecting group is removed, and only then a new building block
can be coupled ensuring both, sequence control and monodispersity. Alternatively, synthetic
strategies without the use of protecting groups or so-called submonomer approaches have
been developed, especially for the solid phase synthesis of non-natural macromolecules such
as oligo(amidoamines) e.g., by alternating coupling of diacid and diamine building blocks. In
principle, this represents a more atom-efficient approach and potentially allows for an easier
upscaling of the synthesis. In recent years, cyclic building blocks have gained increasing

attention in this context.

In this thesis, three groups of cyclic building blocks and their possible applications and coupling
conditions in solid phase synthesis are studied: a) cyclic sulfamidates which can be coupled
either actively with linear or branched chain growth or latently to the solid phase and
introduce sulfate groups into the oligomer b) cyclic carbonates which upon ring opening lead
to oligohydroxyurethanes in the main chain c) cyclic amines which by ring opening with
chloroformates lead to N-substituted amide linkages in the oligomer backbone. The coupling
reactions of the three groups of building blocks to the solid phase are shown schematically in

Figure 1.
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Figure 1: Schematic illustration of the coupling of the three cyclic building block groups to the solid phase investigated for this
thesis.

In the first part of this thesis, cyclic sulfamidate building blocks were investigated for their use
as building blocks in solid phase synthesis. For this purpose, cyclic sulfamidate building blocks
were synthesized which carry the cyclic sulfamidate on one side and a carboxy functionality
on the other side of the molecule. Then, two strategies were investigated to couple the
building blocks to the solid phase. In the so-called latent strategy, the building blocks are
coupled to the solid phase with the carboxy functionality. In the active strategy, the cyclic ring

is coupled directly to the oligomer. Since on the solid phase resin the functional end group is
VI
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a primary amine, it is able to open two ring building blocks and branched oligomers are
formed. If the amine of the solid phase is first reacted with a building block that carries a
secondary amine as a functional end group, this also enables the linear structure of oligomers.

Thus, sulfate groups were introduced into the side chains of the oligomer.

In the second part of this thesis, the conditions for the coupling of cyclic carbonate building
blocks to the solid phase were investigated. For this purpose, a biscyclocarbonate was used
which was coupled to the solid phase with one ring in the first step. Coupling was optimized
by addition of a lithium triflate/triazabicyclodecen catalyst system, elevated reaction
temperature, increased coupling time and equivalents of building blocks used. Subsequently,
the second ring was opened with hexamethylenediamine, and the coupling conditions were
also optimized for this step. For the further construction of the oligomer, it was crucial to
reduce the intra- and intermolecular interactions of the growing oligomer chains on the resin
as this drastically reduces coupling efficiency. Therefore, the resulting urethane units, which
form upon ring opening, were spaced further apart by adding ethylene glycol spacer units
employing previously developed building blocks from the Hartmann lab and the hydroxy
groups were capped after each ring opening step. Thus, oligomers with oligohydroxyurethane
groups in the backbone were constructed. As another group of cyclic carbonate building
blocks, glycerol carbonate-based building blocks were also synthesized and coupled to the
solid phase. Different building blocks were synthesized with the cyclic carbonate motif on one
side and a carboxy functionality on the other side of the molecule. These building blocks were
then coupled to the solid phase and investigated for the formation of oligomeric structures.
Although the building blocks were successfully coupled to the solid phase once, they could not

be repeatedly incorporated into an oligomer.

In the third and final part of the thesis, cyclic amines were investigated as potential building
blocks in solid phase synthesis. For this purpose, cyclic amine building blocks were synthesized
which vary in their ring size and in the chain length between the ring and the carboxy
functionality in order to investigate the influence of the structure of the building block on the
ring opening. The four building blocks prepared were coupled to the solid phase, with the five
membered building blocks showing the highest coupling conversions. Subsequently, various
chloroformates and acid chlorides were investigated for their ability to open the cyclic amine

ring. The best results were achieved with fluorenylmethyloxycarbonyl chloride (Fmoc-Cl), and

Vi
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this allowed N-substituted amide linkages to be introduced into the oligomer backbone. Upon
subsequent cleavage of the Fmoc protecting group, intramolecular ring closure was observed,
preventing further assembly of the oligomer. Therefore, attempts were made to substitute
the terminal chloride by a nucleophile and thus further build up the oligomer. However, these
experiments also led to the cleavage of the Fmoc group and thus to a ring closure and no

further extension of the chain.

In summary, in this thesis various cyclic building blocks were investigated for their use in solid
phase polymer synthesis. The synthesis and subsequent coupling of the building blocks was
successful, allowing various functional groups to be introduced into the oligomers.
Subsequent attempts to open the cyclic rings on the solid phase were also mostly successful,
allowing for chain extension. The greatest challenge was the repeated incorporation of
multiple building blocks into oligomers. Further reaction optimization and adaptation of the
building blocks themselves will be required in the future to allow for building up oligomers of

multiple repeating units from the presented cyclic building blocks.

Vil



1 General Introduction

1 General Introduction

Sequence-defined macromolecules are a class of molecules that play a significant role in
biological systems.[*! For example, DNA and ribonucleic acids (RNA) are polymers whose
structure enables genetic information to be stored, replicated, and translated into the
synthesis of proteins in natural systems.[?! Proteins represent another biologically important

class of sequence-defined macromolecules.4

The synthesis of non-natural macromolecules with well-defined structures is a topic that is
currently being explored by many research groups.*> Early approaches in this field focused
on sequencing controlled free radical polymerizations to synthesize polymers with controlled
low dispersity. In contrast, more recent approaches often resort to iterative synthesis
methods, since only in this case monodisperse and sequence-defined macromolecules can be
obtained.!®71 Often, the exact position of a functional unit correlates with a specific function
of the molecule. Therefore, in order to develop sequence-defined macromolecules for
targeted applications, it is critical to be able to precisely control the assembly and structure of

the sequence-defined target molecules.

As it stands today, solid phase synthesis is an established method and often the method of

choice to ensure sequence-defined monomer sequence of macromolecules.*?8!
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1.1 Solid phase synthesis of non-natural macromolecules

The principle of solid phase synthesis (SPS) was investigated and established by Merrifield in
1963.°) The development of peptide synthesis at the solid phase was primarily aimed at
achieving monodisperse and sequence-defined oligopeptides from single selected amino
acids.”) Nowadays, solid phase synthesis is standardly used for the synthesis of various
biomacromolecules such as the peptides and oligonucleotides as well as

oligosaccharides.1%11]

The approach of solid phase synthesis offers many advantages that make this method
interesting for the synthesis of other, non-natural substance groups.?! For example, the
Hartmann group developed the synthesis of sequence-defined oligo(amidoamines) as
synthetic scaffolds for the presentation of carbohydrates or other selected molecular building
blocks.1%1314 The synthesis of oligomeric structures using solid-phase resins has been
addressed by many research groups,* each of which has published standard protocols for
the individual reaction steps depending on the substance groups to be synthesized. The
coupling steps have been appropriately designed and optimized for each system so that high
conversions are achieved.** Compared with equivalent methods, reaction times are short and

by-products hardly occur.

The workup of each coupling step is simple compared to reactions in solution, as their
procedure is technically easier to apply./ In SPS, the building blocks bind to polymeric resin
beads, while all other reaction components remain in the solvent, so filtration can be used as
a separation and washing method. For this purpose, the solid phase beads are washed several
times with a solvent to remove all by-products as well as excess reaction components.[1°l
Recently, Hartmann et al. presented a method for the recovery of the excess building
blocks.[*”] The growing chain remains on the solid phase resin, which can be separated from
by-products and unreacted reagents during filtration. The solid phase resin is then washed

with a solvent.[]

Depending on the desired application, different resins can be used as solid phase materials for
solid phase synthesis.[*®! The Hartmann working group frequently uses TentaGel® resins,*°!

which are hybrid resins consisting of a polystyrene component linked with chain-terminated
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polyethylene glycol (PEG). In the example of TentaGel® S RAM, chemically protected amino

groups form the functional end groups of the resin surface, linked by a rink amide linker.[16:20]

The building blocks or amino acids are first coupled to the resin during solid phase synthesis.
In the first step, an amide bond is formed between the carboxy functionality of the building
block and the amino group of the resin with activation reagents.[*®! In the subsequent steps,
the desired building block sequence is extended toward the N-terminus. The building blocks
to be used carry a protection group at the N-terminus to prevent side and subsequent
reactions.[*®! Protecting groups are often used to selectively block reactive functional groups
on the growing peptide chain. Protecting group strategies are an essential synthetic tool in
classical solid-phase synthesis.[?!l With the appropriate selection of protecting group
strategies for a given molecule, it is possible to synthesize sequence-defined macromolecules

with high yields and purities.[??! Several protection groups are presented in the following.

The Fmoc protection group is one of the most widely used protecting groups in solid-phase
peptide synthesis.[?3] Here the N-terminal amino acid is protected with an Fmoc group. The
Fmoc group can be selectively cleaved under basic conditions.!?3! Cleavage of the Fmoc group
can be achieved by the addition of a 20 - 25 vol.-% piperidine in DMF solution to the oligomer
bound to the resin.’?*! Various coupling reagents can be utilized in combination with the Fmoc
protecting group, allowing to synthesize peptides up to over a hundred amino acids in a

sequence-defined assembly.?!

The tert-butyloxycarbonyl (Boc) protection group is another commonly used protecting group
in solid-phase peptide synthesis.[?®! Here the N-terminal amino acid is protected with a Boc
group, which can be selectively cleaved under acidic conditions.?”] Due to this acidic cleavage
conditions the Boc group can be cleaved orthogonally to the Fmoc group, which contributes
to the selective protection of certain functionalities in the assembly of oligomeric
structures.[?42°1 Commonly, the Boc protecting group is used for the synthesis of hydrophobic

peptides and peptides containing ester and thioester moieties. 2!

The allyloxycarbonyl (Alloc) protecting group is also used in solid-phase synthesis. Typically
functional groups such as alcohols or amines are protected with an Alloc group, which can be
selectively cleaved with a palladium catalyst.[3% Due to these cleavage conditions, the Alloc

protecting group is stable under the basic conditions of the Fmoc protecting group as well as
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the acidic conditions of the Boc protecting group, which makes it an interesting protecting

group for the construction of sequence-defined oligomers.i3!

The last protecting group presented here is the benzyl (Bzl) protecting group, which is also
used in solid-phase synthesis. Typically hydroxyl groups are protected with Bzl groups, which
can be selectively cleaved under strong acidic conditions, e. g. with hydrofluoric acid at
25 °C.BZI An example where the benzyl protecting group was used is in the synthesis of the
hormone oxytocin in 1954 which was the first example of a polypeptide hormone
synthesis.[3334 This contributed to Vincent du Vigneaud receiving the Nobel Prize in Chemistry

in 1955.13335]

The terminal protecting group must be removed before each new coupling step of a building
block. In order to couple the building blocks with their carboxy functionality to the amine of
the solid phase resin or the terminal building block, different activation and coupling reagents
are used. Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and
N,N'-diisopropylethylamine (DIPEA) are frequently used in this process.3®! Both the building
blocks and the coupling reagents are used in excess to ensure high conversions.[l The

mechanism of carboxylic acid activation by PyBOP and DIPEA is shown in Figure 1.

! 0
o N4 N N )L .R!
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N OH
& =

Figure 2: Mechanism of activation of coupling reaction of carboxylic acids with amines by using PyBOP as coupling reagent
and DIPEA as base.l3¢!

The carboxy group of the building block is deprotonated by the base DIPEA. Subsequently, the
carboxylate reacts with PyBOP to form a deprotonated form of N-hydroxy benzotriazole
(OBt’) and an activated acyl phosphonium species. In the next step, the deprotonated
N-hydroxy benzotriazole reacts with the acyl phosphonium species and the activated
benzotriazole ester of the building block is formed. The driving force of the reaction is the
formation of the phosphonium oxide. In the final step, the amide bond is formed as the free

amine of the chain end of the resin reacts with the active ester.3”!
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In addition to PyBOP and DIPEA, other coupling reagents can also be used to enable the
sequence-defined coupling of building blocks to the growing peptide chain. Several coupling
reagents are presented in the following. Carbodiimides such as N,N’-Dicyclohexylcarbodiimide
(DCC) and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) are used to activate the
carboxy functionality of the amino acid, which then reacts with the amine functionality of the
terminal building block on the solid phase resin to form a peptide bond.® DCC is often used
when a Boc/benzyl strategy is chosen for solid phase coupling.®8 When Fmoc/t-Bu strategies
are used, N,N'-Diisopropylcarbodiimide (DIC) is often chosen as a coupling reagent and works
in a similar way like DCC. 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU) and Hydroxybenzotriazole (HOBt),®! as well as (1-cyano-2-ethoxy-
2-oxoethylideneaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate
(COMU) and HOBt, are also popular coupling reagent combinations in solid phase synthesis.!*%!
Various factors influence the choice of coupling reagents such as the length of the peptide

chain, the nature of the building block and the desired yield and purity of the final oligomer.[4!]

After the building block sequence is fully coupled to the resin, the oligomer is cleaved from
the resin (in the case of TentaGel® S RAM) using trifluoroacetic acid (TFA) and
triisopropylsilane (TIPS) in dichloromethane (DCM).!* The mechanism of solid phase synthesis

using the Fmoc protection group is summarized in Figure 2.
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Figure 3: Schema of solid phase synthesis using the Fmoc protection group.*

Solid-phase synthesis has been steadily extended by various research groups since its

discovery to be applied to natural polymers such as polynucleotides,“? polypeptides?®*3 and

5
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polysaccharides.** The research group Hartmann is working on transferring the solid phase
synthesis to oligo(amidoamines).[**! These oligo(amidoamines) are characterized by different
properties, such as defined sequences, defined distances between glycosylated residues and
monodispersity.*) Hartmann's working group uses both protected and functionalized amino
acids for this purpose, as well as building blocks with diverse properties that have been
specially adapted for this purpose. By incorporating these building blocks, success has been

achieved in the synthesis of precision glycomacromolecules.”:4¢!

Hartmann's working group uses different acyclic building blocks that can be divided into two
groups.l1H1747-501 One is the functional building blocks and the other is the spacer building

blocks. A selection of building blocks used in the Hartmann group is shown in Figure 4.

Spacer building blocks Functional building blocks
X
= (6] o (6] =
) ! =\
N /\ /\ OA\‘/> // HONN/\/N\/\NXO/\ \ //
H H
/\; o)
%/—/
Fmoc Fmoc
X + Diamine + Succinamide X + Diethylenetriamine + Succinamide

H

(o}
HO (0] N
O
EDS /Ek/\ /KW
(Ethylene glycol Diamine Succinamide)
TDS DDS
O H (Tripple bond Diethylenetriamine Succinamide)  (Double bond Diethylenetriamine Succinamide)
HO (o} N
Nu/\/ \/\o/\/ Fmoc
0 o o
oDS k J< },zko/\/
(Qctyl Diamine Succinamide) j’z O
BDS ADS
0 (Boc Diethylenetriamine Succinamide) (Alloc Diethylenetriamine Succinamide)

H
H N.
ONN/\/O\/\O/\/ Fmoc
H o]
o)
Hexyl Diamine Succinamide
(Hexy ) Ns /%K/YO\

0 H BADS mps®
HONN/\/O\/\O/\/N\FmOC (Benzyl Azide Diethylenetriamine Succinamide) (Methyl Diethylenetriamine Succinamide)
H

o]
SDS
(Short Diamine Succinamide)

Figure 4: Overview of spacer and functional building blocks used in the Hartmann group.[*%17.:47-50]

Spacer building blocks differ in how long the building blocks are and whether they insert polar
or non-polar components into the main chain. The functional building blocks allow ligands to
be incorporated into the side chain and made usable via functional groups./* Two building
blocks commonly used in Hartmann's group are EDS and TDS.[*Y The EDS building block

(Ethylene glycol Diamine Succinamide) is based on the biocompatible ethylene glycol
6



1 General Introduction

diamine.’® The building block is a hydrophilic spacer between different building blocks, which
also influences the flexibility and polarity of the oligo(amidoamines). The TDS building block
(Triple-bond Diethylenetriamine Succinamide) carries, in addition to the Fmoc-protected
amino and the carboxy functionality, a terminal alkyne in the side chain, which can be used
for copper-catalyzed azide-alkyne cycloadditions (CUAAC).1*% The TDS building block is also a

hydrophilic spacer between different building blocks.

In addition to the acyclic building blocks presented here, cyclic building blocks have also been

introduced to solid phase synthesis. These will be discussed in chapter 1.3.
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1.2 Submonomer solid phase polymer synthesis

Solid-phase synthesis as presented in chapter 1.1 has certain disadvantages, such as the use
of protection groups, the use of coupling reagents and incomplete coupling reactions.’!! To
overcome these downsides, a new approach known as submonomer solid-phase synthesis has
been developed, which is another method to prepare sequence-defined monodisperse
oligomers. This method follows an AB + CD strategy, which involves the coupling of two
submonomers, AB and CD, to form sequence-defined macromolecules./¥l The strategy can be
used to bypass the use of activated carboxy functionalities, which can lead to more efficient

and higher-yielding reactions. An example for the use of an AB + CD strategy is discussed later.

Submonomer solid phase synthesis was first introduced by Zuckermann et al. in 1992.52 The
method was used to synthesize the substance class of peptoids (N-substituted glycines). The
concept was further developed by Zuckermann and other research groups.[**2>3 |n
comparison to solid phase synthesis established by Merrifield®), building blocks are used that
do not have to carry protective groups. Working without protecting groups is an atomically
more efficient approach, which potentially makes it easier to scale up the synthesis.[*>2 The

general reaction scheme is shown in Figure 5.

(0]

o X

NH, + Coupling reagents

(6] _ (o] R
QHJVX PR O%”JVNH

Figure 5: Solid-phase assembly of an N-substituted glycine from two submonomers (X= halogen).l>%

Each addition of a repeating unit consists of two individual steps. The first step is an
acetylation, the second a nucleophilic substitution. In both steps, no deprotections have to be
carried out, since no protecting group strategy is required due to the orthogonality granted,
which is an essential difference to the solid phase synthesis established by Merrifield. Only
reactive side chains of the amine need to be protected. The submonomer solid-phase
synthesis can be automated and generates the desired functionalized peptoids in high yields

and purities.[%>4

In the first step the acetylation, an amine attached to the resin is reacted with a B-halide
carboxylic acid. For example, diisopropylcarbodiimide or other substances capable of

activating carboxylates are used as coupling reagents. In the second step, nucleophilic
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substitution of the halogen by an excess of primary amines introduces the side chain with a
residue. It is possible to use a variety of different primary amines. The group formed by this
reaction is called peptoid. This class of substances does not occur in natural form, but can be
produced synthetically by this process.l>>>4 Peptoids are an important class of biomimetic
oligomers that have had a significant impact on the fields of combinatorial drug discovery, >
gene therapy,® drug delivery®”! and biopolymer folding®®! in recent years. Sequence-specific
peptoid oligomers are readily prepared from primary amines, via a solid-phase submonomer

process55459],

An application example was presented by the Lutz lab, where an AB + CD approach was used
to synthesize eight sequence-defined macromolecules.®® First, two building blocks were
synthesized in which the AB building block carries an acid/alkyne functionality and the CD
spacer building block carries an amine/azide functionality. Protection groups are not required,
since the acid functionality reacts exclusively with the amine functionality and the alkyne
functionality reacts exclusively with the azide functionality. For the AB building block, two
different monomers were used, which differ by a methyl group in the side chain and are
therefore divided into non-coding (no methyl group) and coding (methyl group) monomers. €0l
Through stepwise CuAAC and amide bond linkages, binary encoded sequence-defined
macromolecules could be synthesized.9 Lutz et al. further explored this method and
successfully synthesized nucleotide mimetics.!® Both examples described could then be used
for security and encoding technologies, since the sequence-defined macromonomers
produced contained either quaternary or binary information that could subsequently be

decoded.[60-62]

Another approach to avoid the use of protecting groups in the solid phase is the telechelic
strategy where both ends of the building block have the same functional group at the terminal
ends.! This approach follows an AA + BB strategy using the example of cyclic anhydrides and

diamines presented by Hartmann et al. and will be presented in the next chapter.[1263!



1 General Introduction

The different pathways to synthesize sequence-defined macromolecules using A) classical
solid-phase synthesis with protecting groups (PG) B) an AB + CD approach and C) an AA + BB

approach are shown in Figure 6.164

A: Classical solid phase synthesis

7
B—-x —A-PG D tecti /
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—{ X — v goToTmmmmTTTmmmAmmmmmmmmmEEIII £y
2.Cleavage M. ... e .
C: AA + BB approach
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Figure 6: Overview of the different pathways to synthesize sequence-defined macromolecules. A: Classical solid phase
synthesis with protection groups (PG). Function A reacts with function B. In the next step the PG is deprotected. B: AB + CD
approach. Function A only reacts with function C and function D only reacts with function B. C: AA + BB approach. Function A
only reacts with function B.[64

As in classical solid-phase synthesis, various cyclic building blocks have already been
successfully incorporated into submonomer solid-phase synthesis and these are presented in
the chapter 1.3. The concept of solid phase submonomer synthesis presented here is used in

a similar form in this thesis.
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1 General Introduction

1.3 Cyclic building blocks in solid phase synthesis

Iterative assembly of acyclic building blocks has been the basis for numerous successful
syntheses of sequence-defined macromolecules. The use of tailored acyclic building blocks
offers several advantages, including the control over backbone length and composition,
enabling tuning of hydrophilic or hydrophobic properties and spacing between side-chains.®®!
Custom synthesis also enables the creation of toolboxes of acyclic building blocks with
appropriate lengths, elemental compositions, and side- and end-groups.l!! Despite the
advantages of tailored acyclic building blocks in terms of their ability to provide desired
properties, the current trend towards increasing efficiencies in chemical synthesis has led to
the investigation of different cyclic building blocks for their use in the solid phase over the past
years. This is due to considerations such as atom economy and the time investment required
for the multi-step syntheses of the acyclic building blocks.[®®! Efforts are being made to address

the issue of inefficiencies, especially at a large scale.[®]

In addition to the acyclic building blocks presented in the previous chapter, ring-shaped cyclic
building blocks have also been used in solid phase synthesis. Using cyclic building blocks in
solid phase synthesis offers different advantages, e. g. that protection group strategies as
described in chapter 1.1 can be dispensed. In addition, cyclic building blocks allow the
introduction of bi- or multifunctionalities into the oligomer chains and the ring opening of
these cyclic building blocks proceed with high regio and/or stereoselectivity.[® In most cases
ring opening of the building blocks can be achieved by a variety of amines. This can also
generate branched structures that can subsequently be functionalized or further
elongated.[®®! Ring opening reactions bring challenges too, as for example cascade or side

reactions and the formation of product mixtures. %68l

Various cyclic building blocks have already been used in solid phase synthesis. The building
blocks presented below are selected to demonstrate how cyclic building blocks can be used in
solid phase synthesis to incorporate different functional groups and specific functions into
sequence-defined macromolecules. Some of the building blocks presented here were recently
described in a review by Hartmann et al. on the use of heterocyclic building blocks and their

applications for the assembly of sequence-defined oligomers and polymers.[%>!
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1 General Introduction

The Du Prez working group investigated different cyclic building blocks for their use in solid
phase synthesis. These include thiolactones, cyclic peptides!® and cyclic sulfonamides!®.
Thiolactones are cyclic esters of mercapto-acids and their chemical activity is similar to that of
lactones except that the endocyclic oxygen is replaced by a sulphur atom.’ When
thiolactones are ring-opened by amines, an amide bond is formed and a thiol group is revealed
which can then be functionalized in a further step. Thiolactone aminolysis enables the
introduction of two separate residual groups with high atom efficiency, in some cases with full
retention of all atoms.”*) By means of a thiol-Michael addition, Du Prez et al. were able to use

thiolactones for the construction of sequence-defined oligomers on solid phase.”?
Aminolysis
NH,

R

Solid phase

(0]
(@] H H
SH o S coupling S N Two-step S N S H
@ * \)LNI) d \/T S iterative coupling d o I\/
(6] NH
H

N

Thiol-Michael
Addition

Figure 7: Coupling of a thiolactone to the solid phase. Subsequent two-step iterative coupling by means of aminolysis and
thiol-Michael addition.[”?

Subsequently, the thiolactone rings were ring-opened by aminolysis and different side chains
could be introduced resulting in tri-, tetra- and pentameric structures with molecular weights
up to 1700 g/mol.[’?l By the combination of thiolactone chemistry with the Passerini three-
component reaction, sequence-defined oligomers could be synthesized at gram scale with

molecular weights of up to 4 kDa.l”3]

Epoxides have also been used in solid phase synthesis. Epoxides are three-membered rings
with an oxygen atom in the ring. With an epoxide bound to the solid phase, oxazolidinones
could be synthesized in high yields and purity via cycloaddition reaction with isocyanates.[”%
Furthermore Sauleau et al. were able to synthesize epoxides on the solid phase by using
alkenoic acids. Subsequently, the epoxides were ring-opened with thiophenols or sodium
azide and then cleaved from the solid-phase resin. This allowed y- and &-lactones to be
synthesized in high yields and purities.!””!

12
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Figure 8: Coupling of alkenoic acids to the solid phase to obtain epoxides. Subsequent ring opening of the epoxides with
nucleophiles. Finally cleavage from the solid phase resin to obtain y- and 6-lactones.[”’]

Maleimides are imides of maleic acid substituted on the nitrogen atom with an alkyl group or
aryl group and have also been used as cyclic building blocks in solid phase synthesis. Their
reactions in chemistry are widely used in Diels-Alder cycloadditions, Michael additions and
double-bond polymerizations.”® The thiol-maleimide coupling is an often used method due
to the rapid reaction rates, high selectivity and relative stability of the conjugate products.””]
Thiol-maleimide click reactions have been performed by the Zhang group in creating defined
macromolecules.l’8l They have used an iterative exponential growth protocol to produce
sequence-defined macromolecules, with iterated splitting, orthogonal deprotection, and
active coupling leading to sequence-defined macromolecules on gram scale.’? The Zhang
group has developed a method to synthesize sequence-defined digital dendrimers that
encode information into the primary sequence and then decode it using tandem mass
spectrometry (MS/MS) techniques.®% Another example is that maleimides were reacted with
alpha-amino esters and hydroxybenzaldehydes in a 1,3-dipolar cycloaddition to synthesize

highly substituted pyrrolidines.®!]

Houghten et al. were able to obtain cyclic ureas and thioureas by the reduction of acylated
dipeptides followed by treatment with carbonyldiimidazole or thiocarbonyldiimidazole
affords the corresponding cyclic urea or thiourea in high yield and high purity.!8?! In addition,

bis-cyclic ureas, bis-cyclic thioureas, and bis-cyclic diketopiperazines could be synthesized.[%3!

Lim et al. have shown in their studies how cyclic peptides can be cleaved from the solid phase
resin by cyanogen bromide and at the same time ring-opened, which is described as a one-

pot ring-opening/cleavage strategy.[®*
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1 General Introduction

Cyclic anhydrides have also been used in solid-phase synthesis. Cyclic anhydrides are ring-
shaped molecules in which two acyl groups are linked by an oxygen atom. They are often 5-
or 6-membered rings, e.g., maleic, succinic and glutaric anhydrides.[®® Various reactions to
bring cyclic anhydrides to ring open with amines have been studied.’®! For example, the
reaction of maleic acid and amines can synthesize the maleimides described above.!®®
Hartmann et al. have presented an AA + BB approach in which succinic anhydride is reacted
with a diamine which is shown in Figure 9.1*2 In a first step, succinic anhydride is coupled to a
resin with a terminal amine group. When coupling the succinic anhydride to the resin an amide
bond is formed and a carboxy functionality is revealed at the end of the oligomer. In a
subsequent step, the carboxy functionality was reacted with a diamine, which again results in
an amide bond and leads to a terminal amine to which further sequence-defined succinic
anhydride building blocks could be coupled. With this protocol up to 10 repeat units were
coupled in a sequence-defined assembly.[*?! By using cyclic anhydrides, poly(amidoamines)
were synthesized. These were explored as polymer medicinal constructs,® e. g.
monodisperse, cationic structures were used as non-viral polynucleotide delivery vectors.®”]

The scheme for the coupling of succinic anhydrides with diamines is shown in Figure 9.

Solid phase

0-_9_o coupling i OH HN" R7ONH, i H R N
NHy + v - 7 NM _— > N ~ N H
o Oy @ty

(n-1)
repetitive 0
coupling

steps

H H Cleavage
N R N
HZNM NN }H - M \/ ~ W
o) n

Figure 9: Solid-phase coupling of succinic anhydride to an amine-functionalized resin followed by reaction with a diamine.
Subsequent cleavage from the solid-phase resin generates sequence-defined poly(amidoamines).[*?

N-heteroaromatics are another group of cyclic building blocks used in the solid phase which
carry a leaving group like chlorides that undergo nucleophilic aromatic substitutions with
nucleophiles like amines, alcohols or thiols.[88 An example of an N-heteroaromatic is
2,4,6-trichloro-1,3,5-triazine (Trz). With Trz, peptide macrocyclizations could be performed by
Wenschuh et al.®® Other N-heteroaromatics were also used e.g., 3,6-dichlooropyridazine was
coupled to a thiol bound to the solid phase resulting in aminopyrazidines after aminolysis. In

addition, resin-bound amines were reacted with chloropyrimidines in a nucleophilic aromatic
14



1 General Introduction

substitution leading to 2,4-diaminopyrimidines after cleavage from the solid phase.[”
Trz-based monomers, which were reacted with thiols or amines prior to coupling them to the
solid phase, made it possible to incorporate sequence-defined macromolecules with different
side chains.®!1 Solid phase coupling then occurs at the second chloride of the Trz building block
and the third is reacted with diamines at high temperatures. Additional building blocks can

then be coupled via the terminal amine.

Submonomer solid phase synthesis

Cl\_N_Cl Clw _N_ _X. PhSH, EtSH, CygH,,SH,
\Nﬁ 1‘/ RXH " SR fxp e BOCNH-CoHp-NH,,
Y N\f“ SH-(4-Cl-benzyl)
Cl
Cl tBuCOO-C,H,-NH,
Trz
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Cl
" +CI\WN\ Xz Base N4<N4N
O““ 2 O‘ \
N\f“ 35°C Ho N
cl -HClI o
%Cl HNwwNH,
N= Base N=
N—Q N + HoNawwNH, ———— N—\ N
Q4 = Q<
X -HCl X
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Figure 10: Submonomer solid phase synthesis of a sequence defined macromolecule with triazine-based monomers.[*Y

Hexameric oligomers with molecular weights of up to 1400 g/mol and varying side chains
could be introduced. Thus, aromatic, alkyl and charged residues oligomers could be
introduced and side chain interactions could be studied.®! By targeting side chain interactions
through the formation of foldamer structures and m-m interactions of hydrogen bonds,
secondary structures similar to those found in nature could be generated.®? Photo chemical
methods to synthesize sequence-defined macromolecules with N-heteroaromatics were

carried out by Barner-Kowollik et al.[*3
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2. Aims and Outline

2. Aims and Outline

In recent years, much progress has been made in the synthesis of sequence-defined synthetic
oligomers with absolute control over their monomer sequence and chain length. Such control
in synthetic oligomers and polymers can enable the development of new classes and
applications of macromolecules, for example, the development of polymeric biomimetics for

biomedical applications.!129194

The aim of this work is to explore different groups of cyclic building blocks for their use in solid
phase synthesis and to extend the toolbox for building blocks that can be used in solid phase
polymer synthesis. Cyclic sulfamidates, cyclic carbonates and cyclic amines will be explored
for their use in solid phase synthesis and will allow for a protecting group free coupling or so-
called submonomer strategy. Different cyclic building blocks have already been investigated
for the use in solid phase synthesis, e. g. thiolactones by the du Prez group,7%7%%> maleimides
by the Zhang group!®® and epoxides by the Johnson group®®’l. The use of cyclic building blocks
allows branched structures to be constructed and new functional groups to be inserted in
sequence-defined oligomers. In the first step, cyclic building blocks will be designed and
subsequently synthesized. The reaction conditions for these syntheses will then be optimized.
Subsequently, these building blocks are to be coupled to the solid phase. For this purpose,
parameters such as reaction time, reaction temperature, resin loading, reagent stoichiometry,

solvents, catalysts and the number of coupling steps per reaction will be investigated.

The first part of this thesis focuses on cyclic sulfamidates and their possible use in solid phase
synthesis. Using these building blocks offers the possibility to introduce sulfate groups in the
side chain upon ring opening with an amine. Sulfate groups are of special interest in the
Hartmann lab, due to the development of polysulfates as antivirals.[®®! Building blocks are to
be synthesized which carry both the sulfamidate motif and a carboxy functionality with which
the building blocks can subsequently be coupled to an amine-functionalised resin. Both the
possibility of coupling the ring directly to the solid phase and the variant of first coupling the
carboxy functionality to the solid phase are to be investigated. Subsequently, further cyclic
sulfamidate building blocks will be coupled to the solid phase and the corresponding coupling
conditions will be explored. The possibility to synthesize linear as well as branched structures

will also be investigated.

16



2. Aims and Outline

In the second part of this thesis, the cyclic carbonates are investigated for their potential use
as building blocks in solid phase synthesis. Cyclic carbonates are an interesting class of building
blocks for solid-phase synthesis, as they have gained attention as a green alternative to the
classic polyurethane synthesis via the polyaddition of polyisocyanates with polyols.[°9100,101,102]
In addition, cyclic carbonates have already been used in solution in the Hartmann group(t©3!
and it is now interesting to explore them for their use in the solid phase. For this purpose, a
butyl biscyclocarbonate is chosen as a building block. First, coupling conditions are to be
investigated with which it is possible to couple the cyclic carbonate ring to the solid phase.
Subsequently, the second ring of the biscyclocarbonate is to be opened by a diamine. The ring
opening is expected to lead to the formation of oligohydroxyurethanes, which contain
branching hydroxy groups in the main chain. After these coupling conditions have been
optimized, further cyclic carbonate building blocks will be coupled to the oligomer and the

required coupling conditions will be investigated.

The third and final part of this thesis deals with cyclic amines. Cyclic amines are an interesting
class of building blocks for solid phase synthesis, since ring opening creates N-substituted
amide bonds, which - as is known from peptoids - opens the possibility for the generation of
novel peptidomimetics for potential applications in biomedicine.l'® The first step is to
synthesize building blocks that vary in both ring size and chain length between the carboxy
functionality and the cyclic amine ring. After successful solid phase coupling of these building
blocks, the aim is to open the rings of the cyclic amine building blocks with chloroformates
bearing protective groups, so that peptoids, with a branching alkyl chloride functionality, can
be incorporated into the main chain of the oligomer.['%! Subsequently, the protecting group
is to be cleaved off and further building blocks are to be coupled to the secondary amine of
the main chain. Alternatively, ways to nucleophilically replace the chloride terminal after ring

opening will be explored.

17



3. Results and Discussion

3. Results and Discussion

3.1 Exploring Cyclic Sulfamidate Building Blocks for the Synthesis of

Sequence-Defined Macromolecules

Hill, S. A., Steinfort, R., Miicke, S., Reifenberger, J., Sengpiel, T., Hartmann, L., "Exploring Cyclic
Sulfamidate Building Blocks for the Synthesis of Sequence-Defined Macromolecules"

Macromol. Rapid Commun., 2021, 2100193.
Contribution:

Robert Steinfort: First synthesis of building block 1. Coupling experiments with this building
block to the solid phase. Synthesis of oligomers 6 and 19. Experiments for linear and branched
growth with building block 19. Experiments for coupling building block 1 to the solid phase
with different coupling reagents. Experiments for the latent and active strategies. Analytical
sample preparation (IR, EA, NMR, LC-MS). Analysis and evaluation of the structures. Work
carried out by Sandra Micke and Josefine Reifenberger under the supervision of Robert
Steinfort: Optimization of the synthesis of building block 1. Coupling reactions with building
block 1 to the solid phase. Coupling experiments for linear and branched growth with building

blocks 1 and 16.

Stephen Andrew Hill and Robert Steinfort contributed equally to this work.
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The preparation of sequence-defined macromolecules using cyclic
sulfamidates on solid-phase is outlined. The challenges surrounding an
AB+CD approach are described with focus on understanding the formation of
ring-opened side products when using amide coupling reagents. To avoid
undesired side product formation, a strategy of iterative ring-openings of
cyclic sulfamidates on solid-phase is explored. Ring-opening on primary and
secondary amines is successfully reported, generating both linear and
branched chain growth. However, attempts to selectively cleave N-sulfate
bearing sp*-hybridized groups cannot be demonstrated, limiting the overall
building block scope for this methodology. Consequently, the active

ring-opening of cyclic sulfamidates on amine-functionalized

oligo(amidoamine) backbones is successfully applied to produce

sequence-defined, N-sulfated macromolecules.

1. Introduction

The relationship between any molecule’s shape and function
is fundamental, with shape being governed by molecular com-
position and the molecule’s atomic arrangement. Similarly, a
macromolecule’s sequence is known to influence its shape with
natural examples, like DNA/RNA, proteins and polysaccharides,
only functioning properly with the correct atomic or building
block (BB) arrangement.!] The importance of sequence defi-
nition is well-understood in biopolymers and attention within
the polymer community has turned toward artificial systems
over the past decade. The focus on sequence-defined oligomers
and polymers has led to many advances in both synthesis and
application which have been recently reviewed.[?!
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In our own work, we have focused
on the development of novel peptido-
and glycomimetic macromolecules based
on sequence-defined oligo(amidoamines)
with pendant glycan side chains. We have
achieved sequence-definition via the step-
wise assembly of tailor-made BBs on solid
phase (SP), which offers the chemist many
advantages when assembling monodis-
perse, sequence-defined macromolecules
(SDMs). Ever since Merrifield et al. re-
ported the first solid-phase synthesis (SPS)
of a tetrapeptide,l®l the versatility and ap-
peal of this synthetic strategy has seen
the purification and yield-maximizing ben-
efits being applied to natural polymers,
such as polysaccharides,* polypeptides, ]
and polynucleotides,®! as well as non-
natural or biomimetic polymers, such as
polyurethanes,/”! triazine-,[8] and thioether-
based polymers.[’]

Our own work centers around standard peptide coupling
strategies for BBs carrying a free carboxylic acid and a Fmoc-
protected amine group.??] We have developed a toolbox of non-
natural building blocks that allows us to vary main and side
chain motifs in the final SDM and to site-selectively introduce
different motifs, such as hydrophobic units or different glycans.
In the recent past, we have looked to expand this toolbox and
have become particularly interested in synthesizing glycomacro-
molecules containing sulfonated or sulfated structures. They
are simplified mimetics of glycosaminoglycans (GAGs), densely-
sulfated polysaccharides, which often bear other charged func-
tionalities, e.g., amines and carboxylates, and perhaps heparin
is the most widely-known example.[') Heparin/heparan sulfate’s
O- and N-sulfation patterns can be highly heterogeneous, never-
theless it is known that specific patterns determine a given GAG’s
function at the cell, tissue, and organism level influencing pro-
cesses, such as signal transduction, and development of the ner-
vous and skeletal system.!"!l Therefore, it is of high interest to
create macromolecules with sequence-defined sulfation patterns
and learn more about the correlation between the sequence and
resulting biological activity. However, creating such natural or
biomimetic sulfated macromolecules with sequence definition
is highly challenging. Known synthetic methods include enzy-
matic modification of natural oligo- and polysaccharides and the
use of noncarbohydrate containing polymers and complex pro-
tecting group strategies in SPS.[1?] In our recently reported work,
we have used SPS in two distinct ways to generate sulfonated and

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. A) General scheme for latent and active SDM chain elongation strategies; Deployment of cyclic sulfamidates on solid phase in either B) latent
(inset: cyclic sulfamidate general reactivity) or C) active coupling strategies to generate linear and branched growth.

sulfated SDMs. First, incorporating sulfation patterns onto the
desired backbone or architecture on SP prior to cleavage.'¥ Al-
ternatively, we reported that a resin-bound SDM may be produced
and then cleaved from its support, before the desired sulfation is
installed.[*

In this study, we explore an alternative way to produce N-
sulfated SDMs that should be compatible with our previously-
established SP strategies. Therefore, we identified cyclic sulfami-
dates (CS) as potential BBs to be added to our toolbox. CSs are a
class of heterocycle identified by a N-SO,—-O functionality housed
in either a 5 or 6-membered ring. CS reactivity is characterized
by a site-selective, ring-opening reaction at the endocyclic C-O
bond with a wide variety of nucleophiles including amines, alkox-
ides, halides, azide, sulfur-, and carbon-centered nucleophiles
(Figure 1).[51 The use of heterocyclic BBs that can be selectively
ring-opened in the stepwise assembly of SDMs has been well-

Macromol. Rapid Commun. 2021, 42,2100193 2100193 (2 of 8)

established by Du Prez et al. for thiolactones,®!¢l and by John-
son et al. for epoxides.l'”] We envision two strategies for SDM
chain elongation using CS BBs which can be categorized as ei-
ther “latent” or “active” (Figure 1). A latent or active heterocyclic
BB strategy describes the outcome of a BB’s coupling to a macro-
molecule. If a strategy is latent then an unreacted heterocyclic
functionality remains after SDM incorporation, retaining its re-
activity to be used in a subsequent transformation. In contrast,
an active strategy utilizes a heterocycle’s inherent chemistry in
the coupling step. For a latent strategy an “AB+CD” monomer
approach, akin to thiolactone examples, would be realized via cre-
ating a carboxylic acid-pended CS, e.g., 1 (“AB” monomer). In an
initial step 1 would be coupled to an amine-functionalized resin
via amide formation. After successful incorporation of the latent
CS ring on the resin, treatment with an appropriate bifunctional
nucleophile, e.g., diamine, N-protected aminol, or aminothiol
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Figure 2. A) Synthesis of 1; B) Amide coupling of cyclic sulfamidate 1 to resin-bound precursor 6; and C) the identified ring-opened side products.

(“CD” monomer), would afford ring-opening/chain elongation
and provide a reactive terminus for further iterative couplings of
1 (Figure 1B).

Alternatively, an active approach would use iterative ring-
openings of CS BBs on nucleophile-presenting resins to grow
the polymer backbone. Plus, in this approach the revealed N-
sulfate group could be regarded as a masked protecting group,
which after successful deprotection would yield a new amine
end-group, primed for further chain elongation (Figure 1C). Sec-
ondary amine alkylation would result in linear growth, whereas
primary amine termini would afford branching, allowing pre-
cise control over architecture. In both examples the role of the
N-bound residual group could be: 1) to act as a side-chain (encod-
ing information or additional functionality), or 2) provide an ad-
ditional reactive group, potentially crucial for future chain elon-
gation. Literature reports of CSs on SP have demonstrated both
latent and active approaches but never in an iterated fashion.!*8]

2. Results and Discussion

2.1. Latent Coupling Strategy

To begin with, a latent AB+CD monomer approach was investi-
gated and to this end the gram-scale synthesis of novel cyclic sul-
famidate 1 was proposed. 1 was synthesized via the Michael addi-
tion of ethanolamine (2) to tert-butyl acrylate (3) which afforded
key, N-alkylated ethanolamine derivative (4) in multigram-scale
quantities (Figure 2A, Supporting Information).[”! Treatment of
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4 with thionyl chloride, followed by Ru-catalyzed oxidation af-
forded CS 5 in 64% over two steps. Deprotection of the tert-butyl
ester protecting group by exposure to low pH afforded 1 quan-
titatively. Importantly, this protocol affords the desired building
block in high purity and yield, vital for SPS which requires BBs
to be used in high excess.

To investigate the stability of 1 tests were conducted. After 14 d
bench storage 1H NMR showed degradation due to the presence
of a complex set of peaks (Figure S1, Supporting Information).
Similarly, 5 was not bench stable after 8 weeks’ storage, but it
was found that long-term storage at —19 °C was sufficient for 5
(Figure S2, Supporting Information), hence all SP couplings re-
ported herein were conducted with freshly synthesized 1.

For initial tests an oligomer precursor (6) was synthesized on
acid-labile resin, forming an oligo(amidoamine) backbone com-
prising three repeat units of a BB previously developed within
our group (Figure 2). The EDS BB (short for Ethylene glycol—
Diamine- Succinic acid) is applied in our group to precisely
introduce ethylene glycol spacing units into oligo(amidoamine)
main chains (Figure 2).2 6 allowed reaction progress to be
rapidly monitored by reverse phase high-performance liquid
chromatography-mass spectrometry (RP-HPLC-MS) following
resin cleavage. First coupling experiments were conducted
akin to that reported by Cohen et al. using benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP),
N-methylmorpholine and dimethylformamide (DMF) (Entry 1,
Table S1 and Figure S3, Supporting Information).'3< Analysis
indicated that: 1) 100% conversion of 6 was not achieved, 2) no
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evidence of latent electrophile 7 was noted, and 3) unexpected
masses were noted, which after extensive consideration were
assigned to desulfated-8 (Figure 2C; and Figures S4-S7, Support-
ing Information). Side product 8 was likely generated from the
ring-opening of resin-bound 7, as successful PyBOP-mediated
amide couplings release deprotonated hydroxybenzotriazole
(HOB), and owing to proximity, likely attacks the electrophilic
CS-terminated 7.1 It should be noted here that the correspond-
ing desulfated masses can be identified when macromolecules
are analyzed by positive mode electrospray ionization mass
spectrometry (ESI-MS), as observed in Figure S7 (Supporting
Information). Altering the equivalents of BB 1, PyBOP, base,
solvent, or reaction time could not suppress the presence of the
mass peaks corresponding to undesired side product 8 (selected
conditions are highlighted in Entries 2-3, Table S1, Supporting
Information). Due to the requirement for coupling reactions to
proceed with high fidelity, alternative reagents were investigated
to assess their compatibility for amide couplings with 1.

Switching the coupling reagent to carbodiimides, e.g., di-
isopropylcarbodiimide returned only starting material 6 (En-
tries 4-7, Table S1, Supporting Information), so commercially-
available Oxyma-based coupling reagents (OxymaPur, PyOxim
and COMU) were then rigorously tested (see selected condi-
tions Entries 7-10, Table S1, Supporting Information). Regard-
less of the conditions used, Oxyma-based reagents generated
ring-opened side product 9 (akin to HOBt-derived 8), which was
identified by RP-HPLC-MS and 1H NMR analysis (Figure 2C;
and Figures S8-S10, Supporting Information). On-resin aminol-
ysis by piperidine further indicated the presence of 9 due to the
presence of mass peaks corresponding to aminolysed piperidine-
adduct 10 (Figure 2; and Figures S11 and S12, Supporting In-
formation). The presence of adducts for PyBOP (8) and Oxyma-
based reagents (9) indicated that amide coupling was successful,
but once 7 was established on SP as a latent chain-end undesired,
ring-opened side products were produced in significant quanti-
ties (Figure 2; and Figure S10, Supporting Information). Such
side products, that form while attached to the SP, cannot be sep-
arated from the desired product while on-resin transformations
continue. Since iterative chain elongation should ideally proceed
with high fidelity and yield, this first strategy was abandoned at
this point and an alternative approach was undertaken.

2.2. Active Coupling Strategy

Alternatively, an active strategy was pursued via the direct ring-
opening of CS BBs on nucleophile-bearing resins to circumvent
side products being generated from inadvertent ring-opening.
To this end, a small of library of saturated, 5-membered rings
CS BBs bearing variable residual (R) groups was synthesized. N-
ethyl (14) and benzyl (15) were synthesized from commercially-
available ethanolamine starting materials; Boc-protected 16 (syn-
thesized from 2) and tBu-ester bearing 5 were chosen to inves-
tigate BBs with bulky side-chains and which after acidic resin
cleavage would reveal new functionality, e.g., unfunctionalized
N-sulfates (16) and carboxylates (5). Based upon previous experi-
ence it was proposed CS ring-opening could be achieved simply
using automation-compatible, non-nucleophilic bases and sol-
vents, e.g., N,N-diisopropylethylamine (DIPEA) and DMF. In-
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vestigations initially focused on linear growth using secondary
amine-terminated precursor 11 (bis-alkylation of primary amine-
terminated 6 for branching architectures shall be discussed later).

Exploratory CS ring-opening experiments using 11 established
a range of solvents, e.g., tetrahydrofuran, dichloromethane
and DMF, plus, a range of bases, e.g., pyridine, 1,8-
diazabicyclo(5.4.0)undec-7-ene, triethylamine, and DIPEA
facilitated ring-opening. Due to their broad SP and automated
synthesizer compatibility DMF and DIPEA were taken forward
for further investigation (Figure 3).

The active ring-opening with benzyl-functionalized CS 15 (25
eq.) proceeded with 100% conversion of 11 and characteristic
desulfated masses for 12b were identified by ESI-MS (Entry 1,
Table S2 (Supporting Information), see Figures S13-S16 (Sup-
porting Information) for desulfated oligomer characterization)
Indeed, sulfated 12b was observed by negative mode ESI-MS (Fig-
ure S17, Supporting Information). When ring-opening was at-
tempted with ethyl-bearing 14 unreacted starting material 11 was
noted (60 min, RT: Entry 2, Table S2 and Figure S13, Supporting
Information). Increasing the coupling time fourfold achieved full
conversion of 11 (Entry 3, Table S2 and Figure S14, Supporting
Information). The reactivity differences between CS BBs were as-
signed to R group identity, e.g., donating effects via hypercon-
jugation (ethyl-functionalized 14) could lower the relative elec-
trophilicity of the CS ring compared to 15. Further linear growth
investigations with 5 and 16 probed reaction time, temperature,
and required BB equivalents. It was found that, regardless of re-
action time or temperature, a minimum of 10 eq. of BB was nec-
essary to facilitate 100% conversion of 11 (Entries 4-14, Table S2
and see Figures S18-S21, Supporting Information).

Investigations were then undertaken to establish if branched
architectures could be synthesized by reacting a primary amine
end-group, e.g., EDS; precursor 6 with two equivalents of BB
(Figure 3). Primary investigations reacted 6 with Boc-protected
16 in 10, 20, 50-fold excess for either 0.5, 2, or 24 h (Entries 15-23,
Table S2, Supporting Information). In all cases, 100% conversion
of starting materials was observed, but neither the desired bis-
alkylated structure (13c) nor mono- or bis-desulfated equivalents
were directly observed (Figure 3; and Figures S22 and S23,
Supporting Information). The same profile was observed with 5
(Entries 24-26, Table S2, Supporting Information). After careful
consideration, the masses were assigned to a “diethylamine” end-
group akin to 18 (Figure 3). The assignment suggested successful
bis-alkylation by 5 and 16 had occurred, but that branched archi-
tectures (with poly(ethyleneimine) character) were susceptible to
degradation under ESI-MS conditions. 22l Removing formic acid
from the eluent still afforded the identical ESI-MS profile (Fig-
ures S22 and S23, Supporting Information). MALDI-MS analysis
also showed similar degradation patterns (Figure S24, Support-
ing Information). As similar degradation patterns were not
observed from the mono-alkylation of secondary amine-capped
11, we suggest the observed degradation is indeed architecture
dependent. This hypothesis was further bolstered via 1TH NMR
and ESI-MS analysis of a cleaved 13c¢ probe dissolved in D,O. ESI-
MS analysis showed 13c masses for mono- and bis-desulfated
13¢, and mono- and bis-deaminated end-groups, except with
deuterium replacing exchangeable protons (Figure S25, Sup-
porting Information). 1H NMR analysis of 13c did not indicate
the presence of expected aminoethyl groups (18) and the global
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Figure 3. “Active” cyclic sulfamidate coupling investigated using a primary or secondary amine terminated EDS;3 anchor with a range of N-functionalized
cyclic sulfamidates (inset: the diethyl terminated oligomer 18, as observed by ESI-MS analysis).

integration of all protons matched the expected proton total
(excluding exchangeable and amide protons — Figure S26,
Supporting Information). Fourier-transformed infra-red spec-
troscopy (FTIR) analysis of 13c indicated the presence of sulfate
groups (Figure S27, Supporting Information).[* These results
established that successful chain elongations with a range of
CS BBs could be achieved to yield linear and branched archi-
tectures, therefore our attentions moved toward regenerating a
nucleophilic chain terminus to allow iterative active couplings
(Figure 1C).

N-sulfate cleavage following CS ring-opening is typically
achieved via acid treatment.[®2* The acidic cleavage of
carbamate-functionalized N-sulfates on SP at elevated tempera-
tures has been demonstrated too.[1818] We envisioned develop-
ing an effective deprotection strategy (mild acidic pH/elevated
temperatures) that could achieve N-sulfate cleavage while not
generating resin cleavage. It was evident that low pH conditions
required for resin cleavage at room temperature, e.g., 95% triflu-
oroacetic acid solution did not affect N-sulfate cleavage (Figures
S12, S17-S19, S21, and S24, Supporting Information). As such,
a range of acidic solutions (employing both organic and aqueous
mixtures) were tested on SP presenting 13a-c; microwave irradi-
ation in sealed vials was used to achieved elevated temperatures
(50-100 °C, Table S3, Supporting Information). Negative mode
ESI-MS after resin cleavage was used to confirm the presence of
N-sulfate groups and it was discovered that Boc-functionalized
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N-sulfate groups (13c generated from 16) could be deprotected,
but alkyl-bearing 13a/b could not be deprotected regardless of the
conditions tested (Table S3, Supporting Information).

With increasing temperature or reducing pH the window be-
tween selective N-sulfate and resin cleavage shrinks, reducing
the favorability of the deprotection conditions. For an iterative
SPS of SDMs, conditions should ideally: 1) avoid unwanted resin
cleavage to maximize yields and 2) be applicable to a broad range
of functionality. As acidic cleavage was not effective for sp3-
hybridized N-substituents with reasonable, mild conditions this
limits the range of CS BBs possible for iterative chain elonga-
tions following this strategy. Moreover, we found that exposing
deprotected 13c to a secondary CS BB did not yield the expected
chain elongation when the previously optimized conditions were
employed. Despite exploring a range of washing protocols at dif-
ferent pH values, with various organic and aqueous solvents, no
effective method was discovered allowing a second BB to be em-
ployed iteratively. These limitations prevent the effective iterative
coupling of CS BBs on SP, so this second strategy was too aban-
doned, but the successful ring-opening of CS BBs was reapplied
to produce N-sulfated oligo(amidoamine)s.

2.3. N-Sulfated, Sequence-Defined Oligomer Synthesis

Having established that a range of N-functionalized CSs could
be actively ring-opened on amine-bearing SP, our attentions
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turned toward generating monodisperse, N-sulfated SDMs. We
proposed constructing different architectures with varying levels
of N-sulfation levels to examine the synthetic limitations avail-
able on SP, while generating structures of interest for potential
GAG mimetic structures. A single backbone (19) consisting of
three EDS units, phenylalanine and two lysine residues bear-
ing Boc-protected side-chains was assembled on SP (Figure 4).
From this central scaffold the Fmoc- and Boc-protected amines
could be orthogonally manipulated to precisely afford primary or
secondary amines. Subsequent functionalization of the primary
and secondary amines would target: branched or linear architec-
tures, and variable N-sulfation levels. 5 or 16 were employed, as
after acidic resin cleavage a carboxylic acid and unsubstituted N-
sulfate groups would be, respectively, generated. Seven targets,
as outlined in Figure 4, were chosen to understand potential syn-
thetic limitations from the interplay of architecture, steric hin-
drance, and sulfation density. The structures chosen were func-
tionalized either at the backbone terminus or at both backbone
and side-chain termini. Terminus functionalization via primary
amine bis-alkylation would afford exclusively branching gener-
ating bis-sulfated 20a/b or secondary amine alkylation would
afford linear growth and mono-sulfated 21a/b. Removing both
Fmoc and Boc groups would reveal three primary amines which
upon global alkylation would afford branched, hexa-sulfated 22
and conversion to secondary amines would generate tris-sulfated
23a/b.

Having constructed 19 on solid-phase (Figures S28 and S29,
Supporting Information) the terminal Fmoc group was removed
and the subsequent primary amine was directly reacted with CS
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BBs 16 or 5 (25 eq. for 2 h) to generate the branching required
for 20a/b. End-group transformation with Fmoc-protected 17 af-
forded a secondary amine to generate the scaffold for mono-
sulfated 21a/b. For 20a, no starting material was observed after
CS coupling and the ESI-MS mass peak profile corresponded to
bis- and mono-desulfated 20a and the various adducts of a diethy-
lamine end-group, as previously discussed (Figure S30, Support-
ing Information). A similar profile was observed for 20b (Figure
S30, Supporting Information). '"H NMR, FTIR, and elemental
analysis of 20a/b showed the expect proton counts, presence of
sulfate groups and sulfur content (Figures S31-S34 and Table S4,
Supporting Information). Having synthesized and cleaved the
end-functionalized, mono-sulfated 21a/b from solid-phase, anal-
ysis by 'H NMR, FTIR, ESI-MS and elemental analysis again in-
dicated the desired products (Table S4 and Figure S35-S39, Sup-
porting Information).

To access 22 sequential deprotection of Fmoc and Boc groups
afforded a backbone bearing three primary amines, which was
then reacted with 16. ESI-MS analysis identified characteris-
tic peaks corresponding to hexa-desulfated oligomer and the
expected branching architecture degradation (Figure S40, Sup-
porting Information). The presence of the desired proton total
by 'H NMR analysis (Figure S41, Supporting Information) and
the use of FTIR and elemental analysis to indicate sulfur content
suggested 22 was successfully generated on SP (Figure S42 and
Table S4, Supporting Information). The global functionaliza-
tion of main- and side chains to generate 23a/b was similarly
achieved using CSs 5 and 16 and analyzed as previously described
to show the desired synthesis of these peralkylated, N-sulfated
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macromolecules (Figure S43-S47 and Table S4, Supporting
Information). All targeted structures were produced in good
yields (Table S5, Supporting Information) signifying that the
ring-opening of CSs for SDM synthesis is an option for future
studies when creating functionally diverse N-sulfated SDMs,
e.g., GAG mimetics.

Given the evidence herein reported for the facile ring-opening
of CS BBs, we speculate that the application of CSs to larger oligo-
or polymer constructs on solid-phase or in-solution is a viable
possibility. Limiting factors likely arising during syntheses would
probably be steric hinderance or electronic of either nucleophile
or electrophile, which would lower overall reactivity.

3. Conclusion

To the best of our knowledge, this is the first comprehen-
sive study of the use of cyclic sulfamidates for the genera-
tion of N-sulfated SDMs using latent and active strategies. We
have demonstrated the limitations of a latent, AB+CD strat-
egy when an amide bond is used to couple CS BBs to the
resin. Alternatively, actively ring-opening cyclic sulfamidates
on amine-functionalized resins has been broadly demonstrated
with a range of CS BBs on primary- and secondary amine-
functionalized oligo(amidoamine) backbones. However, the iter-
ative ring-opening of CS BBs is limited, as acidic N-sulfate cleav-
age was not shown for N-sulfate groups bearing sp?-hybridized
residual groups. Therefore, a number of N-sulfated SDMs were
produced on solid-phase to demonstrate the wide applicability
of this method for producing SDMs with variable yet sequence-
defined N-sulfation levels and architectures. Future work will
look to investigate: 1) alternative latent coupling strategies, e.g.,
click chemistry, 2) alternative N-sulfate cleavage methodologies,
3) potential application of CS-based oligo(amidoamine)s as GAG
mimetics, and 4) to the best of our knowledge, given no reports
exist on either the polymerization of cyclic sulfamidate-based
monomers or the postpolymerization functionalization of larger
polymers, we will look to expand this methodology.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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General Experimental

Chemicals

Dichloromethane puriss. p.a., ACS reagent, reag. ISO, 299.9 % (GC); Ethyl acetate puriss. p.a., ACS reagent,
reag. ISO, reag. Ph. Eur., 2 99.5 % (GC); Chloroform-d 99.8 atom % D; ethanolamine ACS reagent, > 99.0 %;
2-(ethylamino)ethanol > 98 %; 2-Benzylaminoethanol 95 %; CDCls, piperidine ReagentPlus®, 99 %;
triisopropylsilane 98 %,; di-tert-butyl dicarbonate ReagentPlus®, > 99 %; Ruthenium(lll) chloride hydrate
ReagentPlus®; Sodium bicarbonate ACS reagent, > 99.7%; N,N’-Diisopropylcarbodiimide(DIC) 99 %; and
tetrahydrofuran anhydrous, contains 250 ppm BHT as inhibitor, 2 99.9 % were purchased from Sigma
Aldrich. Ammonium chloride puriss. p.a.; diethyl Ether, puriss. p.a. ACS Reagent, Honeywell™ Puriss. p.a.,
contains BHT as inhibitor, ACS Reagent, Reag. I1SO, Reag. Ph. Eur., 2 99.8 %; and acetonitrile,
CHROMASOLV™, for HPLC, gradient grade, 2 99.9 %, Honeywell Riedel-de Haén™ were all purchased from
Honeywell Riedel-de Haén™. Thionyl chloride, 99.7 % was purchased from ACROS Organics. tert-Butyl
acrylate, 99 %, stab. with 15 ppm 4-methoxyphenol was purchased from Alfa Aeser. TentaGel® S RAM
Resin (0.24 mmol/g) was purchased from Rapp Polymere. N,N-Dimethylformamide, high purity (> 99.8 %)
for peptide synthesis was purchased from BioSolve. 1,8-Diazabicycloundec-7-ene (DBU) and
ruthenium(lll) chloride hydrate were purchased from Fluorochem. Triethylamine, > 99.5 %; 1,4-Dioxane,
> 99.8 %; sodium periodate, analytical reagent grade; trifluoroacetic acid, 2 99.5 %; and pyridine, > 99.5
% were purchased from Fischer Scientific. N-Methylmorpholine, 99 % was purchased from J&K Scientific.
Silica Gel 60 M, 0,04 - 0,063 mm was purchased from Machery-Nagel. N, N-Diisopropylethylamine (DIPEA)
> 99 %, zur Synthese; sodium chloride >99,5 %, p.a., ACS, ISO; (Ethylcyano(hydroxyimino)-acetato-02)tri-
1-pyrrolidinylphosphonium-hexafluorphosphat (PyOxim); Celite® 545; and deuterium oxide, 99.8 atom%D
were all purchased from Carl Roth. Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphat (PyBOP) and N-alpha-(9-Fluorenylmethyloxycarbonyl)-L-phenylalanine (Fmoc-Phe-
OH) were purchased from Iris Biotech. Fmoc-Lys(Boc)-OH, 98 %; (1-Cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate (COMU), 98+%; and
Oxyma Pure, 98.57 % were all purchased from BLD Pharamtech. Water was purified with a Milli-Q-system
by Millipore with a final resistivity of 18 MQcm. For anion counter exchange AG® 1-X8 Anion Exchange
Resin, analytical grade, 100—200 mesh, acetate form, 500 g #1401443 from BIO-RAD was utilized.

Methods
NMR

'H NMR and C NMR spectra were recorded at room temperature with a Bruker AVANCE 111 300 (for 300
MHz) and 600 (for 600 MHz). The chemical shifts were reported relative to solvent peaks (chloroform and
water) as internal standards and reported as 6 in parts per million (ppm). Multiplicities were abbreviated
as s for singlet, d for doublet, t for triplet and m for multiplet. For small molecule building block spectra
please see Appendix.

FTIR

FT-IR spectra were recorded on Shimadzu IRAffinity-1 (FTIR-8400S), scanning between 600 — 4000 cm
with a minimum of 25 scans being recorded for a given spectrum (data plotted as %transmission). The
samples were measured directly and no further preparation was required. All the data and automatic
peak fitting etc. was conducted through IRSolution software.



Reverse Phase — High Performance Liquid Chromatography — Mass Spectrometry (RP-HPLC-MS)

For HPLC and MS analysis, an Agilent 1260 Infinity instrument combined with a variable wavelength
detector (VWD) with an adjusted wavelength of 214 nm and a 6120 Quadrupole LC/MS with an
electrospray ionization source was used. All measurements were performed in either positive and
negative ionization mode in a m/z range of 200 to 2000. For the analysis, a poroshell 120 EC-C18 3.0x50
mm, 2 um reverse phase (RP) from Agilent was used with the following mobile phases: 95/5 (H.O/MeCN)
(mobile phase A) and 5/95 (H,0/MeCN) (mobile phase B) both with 0.1 % formic acid. For measurements
investigating the branching of primary amines with cyclic sulfamidate building blocks the formic acid
component was removed, but the exact same conditions were repeated. The flow rate was set to 0.40
mL/min using a linear gradient starting from 0 % mobile phase B to 50 % mobile phase B in 17 or 30 min
with a column temperature of 25 °C. ESI-MS analytics and assignments were informed by ESI-MS adduct
calculator.™ For the assignments of Fmoc-protected 6 and 11 and the cleavage products arising solely
from TentaGel® S RAM, please see the Appendix.

Matrix-assisted Laser Desorption lonisation-Time of Flight (MALDI-TOF)-Mass Spectrometry

MALDI measurements were performed on a Ultraflex | from Bruker Daltonics. Probes were measured in
a linear mode using 2,5-dihydroxybenzoic acid (DHB) as MALDI matrix (2:1 ratio against MeCN:H,0
(1:1)).

Elemental Analysis

The ratio of carbon, hydrogen, nitrogen and sulfur were determined using a Vario Micro Cube provided
by Analysensysteme GmbH. The theoretical values for oligomeric probes were calculated bearing 3
acetate ions.

Freeze Dryer

Lyophilization (or freeze drying) was performed with an Alpha 1-4 LD instrument provided by Martin Christ
Freeze Dryers GmbH. A temperature of —42 °C and a pressure of 0.1 mbar were maintained throughout
the freeze-drying process.
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General Synthetic Protocols

Building Blocks

Please see below for specific protocols for the cyclic sulfamidates. The synthesis of EDS has been
previously reported from our group.?) The synthesis of Fmoc-protected isonipecotic acid 17 was

conducted as previously reported by Olsen et al.B! For NMR spectra of the respective building blocks
please see the Appendix.

Resin Handling

The SPS resin used for all reaction described was TentaGel® S RAM (0.24 mmol/g, RAPP Polymere) which
was into BD syringe reactors containing an inlet frit (10 mL for 0.5 mmol batch sizes). Prior to any reactions,
the dry resin was swollen in DCM (2 x 5 mL) for 15 min slots with agitation.

Amide Coupling Strategy

Refers to the amide coupling of EDS, Fmoc-protected isonipecotic acid 17, Fmoc-Phe-OH, and
Fmoc-Lys(Boc)-OH.

For amide coupling steps a 5-fold excess of building block and a 4.9-fold excess of PyBOP was first
dissolved in DMF (1.5 mL for 0.005 mmol, 3 mL for 0.05 mmol). Activation was performed by adding a
10-fold excess of DIPEA to the reaction solution with shaking for 3-5 min. The activated solution was taken
up into the reaction syringe, and the coupling was performed over a period of 1.5 h while continuously
shaking. After coupling, the resin was washed with DMF (10 times) and DCM (3 times) using maximal
syringe capacity.

Fmoc Cleavage

Fmoc protecting groups from either the resin or attached building blocks (0.05 mmol scale) were
deprotected using 25 % piperidine in DMF (2 x 5 mL) for an initial 10 min and 20 min. Between each
treatment with 25 % piperidine in DMF the resin was washed with DMF (3 x 5 mL). After deprotection the
resin was additionally washed with DMF (10 x 5 mL) and DCM (3 x 5 mL).

Boc Cleavage

To deprotect Boc groups from lysine side-chains the solid phase was treated with 4 M HCl in dioxane
(5 mL) for 5 min and 25 min with agitation. Between the separate treatments, resin was washed with
dioxane (3 x 5 mL). The resin was subsequently washed with dioxane (2 x 5 mL) and then alternatively
washed with DCM (3 x 5 mL) and 2-propanol (3 x 5 mL). To ensure resin-bound free base amines the resin
was exposed to 10 % DIPEA in DCM solution (5 mL) for 10 min. The resin was subsequently washed with
dioxane (2 x 5 mL) and then alternatively washed with DCM (3 x 5 mL) and 2-propanol (3 x 5 mL), before
re-exposure to 10 % DIPEA in DCM solution (5 mL) for 10 min. The resin was subsequently washed with
dioxane (2 x 5 mL) and then alternatively washed with DCM (3 x 5 mL) and 2-propanol (3 x 5 mL); twice
washed with DIPEA in DMF (0.2 M) (2 x 5 mL), and finally with DMF (10 x 5 mL).

Cyclic Sulfamidate Amide Coupling Protocol (Latent Coupling Strategy)

Under N> atmosphere 1 (0.0625 mmol) was dissolved in DMF (1.5 mL) and the appropriate coupling
reagent (0.0625 mmol) was added, followed by DIPEA (66 pL, 0.3125 mmol). The solution was agitated



for 5-10 min prior to being taken up into a reactor syringe containing deprotected, amine-bearing resin
(0.0125 mmol). The syringe was agitated for shaken for 60 min and the resin was washed with DMF (12 x
5 mL)and DCM (3 x 5 mL).

Change the equivalents, time, and reagent as appropriate according to Table S1.

Cyclic Sulfamidate Ring-Opening Protocol (Active Coupling Strategy)

To a deprotected, amine-presenting resin (0.05 mmol) was added a solution containing cyclic sulfamidate
BB (1.25 mmol: equivalent to 25 eq. per amine) and DIPEA (220 pL, 1.25 mmol) in DMF (10 mL). The
reaction syringe was shaken for 60 min and the resin was then washed with DMF (12 x 5 mL) and DMF
(3 x5 mL).

Change the equivalents, time, cyclic sulfamidate building block as appropriate according to Table S3.
Reactions at 40 °C were conducted using a CEM Discoverer Microwave Reactor in a sealed 2-5 mL
microwave vial.

Cleavage from solid support

For total cleavage from TentaGel® S RAM an acidic solution (TFA:TIPS:DCM, 95:2.5:2.5) was added to the
resin (1 mL for 0.005 mmol, 3 mL for 0.05 mmol). After 60 min agitation at room temperature, the sulfated
oligomers were syringed into ice-cold diethyl ether (40 mL) and a precipitate was observed (cloudy
solution). The resin was subsequently washed three times alternating between DCM (5 mL) and MeOH (5
mL). The washings were collected, evaporated in vacuo and re-dissolved in DCM (3 mL) and were
precipitated in ice-cold diethyl ether (20 mL). All the precipitate-containing solutions were centrifuged
until the organic phase was clear. The precipitate was then washed with copious amounts of diethyl ether
between centrifuging, prior to being dissolved in H,0 (4-5 mL) before freeze-drying (lyophilizing).

The obtained product was then treated with anionic exchange resin to afford acetate counter ions (see
below), following freeze-drying the probes were analyzed were possible by 'H NMR, ESI-MS, elemental
analysis, and FT-IR. Probes were noted to be hygroscopic/fine oils and so extremely difficult to physically
manipulate.

Anionic Exchange Resin

To achieve a global exchange of counter ions for acetate ions was conducted in the following way: resin
(1 g resin/0.1 mmol oligomer) was activated by washing with acetic acid solution (3 x 1.6 M and 3 x 0.16
M; ca. 90 s per wash). The probe was dissolved in MQ H,0 (ca. 2 mL) and exposed to the activated resin
in a reactor syringe with shaking for 60 min. The resin was separated from the solution and washed with
MQ H,0 (3 x 1.5 mL). All the fractions were collected, and freeze-dried to afford the final product which
were analyzed by *H NMR and FT-IR spectroscopy, ESI-MS, and elemental analysis.



Synthesis

Small Molecule Building Blocks
For NMR spectra — please see Appendix at the end of this document.
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In a modified approach from Rambharose et al.:¥! To a solution of tert-butyl acrylate 3 (135.0 g, 1.05 mol)
in methanol (500 mL), ethanolamine 2 (61.0 g, 1.0 mol) was added at RT and stirred for 24 h. Excess
reagents and solvent were removed in vacuo and 15 g of resulting thick oil residue was purified by flash
column chromatography. Initially hexane and ethyl acetate (1:4, v/v) was utilized to remove the double-

coupled side product (Rf = 0.65 (Hex:EtOAc, 1:4, v/v)), and then DCM:MeOH (4:1 v/v) was used to elute
the desired product 4 (Rf = 0.38 Hex:EtOAc, 1:4, v/v)) (7.17 g, 38 mmol) as a thick colorless oil.

IH NMR (300 MHz, CDCl3): & = 3.64 (t, ) = 5.1 Hz, 2H, 1), 2.87 (t, ) = 6.4 Hz, 2H, 3), 2.79 (t, J = 5.19 Hz 2H,
2),2.44 (t, ) = 6.4 Hz, 2H, 4), 1.44 (s, 9H, 7) ppm. 3C NMR (75 MHz, CDCls): 6 =172.1(5), 81.0 (6), 60.5 (1),
50.8 (2), 44.8 (3), 35.2 (4), 28.2 (7). MS (ESI positive mode): m/z calculated for CoH19NO3: 189.14; found
206.0 [M+NH,]* All in accordance with literature. *H-3C HSQC spectra is shown in Appendix to illustrate

full characterization of each methylene in 4.

(0]
H doubly-coupled
>LO)K/\O/\/NW07< side product

o)


file:///C:/Users/Stephen%20Hill/Downloads/ESI%20SH,RS.docx%23_ENREF_4
file:///C:/Users/Stephen%20Hill/Downloads/ESI%20SH,RS.docx%23_ENREF_4

Q.0
O/S\ 3

NG

4 ] 0

. A

7
Imidazole (18.09 g, 265.2 mmol) was dissolved in DCM (120 mL) and stirred at 0 °C (ice-bath) for 10 min.
To this solution thionyl chloride (5.8 mL, 79.5 mmol) in DCM (60 mL) was added dropwise and the reaction
mixture was allowed to warm to RT over 60 min. Then the reaction mixture was cooled to -78 °C (dry
ice/acetone) before 4 (7.17 g, 38 mmol) dissolved in DCM (120 mL) was added dropwise over 30 min. The
reaction mixture was then allowed to stir for 16 h warming to RT. The reaction mixture was filtered over
Celite, with DCM washings, and the collected organic phase was washed with H,0 (3 x 100 mL). The phases

were separated and the agueous phase was back-extracted with DCM (100 mL). All organics were

combined, dried over MgSQ,, filtered, and evaporated in vacuo to afford an intermediate (8.61 g).

A portion of the intermediate (4.3 g) was dissolved in MeCN (100 mL) and cooled to 0 °C (ice-bath) and
stirred for 10 min. After this time sodium periodate (5.87 g, 18.3 mmol), RuCls.xH,0 (58 mg) and H,0 (100
mL) were added sequentially and the reaction was stirred for 30 min at 0 °C and allowed to warm to RT
over 16 h. The reaction mixture was diluted with Et,O (100 mL) and the phases separated. The retained
organic phase was then sequentially washed with H,O (2 x 100 mL) and brine (100 mL). Aqueous phases
were back-extracted with Et;0 (2 x 100 mL). All organic phases were combined and allowed to stir
overnight with active charcoal (2 g) to remove Ru salts. After filtration, the solution was dried over MgSQ,,

filtered and evaporated in vacuo to afford a colorless oil (5) (3.05 g, 12 mmol, 66 % over two steps).

'H NMR (300 MHz, CDCl3): 6 =4.53 (t, ) = 6.5 Hz, 2H, 1), 3.60 (t, ) = 6.5 Hz, 2H, 2), 3.38 (t, ) = 6.8 Hz, 2H, 3),
2.60 (t, J = 6.8 Hz, 2H, 4), 1.47 (s, 9H, 7) ppm. *C-NMR (75 MHz, CDCls): 6 = 170.2 (5), 81.6 (6), 66.7 (1),
48.6 (2), 43.8 (3), 34.5 (4), 28.2 (7) ppm. MS (ESI positive mode): m/z calculated for CsH17NOsS: 251.09;
found 274.07 [M+Na]; (ESI negative mode): m/z calculated for CsH17NOsS: 251.0; found 268.0 [M+0OH]
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5(250 mg, 1.28 mmol) was dissolved in TFA:DCM (2.5 mL, 1:1, v/v) and allowed to stir for 2.5 h to complete
the deprotection. The solution was exposed to a stream of N; inert gas for a minimum of 1 h until the
solution was completely evaporated. The residual oil was used directly in the coupling to amine-

functionalized resins see Table S1.

'H NMR (300 MHz, CDCls): & = 4.55I (t, J = 6.48 Hz, 2H, 4), 3.62 (t, ] = 6.54 Hz, 2H, 3), 3.44 (t, ) = 6.69 Hz,
2H, 2), 2.77 (t, ) =6.63 Hz, 2H, 1) ppm. *C-NMR (75 MHz, CDCl3): 6 = 176.2 (5), 66.8 (1), 48.8 (2), 43.4 (3),
33.0 (4) ppm.
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N-ethyl-ethanolamine (3.61 g, 40.5 mmol) was dissolved in DCM (20 mL) and cooled under stirring to -40
°C (dry ice/MeCN) under N; (g). To this solution was added pyridine (6.4 mL, 79 mmol) dropwise and after
completion allowed to stir for a further 10 min. Then thionyl chloride (3.6 mL, 50 mmol) in DCM (20 mL)
was added dropwise over 30 min. The reaction was stirred at -40 °C for 60 min. H,O (50 mL) was
subsequently added and stirring continued for a further 10 min. The phases were then separated and the
aqueous phase back extracted with DCM (3 x 50 mL). All organics were combined and sequentially washed
with 1 M HCI, sat. NaHCOs;, and brine; dried over MgSQ,, filtered, and evaporated in vacuo to afford a
colorless oil. This crude oil was dissolved in MeCN (80 mL) and cooled under stirring to 0 °C (ice-bath). To
this solution was sequentially added sodium periodate (12.8 g, 60 mmol), RuCls.xH20 (10 mg) and H,O (80
mL), and the reaction mixture was stirred for 60 min at RT. DCM (80 mL) was subsequently added and
vigorous stirring continued for 10 min prior to phase separation. The aqueous phase was extracted against
DCM (3 x 80 mL). The combined organics were washed against brine, dried over MgSQ,, filtered, and

evaporated in vacuo to afford a colorless oil (1.59 g, 10.5 mmol, 26 %).

'H NMR (300 MHz, CDCls) 6: 4.51(t, 2H, J = 6.54 Hz, 1), 3.51 (t, 2H, ) =6.54 Hz, 2), 3.12 (q, 2H, ] = 7.26 Hz,
3), 1.26 (t, 3H, J = 7.26 Hz 4). 3C NMR (75 MHz, CDCl3) &: 66.6 (1), 47.5 (2), 42.7 (3), 12.9 (4). MS (ESI
negative mode): m/z calculated for C4HsNOsS: 151.1; found: 168.0 [M+OH]
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To a stirring solution of N-benzylethanolamine (6.13 g, 40.5 mmol) in DCM (20 mL) cooled to 0 °C (ice-
bath) was added pyridine (6.4 mL, 79 mmol), under N, (g), which was allowed to stir for 10 min. Then a
solution of thionyl chloride (3.6 mL, 50 mmol) in DCM (20 mL) was slowly added dropwise over 20 min.
The reaction mixture was stirred for 4 h at 0 °C. H,O (50 mL) was added and the solution was vigorously
stirred for 5 min before the phases were separated. The aqueous phase was back-extracted with DCM
(3 x 50 mL), and the combined organics were sequentially washed with 1M HCI, sat. NaHCOs, and brine,
dried over MgS0,, filtered, and evaporated in vacuo to afford a colorless oil. This oil was then immediately
dissolved in MeCN (80 mL) and cooled with stirring to 0 °C (ice-bath). To this solution was sequentially
added sodium periodate (12.8 g, 60 mmol), RuCls.xH20 (10 mg) and H,0 (80 mL), and the reaction mixture
was stirred for 16 h at RT. DCM (80 mL) was subsequently added and vigorous stirring continued for 10
min prior to phase separation. The aqueous phase was extracted against DCM (3 x 80 mL). The combined
organics were washed against brine, dried over MgSQ,, filtered, and evaporated in vacuo. The resulting

oil was crystallized from diethyl ether to afford colorless crystals (4.40 g, 20.6 mmol, 50 %).
IH NMR (300 MHz, CDCls) &: 7.37 (m, 5H, 4-7), 4.51 (t, 2H, J = 6.54 Hz, 1), 4.23 (s, 2H, 3), 3.41 (t, 2H, J =

6.54 Hz, 2). 3C NMR (75 MHz, CDCls) 6: 134.4 (4), 129.0 (6), 128.7 (5), 128.6 (7), 66.8 (2), 51.6 (3), 47.2 (1).
MS (ESI negative mode): m/z calculated for CoH11NO5S: 213.2; found: 230.0 [M+0H]

10



Precursor for 16

Ethanolamine (8.12 g, 133 mmol) was dissolved in DCM (400 mL) and stirred at 0 °C for 10 min. To this
solution was added triethylamine (27.5 mL, 197 mmol), followed by 5 min stirring, and then di-tert-butyl-
dicarbonate (29.23 g, 134 mmol). The resulting mixture was stirred overnight whilst warming to room
temperature. After 24 h stirring sat. NH4Cl solution (400 mL) was added to the reaction mixture and with
vigorous stirring the two phases were thoroughly mixed for 10 min. The phases were separated and the
retained aqueous was extracted against EtOAC (3 x 300 mL). Organic phases were combined and washed
against brine, dried over MgS04, filtered and evaporated in vacuo to afford a yellow oil (21.3 g, quant.),

which was carried forward without purification.
'H NMR (300 MHz, CDCls) &: 3.67 (t, 2H, J = 4.89 Hz, 2), 3.26 (t, 2H, J = 5.28 Hz, 3), 1.43 (s, 9H, 7). *C NMR

(75 MHz, CDCl3) 6: 156.8 (5), 79.7 (6), 62.4 (2), 43.2 (3), 28.3 (7). MS (ESI): m/z calculated for C;H16NOs:

161.1; found: 162.2 [M+H]. In accordance with literature values.”

11
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To stirring MeCN (100 mL), which was kept under an inert N, atmosphere and cooled to -40 °C (Dry
ice/MeCN bath) was added thionyl chloride (1.80 mL, 24.8 mmol). This solution was allowed to stir for 10
min, prior to the dropwise addition of N-Boc-ethanolamine (3.22 g, 20 mmol) in MeCN (10 mL). After
addition was complete, the solution was allowed to stir for a further 5 min, before pyridine (6.5 mL, 80
mmol) was added dropwise and the reaction allowed to stir for 60 min at -40 °C and a further 60 min at 0
°C (ice-bath). The development of a yellow colour was noted. EtOAc (150 mL) and H,0O (100 mL) was added
to the reaction mixture and followed phase separation the organic phase was sequentially extracted
against 1 M HCI, sat. NaHCOs, and brine. The combined organics were dried over MgSQ,, filtered and
evaporated in vacuo to afford a yellow-brown oil. The crude oil was immediately dissolved in MeCN (80
mL) and cooled to 0 °C (ice-bath) with stirring. After 15 min stirring, sodium periodate (6.42 g, 30 mmol),
RuCls.x<H>0 (10 mg), and H,0 (80 mL) were added, in that order respectively. The reaction was stirred for
60 min or until all starting material had been consumed (as observed by TLC visualized by KMnQO4). Upon
completion H,0 (80 mL) and Et,0 (80 mL) were added to the reaction mixture and allowed to mix for 10
min. After separating the phases, the aqueous was further extracted with Et,0 (3 x 100 mL). All organic
phases were combined, washed with brine, dried over MgSQ,, filtered, and evaporated in-vacuo to afford
an off-white solid, which was recrystallized either from chloroform or DCM:Et,0 (5:1) to afford a white

solid (16) (3.70 g, 16.5 mmol, 82 %).
'H NMR (300 MHz, CDCls) &: 4.60 (t, 2H, J =6.51 Hz, 1), 4.03 (t, 2H, J = 6.42 Hz, 2), 1.54 (s, 9H, 5). *C NMR

(75 MHz, CDCls) &: 148.6 (3), 85.5 (4), 65.5 (1), 45.2 (2), 27.9 (5). MS (ESI negative mode): m/z calculated
for C;H13NOsS: 223.24; found: 240.0 [M+OH] Matched literature values.®

12



In a slightly modified procedure to that published by Olsen et al.:*®! To a solution of isonipecotic acid (5 g,
38.7 mmol)), Na,COs5 (51.9 g, 194 mmol) in H20 (200 mL) in a 1 L round-bottomed flask was added 9-
Fluorenylmethoxycarbonyl chloride (Fmoc-Cl, 11.0 g, 42.5 mmol) in 1,4-dioxane (200 mL) dropwise under
extremely vigorous stirring. A white solid was immediately formed upon solution mixing and the resulting
slurry was vigorously stirred for 24 h at RT. H,0 (200 mL) was added to the reaction and the mixture
subsequently extracted with Et,0 (4 x 200 mL). The aqueous was acidified with 2M HCl to pH 1-2 and then
subsequently extracted with EtOAc (4 x 200 mL). The organics were combined, dried over MgSQ,, filtered

and concentrated in vacuo to yield a yellow/off-white solid (17) (12.8 g, 36 mmol, 93 %).

IH NMR (300 MHz, CDCls): § =7.77 (d, ) = 7.4 Hz, 2 H, 12), 7.57 (d, ) = 7.3 Hz, 2 H, 9), 7.40 (t, ) = 7.0 Hz, 2H,
11),7.32 (t, ) = 8.4 Hz, 2H, 10), 4.44 (br d, 2 H, 6), 4.24 (t, ) = 6.7 Hz, 1H, 7) 4.15-3.90 (brs, 2 H, 4), 2.95 (br
t,J=12.0 Hz, 2 H, 4), 2.51 (complex m, 1H, 2), 1.91 (br s, 2 H, 3), 1.65 (br m, 2H, 3) 3C NMR (75 MHz,
CDCl5): 6=179.4 (1), 155.2 (5), 143.9 (8), 141.3 (13), 127.7, 127.0 (11, 12), 124.9 (10), 120.0 (9), 67.3 (6),
47.3 (7), 43.1 (4), 40.5 (2), 27.6 (3) MS (ESI positive mode): m/z calculated for C,1H,1NO4: 351.1; found

352.2 [M+H]. In-line with literature results.

13



Synthetic Outline for N-sulfated oligo(amidoamines) 20-23

Ph P
o 4 e H ) 2y
a-c
¢} HzN 5 H
19
NH,

NHBoc NHBoc

20a/b

NH,

S

S

O3
O3

H

H

Residual group after acidic

NHBoc

a: 25% Pip. in DMF,

NHBoc NHBoc

M S

HO3SHN NHSOzH HOsSHN NHSO3H

0, oy H —
N N N
HoN H .
°© NHSO4H

14

resin cleavage

a: 25% Pip. in DMF, b: 4M HCl in dioxan, r.t., 1 h, c: 5 or 16 (25 eq.),

d

' DIPEA (25eq.), 2 h, rt, d: TFA:DCM:TIPS (95:2.5:2.5, viv), 1h, e:}

\

17, PyBOP, f: 25% Pip. in DMF, g: 5 or 16 (25 eq.), DIPEA (25 eq.),}

,,,,,,,,, 2h,rt, h: TFADCM:TIPS (95:2.5:2.5, viv), Th
NH,
e-h
R
Ph 0 N
0 |
o) S N >—CNI SO4H
HoN I
HN._O  23am HN. 0

I‘R N

HO3S’N\)




Additional Figures, Schemes and Tables

N (0]
O//S\‘O \/\f
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14 d: bench storage
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Figure S1: Stacked plot of *H NMR spectra of 1 measured (below) directly after acidic deprotection and
(above) after 14 d storage on the bench

15



N °
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storage (-19 °C)
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Figure S2: Stacked plot of *H NMR (300 MHz, CDCls) spectra of 5 measured (below) directly after
synthesis and (above) after 2 months’ low temperature (-19 °C) freezer storage
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Latent Coupling Strategy Results

(o] O\)S//O
HO)X\/\N\;\/O 0 0o
W/
1
6 L

7

Structures of Resin-bound Side-products

i (0} '
[oF o [ oo [ o SRSy OF cos oo [ o ERGREe |
H ‘\\ H \\\ o} :

7-Pip o N 10 O-N= N/\:>i

Piperidine Adduct Q Oxyma-Piperidine !

AN :

Adduct

N / / \
W —N+ N P
HO\N, OxymaPur \%O Vi N PFs N
\—/ Ccomu N-P-O"
0 (N N L= PyOxim
- o)
° OJ J (7 s

Figure S3: The coupling of 1 to an EDS; resin-bound anchor (6) with the identified side-products and
coupling reagent structures
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Table S1: Coupling conditions investigated for the latent coupling strategy of 1

Entry Anchor Coupling

System
(Eq.)
1 6 PyBOP (5)
2 6 PyBOP (5)
3 6 PyBOP (2)
a4 6 EDC (5)
5 6 EDC (5)
6 6 DIC (5)
7 6 DCC (5)
8 6 COMU (5)
9 6 PyOxim (5)
10 6 OxymaPur-
DIC (5)

Base
(Eq.)

NMM
(273)
DIPEA
(25)
DIPEA
(25)
NMM
(273)
DIPEA
(25)
DIPEA
(25)
DIPEA
(25)
DIPEA
(25)
DIPEA
(25)
DIPEA
(25)

100%
Conversion

N

N

Observed Products

Coupled
Product

Piperidine
Adduct

Coupling
System
Adduct

Y

Y =Yes i.e. the corresponding action or product was observed. N = No. Please see below for
representative RP-HPLC and ESI-MS evidence from selected conditions from Table S1.
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Injection peak
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Figure S4: RP-HPLC chromatogram (Gradient 5-95 vol% - MeCN in H,O (0.1 vol% formic acid) for 6
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6

[M+2H]2*
calculated: 354.71
100 - 4 found:354.6
6
_3, 80 ]
— 6
2 [M+H]*
() _ Iculated: 708.41
£ 60 found: 708.2
£ /
o
2 40 -
©
o
(n'd 20 -
0 IR — - | |
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Figure S5: ESI-MS for 6 (injection peak) as showed in Figure S4
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Figure S6: RP-HPLC chromatogram (Gradient 5-95 vol% - MeCN in H,0 (0.1 vol% formic acid) for entry 1,
Table S1
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Figure S7: ESI-MS for entry 1, Table S1 showing the presence of 6 and 8
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Figure S8: RP-HPLC chromatogram (Gradient 5-95 vol% - MeCN in H,O (0.1 vol% formic acid) for entry
10, Table S1
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7
[M+2MeCN+2Na+H]3*
calculated: 474.72
found: 474.2

\ §03H

100 - 0
oo QTR A o oo
o} 9 CN
0 —
> 8 o 6
-;) W\ //O
L°
2 60+ 7
£ 9
[M+2H]?* 7
G>J calculated: 513.73 [M+MeCN+Na]*
= 40 found: 514.2 calculated: 948.44
[ found: 947.2
O / 9
m x ['\/|+H]+
20 calculated: 1026.46
found: 1027.0
— | . L l s
0 k.. L I N1 (T TN I I 1 I 1 |
200 400 600 800 1000 1200

m/z

Figure S9: ESI-MS for entry 10, Table S1 (R:= 5.5 min and injection peak) as shown in Figure S8 showing
the presence of 7 and 9
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SO3H o)
O 9 CN

Figure S10: *H NMR of 9 (entry 9, Table S1) measured in D,0 (300 MHz) with red boxes indicating the
presence of ethyl ester peaks. Oxyma-related peaks comprise 60% of the total end-group make-up when
integrated against 12 succinate protons (2.55 ppm)
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Figure S11: RP-HPLC chromatogram (Gradient 5-95 vol% - MeCN in H,0 (0.1 vol% formic acid) piperidine-
treated entry 10, Table S1
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SO;

7-Pip | H (e}
e CDEIES, L,
1 0 0 = calculated: 493.77
o 10 CN
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\ SIO3H
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c
o
s 7-Pip
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Figure S12: ESI-MS (positive mode) for piperidine-treated entry 10, Table S1 showing the presence of 7-
Pip and 10
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Table S2: Coupling conditions tested for the ring-opening of variably functionalized 5-membered cyclic
sulfamidates building blocks

Mono-alkylation or Linear Growth

3 e
' R= },;\/Me

\\/N R :
3 11

DMF 12a-d 0 o | H*{NJ
| %OtBu MOtBu )
16 5 1 Diethyl end-group
Bis-alkylation or Branched Growth (only with 5 and 16) ; c d as observed by ESI-MS
: (Pos. mode)
HOBSN\R % }—CNH derived from
WNHZ DIPEA 13c/d HO«OIH
3 DMF L o 17 ;
6 HO3S ””””””””””””””””
Entry Resin-bound Building Block (Eq.)? Time / min 100% Product (P) or
Anchor Conversion Side-product (SP)
observed
1 11 15 (25) 60 Y Y (12b)
2 11 14 (25) 60 N Y (12a)
3 11 14 (25) 240 Y Y (12a)
4 11 16 (50)° 60 Y Y (12c¢)
5 11 16 (25)° 60 Y Y (12c)
6 11 16 (20) 1440 Y Y (12¢)
7 11 16 (20) 120 Y Y (12c)
8 11 16 (20) 30 Y Y (12¢)
9 11 16 (5) 1440 N Y (12¢)
10 11 16 (5) 120 N Y (12¢)
11 11 16 (5) 30 N Y (12¢)
12 11 5(20) 120 Y Y (12d)
13 11 5(10) 120 Y Y (12d)
14 11 5(5) 120 N Y (12d)
15 6 16 (50) 1440 Y 13c (diethyl end-group)
16 6 16 (20) 1440 Y 13c (diethyl end-group)
17 6 16 (10) 1440 Y 13c (diethyl end-group)
18 6 16 (50) 120 Y 13c (diethyl end-group)
19 6 16 (20) 120 Y 13c (diethyl end-group)
20 6 6 (10) 120 Y 13c (diethyl end-group)
21 6 6 (50) 30 Y 13c (diethyl end-group)
22 6 6 (20) 30 Y 13c (diethyl end-group)
23 6 16 (10) 30 Y 13c (diethyl end-group)
24 6 5 (50) 120 Y 13d(diethyl end-group)
25 6 5 (20) 120 Y 13d(diethyl end-group)
26 6 5(10) 120 Y 13d(diethyl end-group)

a: DIPEA equivalents applied in a 1:1 ratio with a given building block; b: reactions conducted at 40 °C used a
reactor microwave and were conducted in a sealed microwave vial
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Figure S13: Positive ESI-MS results for (above) entry 1, Table S2 showing mass peaks for 12b and (below)
entry 2, Table S2 showing mass peaks corresponding to 11 and 12a
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Figure S14: Positive ESI-MS results for entry 2, Table S2 showing mass peaks for 12a exclusively
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Figure S15: Positive ESI-MS results for (above) entry 4, Table S2 showing mass peaks for 12c and (below)
entry 5, Table S2 showing mass peaks corresponding to 12¢
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Figure S16: Positive ESI-MS results for (above) entry 6, Table S2 showing mass peaks for 12c and (below)
entry 8, Table S2 showing mass peaks corresponding to 12¢
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Figure S17: Negative ESI-MS results for (above) entry 2, Table S2 showing mass peaks for 12a and
(below) entry 1, Table S2 showing mass peaks corresponding to 12b
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Figure S18: RP-HPLC-MS results for entry 6, Table S2 showing (Top left) RP-HPLC trace ES-MS (pos. mode)
for: (top left) at t = 0.9 min, (middle left) t = 6.1 min, and (middle right) t = 7.4 min. Collective ESI-MS:
(bottom left) positive and (bottom right) negative mode. All exhibiting masses for 12c.
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Calculated masses for desulfated 12c

0o (unless otherwise stated)
’ NWCN_\_NH [M+H]" = 862.5 gmol"  [M+Na]* = 884.5 gmol’
2 3 2 [M+2H]?* = 431.7 gmol™?  [M+H+Na]?* = 442.7 gmol’

12¢ (desulfated) [M+3H]3* = 288.2 gmol”'  [M+TFA-H] = 974.5 gmol”
[M-H] = 939.6 gmol™' (12¢)
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Figure $S19: RP-HPLC-MS results for entry 7, Table S2 showing (Top left) RP-HPLC trace ES-MS (pos. mode)
for: (top left) at t = 0.9 min, (middle left) t = 6.1 min, and (middle right) t = 7.4 min. Collective ESI-MS:
(bottom left) positive mode. All exhibiting masses for 12¢

35



Calculated masses for 11
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(0] (unless otherwise stated)
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Figure S20: RP-HPLC-MS results for entry 9, Table S2 showing (Top left) RP-HPLC trace ES-MS (pos. mode)
for: (top right) at t = 0.9 min, (middle left) t = 6.0 min, (middle right) t = 6.8 min and (bottom left) t =7.5
min. Collective ESI-MS: (bottom right) negative mode. All exhibiting masses for 11 and 12c
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(unless otherwise stated)
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Figure S21: RP-HPLC-MS results for entry 12, Table S2 showing (Top left) RP-HPLC trace ES-MS (pos.
mode) for: (top right) at t = 0.9 min, (middle left) t = 6.0 min, (middle right) t = 7.2 min. Collective ESI-
MS: (bottom right) negative mode. All exhibiting masses for 12d
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Figure S22: RP-HPLC-MS results for entry 16, Table S2 showing (Top left) RP-HPLC trace ES-MS (pos. mode)
for: (top right) at t = 0.9 min, (middle left) t = 7.3 min, (middle right) t = 8.6 min. Collective ESI-MS positive
mode: (bottom right) with formic acid in eluent and (bottom right) without formic acid in the eluent. All
exhibiting masses for 18, degradation product of 13c
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Figure S23: RP-HPLC-MS results for entry 19, Table S2 showing (Top left) RP-HPLC trace ES-MS (pos.

mode) for: (top right) at t = 0.9 min, (middle left) t = 7.3 min, (middle right) t = 8.6 min. Collective ESI-MS
positive mode: (bottom right) with formic acid in eluent and (bottom right) without eluent. All exhibiting
masses for 18, degradation product of 13c
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Figure S24: MALDI-MS of 13c showing the degradation to a desulfated oligomers and 18
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Figure S26: 'H NMR of 13c dissolved in D,O and the integration analysis indicating the proton count
(excluding amide and exchangeable protons) and the indicated acetate equivalents
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Table S3: Selected conditions from the investigations into selective N-sulfate cleavage.

Conditions

TFA:DCM:TIPS
(95:2.5:2.5, v:v)
AcOH:DMSO (5:95, v:v)

AcOH:DMSO (5:95, v:v)

AcOH:DMSO (5:95, v:v)

AcOH:DMSO (5:95, v:v)

AcOH:DMSO (5:95, v:v)

AcOH:DMSO (5:95, v:v)
TFA:DMF (1:99, v:v)
1M HCl in Dioxan

Formic acid:MeCN:H20
(0.1:95:5, v:v)
4M HCl in Dioxan

4M HCl in Dioxan

3

pH

55

5.5

5.5

55

5.5

55

3.5

12a-c

R

Acidic cleavage
cocktail

____________________________________________

Temp./°C*

25
50

75

100

100
100

100
100
50

80

25

100

Time /
min

30

10

10

5

10
30

180
30
30

45

30

30

12a cleaved?"®

12b cleaved?

12c cleaved?

a: Elevated temperatures (above 25 °C) was achieved by suspending oligo-bearing resin in the appropriate
candidate cleavage cocktail in a sealed microwave vial and heating using a microwave reactor; b: Following
cleavage treatment and intentional resin cleavage was the sulfate observed? Y = Yes, the sulfate was
cleaved (no signal present in subsequent ESI-MS analysis (negative mode), and N = No, the N-sulfate was
still observed by ESI-MS (negative mode).
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Figure S28: (Top Left) RP-HPLC trace, (Top Right) ESI-MS (Positive mode) at t = 17.3 min, and (Bottom
Right) 18.6 min and (Bottom Right) ESI-MS (Negative mode) of Fmoc-protected 19 directly cleaved from
solid support
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Figure S29: 'H NMR of 19 dissolved in D,O and the integration analysis indicating the proton count
(excluding amide protons) and the indicated acetate equivalents
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Figure S30: ESI-MS (positive mode) for oligomers 20a-b with mass peaks identified
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Figure S31: 'H NMR of 20a dissolved in DO and the integration analysis indicating the proton count
(excluding amide and exchangeable protons) and the indicated acetate equivalents
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Figure S32: FT-IR spectrum of 20a
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Figure S33: 'H NMR of 20b dissolved in D,O and the integration analysis indicating the proton count
(excluding amide and exchangeable protons) and the indicated acetate equivalents
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Figure S34: FT-IR spectrum of 20b
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Figure S35: ESI-MS (positive mode) for oligomers 21a-b with mass peaks identified
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Figure S36: 'H NMR of 21a dissolved in D,O and the integration analysis indicating the proton count
(excluding amide and exchangeable protons) and the indicated acetate equivalents
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Figure S37: FT-IR spectrum of 21a
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Figure S38: 'H NMR of 21b dissolved in D,O and the integration analysis indicating the proton count
(excluding amide and exchangeable protons) and the indicated acetate equivalents
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Figure S39: FT-IR spectrum of 21b
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Table S4: Elemental analysis of various N-sulfated oligmeric probes (results are reported as the average
and the associated standard deviation)

Sample % C %H %N %S

13c (Theoretical) 42.36 7.02 11.11 5.65

13¢? 46.36 7.93 11.24 2.22

20a (Theoretical) 48.66 7.42 14.44 4.72
20a 48.14 + 0.20 7.59 +0.01 11.54 +0.10 2.08 +0.29

20b (Theoretical) 51.12 7.57 12.27 2.01
20b 50.55 +0.19 6.48 +2.03 11.65 + 0.08 0.93 +0.00

21a (Theoretical) 52.66 7.73 14.57 2.38
21a 51.9+0.07 8.01+0.01 12.03 +0.04 1.31+0.05

21b (Theoretical) 52.53 7.68 13.83 2.26

21b? 50.54 7.60 11.93 3.10

22 (Theoretical) 40.82 6.55 12.42 9.47

22 48.27 +0.16 6.48 +2.14 12.33+0.03 2.74+0.3

23a (Theoretical) 48.78 7.28 12.64 4.82
23a 51.74 + 0.04 8.26 + 0.00 11.91 +0.00 0.40 + 0.08

23b (Theoretical) 48.90 7.11 11.41 4.35
23b 50.71+0.36 8.15+0.05 11.30+0.21 1.415 +0.86

a: Only a single sample recorded
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Table S5: Recovered yields of oligomers following resin cleavage and anion exchange. Oligomer

molecular weights calculated with 3 acetate anion equivalents.

Oligomer Molecular Scale/ Recovered
Weight / mmol  mass/ mg
gmol?
# e 1536.80 0.05 30.15
% E)K%\ NHSOgH
. mi . H N 1680.84 0.05 26.64
% \ ﬂHImEH
prh i nMNINHsosH 1524.87 0.025 18.66
ow[i#“ 2 HMNIGH 1596.90 0.025 10.83
2031.21 0.05 36.87
B - L Wb\m

@)H HMNINHSOSH 1995.29 0.05 39.76

m; WKM fg 2211.68 0.05 40.91
HOZC/\/N\/\OE/NH E;:@TNH 23b
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0.012
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Figure S48: (Left) RP-HPLC trace, and (right) Positive mode ESI-MS of cleavage product exclusively from
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Figure S50: (Top) RP-HPLC trace, (Bottom Left) ESI-MS (Positive mode) at t = 21.0 min, and (Bottom
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Cyclic carbonates as protection group free building blocks in solid
phase synthesis of sequence-defined macromolecules

Robert Steinfort,? Stephen Hill,? Ozgiir Capar, * Laura Hartmann ® *

Cyclic carbonates, as building blocks not yet used in solid-phase synthesis, are produced from epoxides and carbon dioxide
and have been successfully used for sequence-defined oligohydroxyurethanes construction. The usual protective group
strategies can be dispensed because the reaction with an Diamine is an AA + BB system. They thus follow a submonomeric
solid-phase strategy. The addition of a cyclocarbonate to the solid phase was investigated and the optimisation in terms of
reaction time, temperature, stoichiometric proportions, solvents, number of coupling steps and the advantages of capping
are discribed. Subsequently, the biscyclocarbonate was ring-opened with a diamine. The ring opening of the
cyclocarbonates produces an urethane group with an adjacent hydroxy group. The formation and reduction of by-products
such as dimers and the advantages of spacing the urethane units further away from each other are also discussed. The

cyclocarbonate

1. Introduction

Solid phase synthesis, first introduced by Merrifield in 1963,
has become an established method for producing sequence-
defined macromolecules (SDMs) in recent years.['™” The
method is based on the step-wise assembly of building blocks
on a solid support or so-called resin where in each step a
different building block can be chosen, giving in the end the
desired primary sequence. The solid support itself enables the
use of high excess of building blocks and repetitive couplings
to ensure ideally quantitative addition of each building block
as the removal of the excess reagents is simply achieved by a
filtration/washing step with the product remaining bound to
the resin. In peptide synthesis, such stepwise assembly also
requires the use of selective protecting groups, most
commonly known are the tert-butyloxycarbonyl (Boc) and the
fluorenylmethoxycarbonyl (Fmoc) group as orthogonal
protecting groups for the primary amine of the amino acid.®°!
Without the protecting group, amide bond formation could
also occur in solution or multiple times with the same amino
acid, thus resulting in the loss of the sequence definition.
peptides and other biopolymers such as
oligonucleotides!™ and oligosaccharides,'1?! in recent years,
the synthesis of synthetic SDMs has gained increasing
attention.[!356] SDMs have been shown to have great
potential in different applications for example, in drug

Besides

delivery, data storage, or showed antibacterial effects.*13]

Since synthetic SDMs are not limited by the natural building
blocks, a large variety of different tailor-made building blocks
and chemistry for their coupling on solid support has been
developed. One differentiation of these strategies is based on
the use of building blocks that require protecting groups or
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building  block could

be successfully incorporated repeatedly into an  oligomer.

building blocks that can be coupled without protecting groups,
which can also be classified as a so-called submonomer
approach.l' From a polymer chemist’s point-of-view, a typical
protecting group strategy introduces one repeating unit per
coupling while in the submonomer, protecting group free
approach, two coupling steps are required to give one
repeating unit. Nevertheless, working without a protecting
group typically is a more atom efficient approach and
potentially allows for an easier upscaling of the synthesis. In
this context, especially cyclic building blocks for SDM synthesis
have gained increasing attention over the last couple of
years.['] The products can yield bi- or multifunctionalities, ring
opening can be initiated using a range of nucleophiles, usually
no catalysts or activating agents are required, and the reaction
proceeds with high stereo- and or regioselectivity.[**! Well
received examples are thiolactone building blocks introduced
by the du Prez lab [ref],!*®! epoxid building blocks by Johnson et
al.,['”1 and maleimides by Zhang et al.l'8! Recently, we have
introduced the use of cyclic sulfamidates to obtain N-sulfated
SDMs as a new class of sequence-defined polyelectrolytes.!*®!
Here we now explore another class of cyclic building blocks for
their use in SDM synthesis: the cyclic carbonates.

Cyclic carbonates (CCs) have attracted attention as they can be
generated from the simple combination of epoxides, CO,, and
a catalyst and can be used as green alternative in the synthesis
of polyurethanes replacing isocyanate monomers.l29! CCs are
typically 5 or 6-membered ring carbonate esters and are
characterised by a carbonyl group flanked by two alkoxy
groups. CC reactivity normally proceeds via ring-opening,
typically proceeding via amine nucleophilic attack at the
endocyclic carbonyl. After ring-opening a new urethane
linkage is generated and a hydroxyl revealed. Since the ring



opening is not regioselective, two different products can be
formed. The two urethanes that result from this ring opening
show different chemical environments and form either
primary or secondary hydroxy groups. Whether the primary or
secondary hydroxyurethane is formed partially depends on the
substituents of the cyclocarbonate group, however, in many
cases both, the primary and the secondary hydroxyurethane
are formed.?

OH
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Figure 1: Reaction scheme of the formation of the primary or secondary
hydroxyurethane.[21]

The carbonate functionality has previously been applied in solid-
phase synthesis as linker,??! solvent,[?3! and for the generation of
peptides.?* Organic carbonate synthesis on solid-phase has also
been reported.?’! However, to the best of our knowledge, no
reports have yet explored the reactivity of cyclic carbonates on solid
support and the iterative coupling of CC based building blocks for
SDM with
biscyclocarbonates (BCCs) in the synthesis of polyhydroxyurethanes

construction. Based on our previous studies
for fast curing applications,?®) here we explore BCCs in a
submonomer approach together with aliphatic diamines to enable

sequence-defined oligohydroxyurethanes (Figure 2).
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Figure 2: Solid-phase coupling of a BCC building block and subsequent reaction with a
diamine to derive one repeating unit of a sequence-defined oligohydroxyurethane.

2. Methods and Experimental Section

Materials:
All solvents and reagents were used for the reactions without any
purification. Acetic anhydride was purchased from VWR chemicals,
Dimethylformamide (DMF), Fmoc-L-Phenylalanine and N,N-
Diisopropylethylamine (DIPEA) were purchased from Carl Roth,
Triethylamine (TEA) was purchased from Fisher Scientific, Lithium
(LiBr) purchased from Alfa Aesar, 1,8-
diazabicyclo[5.4.0Jundec-7-ene  (DBU) from
Fluorochem, TentaGel® S RAM was purchased from Rapp Polymere,
Triisopropylsilane (TIPS), hexamethylenediamine (HMD), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD), Lithiumtrifluormethansulfonat
(LiOTf),
hexafluorophosphate

bromide was

was purchased

benzotriazol-1-yloxytripyrrolidinophosphonium
(PyBOP), N-Methyl-2-pyrrolidone (NMP),
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Diethyl ether, Methanol,
Dichloromethane (DCM)
Trifluoroacetic acid (TFA) was purchased from Acros Organics,

1,4-butanediol diglycidyl ether, and
were purchased from Sigma Aldrich,

tetrabutylammonium iodide (TBAI) was purchased from Carbolution
Chemicals GmbH, Acetonitrile was purchased from ChemSolute,
Fmoc-Glycine was purchased from BLD Pharmatech GmbH, Boc-
glycine was purchased from JK Chemicals.

NMR-Spectroscopy:

1H-NMR and 3C-NMR spectra were measured at room temperature
on Bruker Avance Il 300 (for 300 MHz) or Bruker Avance 1l 600 (for
600 MHz). The chemical shifts in 6 in parts per million (ppm) are
reported relative to the solvent peaks.

Reverse Phase — High Performance Liquid Chromatography — Mass
Spectrometry (RP-HPLC-MS):

An Agilent 1260 Infinity instrument with an adjusted wavelength of
214 nm and a 6120 Quadrupole LC/MS with an electrospray
ionization source was used for HPLC and MS analysis. In the m/z
range of 200 to 2000, all measurements were carried out in either
positive or negative ionization mode. The following mobile phases
were used in the analysis: 95/5 (H20/MeCN) (mobile phase A) and
5/95 (H20/MeCN) (mobile phase B), both with 0.1% formic acid, in
a poroshell 120 ECC18 3.0x50 mm, 2 m reverse phase (RP) from
Agilent.

High resolution ESI (HR-ESI):
On UHR-QTOF maXis 4G, HR-ESI spectra were measured (Bruker
Daltonics).

Freeze Dryer:

Cleaved Oligomers got freeze dried (lyophilized) by the Alpha 1-4 LD
Christ GmbH.
Temperatures for the measurements are -42 °C and a pressure of

instrument from the Martin Freeze Dryers

0.1 mbar is maintained while lyophilizing.

Synthetic procedures:

The synthesis of the EDS building block has been reported by
Ponader et al.'?! The synthesis of the BCC building was conducted
as previously reported by Capar et al.l?8! 'TH-NMR spectra for these
building blocks see SI, Figure 15 and Figure 17. *3C-NMR spectra for
these building blocks see SI, Figure 19 and Figure 20.

Resin swelling and Fmoc deprotection:

TentaGel® S RAM is used for all reactions described with a loading
of 0.24 mmol/g) which is filled into BD syringe reactors with an inlet
frit. 10 mL Synringes were used for batch sizes of 0.5 mmol. Before
coupling the building blocks the resin was swollen for 30 min in
DCM. The Fmoc protecting group was cleaved by a 25 vol.-%
piperidine in DMF solution. Therefore, the syringe was drawn up
with 10 mL of the solution and shaken 2 times for 20 min. The resin
was subsequently washed 15 times with DMF.

Solid phase synthesis: (oligomeric precursor):
The following procedure refers to the coupling of Glycine-fmoc,

This journal is © The Royal Society of Chemistry 20xx



Glycine-boc, EDS and Phenylalanine based on the protocol reported
by Ponader et al.l'?]

After the swelling and the Fmoc deprotection the resin was washed
with DMF 10 times. For the coupling an excess of 5 equivalents of
building block and PyBOP was used. DIPEA was used in a 10
equivalents excess. One-fourth fmoc glycine and three-fourths boc
glycine were used for amine loading reduction. All components
were dissolved in DMF and shaken for 5 min prior to adding it to the
resin. The activated solution was raised onto the resin and shaken
for 2 h. After the reaction the resin is washed with 15 times DMF
and 5 times DCM. The preparations were carried out with 0.5 mmol
batch sizes which were subsequently divided into 5 syringes (0.1
mmol) for BCC coupling. All reactions were performed in a syringe
with frit on a shaking plate at room temperature.

Coupling of BCC and HMD:

For the coupling of the BCC building block and the HMD, the resin
(the oligomeric precursor) was transferred from the plastic syringe
to a glass syringe. The LIOTf/TBD catalyst system and the building
block dissolved in NMP were then added. The syringe was then
sealed with a septum and nitrogen was flowed through the reaction
solution. The syringe was kept in a water bath which was adjusted
to the appropriate temperature. Temperatures and reaction times
can be found in the corresponding tables (see Tables 1-4). After the
reaction, the syringe was washed 15 times with NMP and 5 times
with DCM.

Capping of the hydroxyl groups:
The syringe was filled with acetic anhydride and shaken for 2 hours
at room temperature. Then it was washed with DMF 15 times.

Macro cleavage:

For cleaving the oligomers of the TentaGel® S RAM a cleavage
solution of TFA:TIPS:DCM (95:2.5:2.5) was drawn up into the
syringe. The solution was shaken for 60 min at room temperature
and after that precipitated into iced diethyl ether (45 mL). The
solution was centrifuged for 5 min and the supernatant was then
decanted. The white precipitate was counter current dried for 1 h in
nitrogen. The white precipitate was then dissolved in MilliQ water
and lyophilized.

3. Results and Discussion

Based on our previous study?® on using BCCs in classical
polymer chemistry, 1,4-butanediol diglycidyl ether was
transcarbonylated using tetrabutylammonium iodide (TBAI) as
catalyst giving the BCC building block in a high yield of 96 %
and high purity (94 % as determined by H-NMR, see Sl
Figure 15). High purity is of special importance for use of
building block in solid phase synthesis as potential side
products e.g., the monocyclocarbonate could also react during
the coupling but lead to an error or deletion in the monomer
sequence. The main factor hampering the high purity of the
BCC is indeed not the transcarbonylation but the purity of the
starting material, the diglycidyl ether. Most diglycidyl ethers

This journal is © The Royal Society of Chemistry 20xx

are sold at technical grade and purification by one-step
vacuum distillation was not efficient.?6! Therefore, 1,4-
butanediol diglycidyl ether with a purity of >95 % was used for

this work to ensure high purity of the resulting BCC.
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Figure 3: Monomer Synthesis of the BCC building block.

As diamine building block, commercially available
hexamethylenediamine (HMD) was chosen based on its good
solubility in common solid phase solvents such as
dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP)
and its previous the synthesis of
methacrylamide-dimethylacrylamide oligomers by solid phase

protocols.l7]

successful use in

TentaGel® S RAM was used as the solid-phase resin, as it has
been widely used for the synthesis of sequence-defined
oligomers.[1%28] Here, protected amino groups form the
functional end groups of the resin surface, are linked by a rink
amide linker.[829]

The oligomeric precursor used for the coupling experiments
consists of EDS, a hydrophilic building block which is used in
the Hartmann group in solid phase synthesis,'? and
Phenylalanine in the sequence EDS-Phe-EDS. EDS was used to
be able to assign the molecular mass in the mass spectrum
more precisely and also to increase the distance to the solid
phase resin. Phenylalanine was used to enable the conversion
analysis by UV-Vis spectroscopy (for the analytics of the
oligomeric precursor see S, Figure 1).

In a very simple first attempt, 5 equivalents (eq.) BCC per
amine group was added to the resin for 10 min — a typical
protocol e.g., for the addition of an amino acid in solid phase
peptide synthesis.[®l Not surprisingly, no coupling was
observed via LC-MS data as it has been described typically
elevated temperatures are required to induce ring opening
and thus conjugation of the BCC.BY In a second series,
therefore the reaction temperature was gradually increased
from rt to 37°C to 50°C and reaction times were increased to
60 min. Higher temperatures (>60°C) are not possible because
the oligomers would detach from the polystyrene based
resins.31 Also under these reaction conditions, no coupling of
the BCC was observed (see S| for table with all reaction
conditions). It is also known that the use of different catalysts
can promote the CC ring opening already at lower
temperatures. Therefore, next, a series of catalysts was tested
in promoting BCC coupling working either at rt or at 50°C and
increasing the reaction times to 60, 120 and 180 min,
respectively (see Sl for table with all reaction conditions). The
use of triethylamine (TEA), lithium bromide (LiBr) with 1,8-
diazabicyclo[5.4.0]Jundec-7-ene  (DBU) and the 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) with LiBr did not result in
any BCC coupling. Also the addition of methanol, known to
increase the reactivity of the carbonyl carbon by forming
hydrogen bonds with the oxygen atom of the carbonate,!?* did
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not give any product formation.However, with the catalyst
system LiOTf and TBD, previously used by Lombardo et al. for
the amylolysis of cyclic carbonates in solution,*?! in DMF
coupling 5 eq. BCC for 60 min at rt showed the first successful
attachment with 28% conversion as determined by RP-HPLC-
MS.
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Figure 4: RP-HPLC chromatogram (Gradient 5-95 vol% - MeCN in H,0 (0.1 vol.-% formic
acid, run time 17 min) of the oligomer 2.

By changing the reaction parameters (see Table 1), an increase
in conversion up to 45% was achieved (see SI, Figure 5).

Table 1: Coupling of BCC building block to the solid phase using EDS-phenylalanine-EDS
(1) as the oligomeric precursor in the solvent NMP with LIOTF/TBD as the catalyst
system.

Time Temperature BCC LiOTf/TBD Product

[min] [°C] [Eq.] [Eq.] Conversion [%] *

60 RT 5 10 28

120 RT 10 20 33

60 50 5 10 27

90 50 10 20 32

90 50 50 50 45

* Product conversions were determined by integrating an RP-HPLC

chromatogram (gradient of 5 to 95% by volume acetonitrile in water containing
0.1% by volume formic acid, run time 17 min).

However, for solid phase coupling standards usually requiring
conversion >90%, this was still unsatisfying. Closer evaluation
of the LC-MS data of the products after release from the solid
support revealed one of the reasons for such low conversion:
Due to the two carbonate functionalities of the BCC building
block, both carbonate groups can react on the solid support
with two neighboring amine groups leading to the formation
of a dimer as can be identified from the ESI-MS data (Figure 6).
These dimers will not be able to be extended in following
coupling steps and thus dimer formation needs to be avoided.
One option is to use higher access of BCC building blocks.
However, it is very likely that dimer formation occurs in a two-
step process: the BCC attaches with one end to the resin and
the proximity of the second carbonyl to remaining amines on
the resin promotes the dimer formation as shown in Figure 5.
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Figure 5: Structure of the dimer by-product and binding to the solid phase resin.

Figure 6 shows the ESI-MS spectrum of the dimer by-product.
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ESI-MS of 2* at t = 7.56 min (gradient of 5 to 95 vol% acetonitrile in water containing
0.1 vol% formic acid, run time 17 min).

Therefore, to reduce dimer formation, the overall loading of
the resin (number of primary amine groups) was reduced by
using a mixture of Fmoc- and Boc-protected glycine in an
extension of the oligomeric precursor (see Sl for details). By
selective deprotecting only the Fmoc-protected amine groups,
an overall reduction in reactive groups for BCC coupling is
achieved. Indeed, dimer formation was drastically reduced
from about 40 % to less than 10 % (see SI, Figures 7 and 9).
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Table 2: Coupling of BCC building block to the solid phase using glycine-EDS-
phenylalanine-EDS (3) as the oligomeric precursor, with the reduced number of primary
amine groups due to the mixture of Fmoc- and Boc-protected glycine. The reactions
were performed in the solvent NMP and in a plastic syringe.

Time Temperature BCC LiOTf/TBD Product
[min] [°C] [Eq.] [Eq.] conversion [%] *
60 RT 10 20 59

120 RT 10 20 56

90 40 5 10 44

60 RT 5 10 24

60 RT 20 40 41

60 60 5 10 57

60 60 20 40 66

180 60 20 40 72

180 60 40 80 64

180 60 20 40 73

180 60 20 40 73

180 60 20 40 75

180 60 20 40 82%*
180 60 20 40 84**

* Product conversions were determined by integrating an RP-HPLC

chromatogram (gradient of 5 to 95% by volume acetonitrile in water containing
0.1% by volume formic acid, run time 17 min).
** Reactions were performed in a glass syringe

In addition to the dimer formation, we also observed a number
of side products that we could not identify. So far, solid phase
reactions were performed in plastic syringes equipped with a
filter that are commonly used for non-automated solid phase
protocols as they are cheap, easy to handle and allow
straightforward in parallel synthesis e.g., by placing several
syringes on a shaker at the same time. However, these
syringes were designed for solid phase peptide synthesis that
typically is performed at room temperature. We hypothesized
that our extended reaction at elevated temperature using also
unconditional solvent such as methanol and NMP may have
caused leakage e.g., of plasticizers, into our reaction and thus
product mixture. In order to avoid this, we changed the
reaction set-up to glass syringes. Indeed, further optimization
of BCC coupling in glass syringes enabled an increase in
conversion of up to 84 %. Together with 12 % dimer formation,
this gives a total conversion of 96 % which is now in a range
generally suitable for reactions on solid support.33!
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Figure 7: RP-HPLC chromatogram (Gradient 5-95 vol% - MeCN in H,0 (0.1 vol.-% formic
acid, run time 17 min) of the oligomer 4.
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In  principle, increased reaction times and reaction
temperature lead to an increase in product formation while
increase in BCC excess beyond 40 eq. and increase in catalyst
beyond 40 eq. did not yield a further increase (see Table 2).
Different solvents were tested but highest product conversions
were observed in NMP. The optimized conditions for solid
phase coupling of BCC building block to primary amines
comprise of 40 equivalents of BCC and TBD/LiOTf, NMP as
solvent, reaction temperature of 60 °C, 3 h reaction time, and
repeating the coupling twice (double coupling).

2.3 Chain extension by first diamine coupling

After successful introduction of the first BCC building block,
chain extension by HMD was investigated. Reaction of one the
primary amine groups of the diamine should ring open the free
cyclocarbonate ring at the chain end of the resin-bound
oligomer (see Figure 8).
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Figure 8: A. Coupling of the BCC building block to the oligomeric precursor 3.

B. Coupling of the oligomer 4 with HMD.

Different reaction conditions were tested including different
equivalents of HMD, catalyst (LiOTF/TBD) and reaction
temperature as shown in Table 3. Highest product formation
was observed via 20 eq. of HDM and LiOTf/TBD, 60 min
reaction time, 60 °C reaction temperature and repeating the
coupling twice (double coupling). LC-MS analysis shows no
starting material indicating all oligomers with a BCC endgroup
were fully extended by one HDM molecule (see Sl, Figure 9).
However, based on the side products from the previous BCC

coupling, e.g., the dimer formation, the overall product
conversion is only at 89 % for the optimized reaction
condition.

Table 3: Diamine coupling to the oligomer Gly-EDS-Phe-EDS-BCC (4) in the solvent NMP
in a glass syringe.

Time Temperature HMD LiOTf/TBD Product
[min] [°C] [Eq.] [Eq.] conversion [%] *
60 RT 10 10 56
60 RT 20 20 71
60 60 20 20 87
60 60 20 20 83
60 60 20 20 89
*  Product conversions were determined by integrating an RP-HPLC

chromatogram (gradient of 5 to 95% by volume acetonitrile in water containing
0.1% by volume formic acid, run time 17 min).
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2.4 Further chain extension beyond the first
BCC/diamine repeating unit

Subsequently, a second BCC building block can be used to
elongate the chain further, reacting now with the terminal
primary amine as introduced in the previous step by the HDM
building block. However, when using the previously optimized
reaction conditions for product
conversion of only 45 % in comparison to the previous 89 %

the first BCC coupling,
was achieved. Therefore, different attempts to improve
coupling efficiency were investigated.

First, we changed the solvent from NMP to methanol as this
should increase the activation of the carbonyl carbon and
should therefore the the
cyclocarbonate.[?!! no product conversion was

favour ring opening of
However,
observed.

Another reason for the reduced coupling efficiency could be a
potential aggregation. For example in solid phase peptide
synthesis, for sequences that have a strong tendency to
aggregate, this can prohibit the efficient chain extension and
thus synthesis of longer chains.?¥ Potentially, the hydroxy
groups formed during ring opening can form intermolecular
hydrogen bonds and promote such chain-chain aggregation. In
addition, the urethane units formed during ring opening can
interact with each other and therefore lead to aggregation of
the chains as well.353%] Therefore, the addition of chaotropic
salts was explored to reduce the interaction of the oligomer
chains,3”l but no product conversion was detected either.

The idea for the next experiments was that by increasing the
distance between the BCC building blocks, one could have less
steric hindrance for the nucleophilic attack of the amine on the
BCC building block.[38 Yen at al. have shown in their work
that a high density of urethane groups in the chains can lead to
increased interactions between the chains and also within the
chains.38] So, to increase the distance between the BCC block
and the next BCC block (and so the formed urethane groups),
the spacing building block EDS was implemented.

To investigate whether the effect improves when the distance
is increased even further, experiments were performed with
two EDS blocks incorporated. One (sample B) or two EDS
(samples A, C, D) building blocks were coupled using standard
Fmoc peptide coupling conditions. The EDS coupling was
complete as shown by the LC-MS analysis. The oligomer 5 with
the free amine group of HMD was completely converted (see
SI, Figure 11). Next another BCC building block was coupled to
the oligomer according to the above optimized conditions and
then reacted again with HMD. Finally, another EDS building
block was coupled to the oligomer to improve precipitation in
diethyl ether after cleavage from the resin (macro cleavage).

HO...

o

In the first experiment, where two EDS building blocks were
introduced after the first HMD building block, the mass of the
target structure could be detected in the LC-MS, but many by-
products had formed so that it was not possible to state how
high the product conversion was (see sample A).

In order to reduce the formation of by-products and to
reduce the interactions between the chains and to block
possible side reactions that the free hydroxy groups could
undertake, capping steps the
experiments.

After every BCC coupling step, the hydroxy groups were

were included in next

reacted with acetic anhydride thereby acetylating the hydroxy
group and blocking the ability to form hydrogen bonds. This
allowed the first successful addition of a further BCC building
block to the oligomer (see Table 4). One possible explanation
for this is that the hydroxy groups formed during ring opening
participate in the reaction. Many by-products from sample A
were no longer detected after capping was performed.
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Comparing sample B with one EDS building block with sample
D with two EDS building blocks, it can be concluded that the
product conversion with the two EDS building blocks is
significantly higher (38 % vs 64 %). This is due to the fact that
the urethane groups of the BCC building blocks are further
apart from each other and therefore there are fewer
interactions between the chains. When analysing the data, it
was observed that the product is present in different degrees
of acetylation (see S| Figure 14). This is related to the
conditions of cleavage from the resin. Here, 95 % TFA is used
for the cleavage, which can lead to a loss of the acetyl groups.
In further experiments in this area, other temporary protective
groups could therefore be used instead of the acetyl groups,
which would then be deprotected from the resin before
cleaving the oligomer of the resin.

The results of these experiments are shown in Table 4. The
target structure (see Figure 9) in which the cyclocarbonate
building block was incorporated twice was identified with 64 %
with the optimised conditions. For further analytics of the
oligomer 7.0 see SI.

Table 4: Synthesis of the oligomer Gly-EDS-Phe-EDS-BCC-HMD-EDS-EDS-BCC-HMD-EDS
(7.0) in the solvent NMP in a glass syringe.

SAMPLE TIME TEMPERA- BCC LIOTF/TBD PRODUCT
[MIN] TURE [°C] [EQ.] [EQ.] CONVERSION
[%] *
A ‘ 180 55 20 10
B (ONLY
180 55 20 40 38
ONE EDS)
C ‘ 180 55 20 5 60
D ‘ 180 55 20 10 64
* Product conversions were determined by integrating an RP-HPLC

chromatogram (gradient of 5 to 95% by volume acetonitrile in water containing
0.1% by volume formic acid, run time 30 min).

Comparing samples C and D, where capping was performed
after each BCC and EDS coupling step, it can be noted that
higher equivalents of the catalytic system do not result in
higher product conversion.

3. Conclusions

In this paper we report the first use of bicyclocarbonate
building blocks in a stepwise assembly on solid support.
Following a submonomer approach, the combination of
biscyclocarbonate and diamine building blocks gives access to
sequence-defined oligohydroxyurethanes. We demonstrate
that this approach is also readily compatible with other solid
phase approaches such as the solid phase polymer synthesis
using dimer building blocks and solid phase peptide synthesis
using Fmoc-protected amino acids. In the future, further chain
extension to achieve higher molecular weights and longer
sequences as well as the use of different biscyclocarbonates
and diamines will be explored. Furthermore, hydroxy groups

This journal is © The Royal Society of Chemistry 20xx

introduced upon ring opening of the cyclocarbonate units will
be employed for side chain modification e.g., by glycosylation
to obtain sequence-defined glycooligourethanes as multivalent
glycan mimetics. It can be expected that based on their
different inter- and intramolecular hydrogen bond formation
such oligourethane backbones will impact the presentation
and bining of the side chain glycans in a different way than
e.g., previously employed oligoamide chains.
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General Experimental

Chemicals

All solvents and reagents were used for the reactions without any purification. Acetic anhydride was
purchased from VWR chemicals, dimethylformamide (DMF), Fmoc-L-phenylalanine and
N,N-diisopropylethylamine (DIPEA) were purchased from Carl Roth, triethylamine (TEA) was
purchased from Fisher Scientific, lithium bromide (LiBr) was purchased from Alfa Aesar, 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) was purchased from Fluorochem, TentaGel® S RAM was
purchased from Rapp Polymere, triisopropylsilane (TIPS), hexamethylenediamine (HMD), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD), lithiumtrifluormethansulfonat (LiOTf), benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), N-methyl-2-pyrrolidone (NMP),
diethyl ether, methanol, 1,4-butanediol diglycidyl ether, and dichloromethane (DCM) were
purchased from Sigma Aldrich, trifluoroacetic acid (TFA) was purchased from Acros Organics,
tetrabutylammonium iodide (TBAI) was purchased from Carbolution Chemicals GmbH, acetonitrile
was purchased from ChemSolute, Fmoc-glycine was purchased from BLD Pharmatech GmbH, Boc-

glycine was purchased from JK Chemicals.

Methods

NMR-Spectroscopy
'H-NMR and 3C-NMR spectra were measured at room temperature on Bruker Avance |11 300 (for 300
MHz) or Bruker Avance Il 600 (for 600 MHz). The chemical shifts in 6 in parts per million (ppm) are

reported relative to the solvent peaks.

Reverse Phase — High Performance Liquid Chromatography —

Mass Spectrometry (RP-HPLC-MS)

An Agilent 1260 Infinity instrument with an adjusted wavelength of 214 nm and a 6120 Quadrupole
LC/MS with an electrospray ionization source was used for HPLC and MS analysis. In the m/z range of
200 to 2000, all measurements were carried out in either positive or negative ionization mode. The
following mobile phases were used in the analysis: 95/5 (H,0/MeCN, v/v) (mobile phase A) and 5/95
(H,0/MeCN, v/v) (mobile phase B), both with 0.1 vol.-% formic acid, in a poroshell 120 ECC18 3.0x50

mm, 2 m reverse phase (RP) from Agilent.

High resolution ESI (HR-ESI)

On UHR-QTOF maXis 4G, HR-ESI spectra were measured (Bruker Daltonics).



Freeze Dryer
Cleaved Oligomers got freeze dried (lyophilized) by the Alpha 1-4 LD instrument from the Martin
Christ Freeze Dryers GmbH. Temperatures for the measurements are -42 °C and a pressure of

0.1 mbar is maintained while lyophilizing.



General Synthetic Protocols
Synthetic procedures

The synthesis of the EDS building block has been reported by Ponader et al.) *H-NMR spectra is in
the Appendix Figure 17 and *C-NMR spectra in the Appendix Figure 20. The synthesis of the BCC
building was conducted as previously reported by Capar et al.””! *H-NMR spectra is in the Appendix

Figure 15 and *C-NMR spectra in the Appendix Figure 19.

Resin swelling and Fmoc deprotection

TentaGel® S RAM is used for all reactions described with a loading of 0.24 mmol/g which is filled into
BD syringe reactors with an inlet frit. 10 mL Syringes were used for batch sizes of 0.5 mmol. Before
coupling the building blocks the resin was swollen for 30 min in DCM. The Fmoc protecting group was
cleaved by a 25 vol.-% piperidine in DMF solution. Therefore, the syringe was drawn up with 10 mL of

the solution and shaken 2 times for 20 min. The resin was subsequently washed 15 times with DMF.

Solid phase synthesis

The following procedure refers to the coupling of Glycine-fmoc, Glycine-boc, EDS and Phenylalanine
based on the protocol reported by Ponader et al.!*!

After the swelling and the Fmoc deprotection the resin was washed with 10 mL DMF ten times. For
the coupling an excess of 5 equivalents of building block and PyBOP was used. DIPEA was used in a
10 equivalents excess. One-fourth fmoc glycine and three-fourths boc glycine were used for amine
loading reduction. All components were dissolved in DMF and shaken for 5 min prior to adding it to
the resin. The activated solution was raised onto the resin and shaken for 2 h. After the reaction the
resin is washed with 15 times DMF and 5 times DCM. The preparations were carried out with
0.5 mmol batch sizes which were subsequently divided into 5 syringes (0.1 mmol) for BCC coupling.

All reactions were performed in a syringe with frit on a shaking plate at room temperature.

Coupling of BCC and HMD

For the coupling of the BCC building block and the HMD, the resin (the oligomeric precursor) was
transferred from the plastic syringe to a glass syringe. The LiOTf/TBD catalyst system and the building
block dissolved in NMP were then added. The syringe was then sealed with a septum and nitrogen
was flowed through the reaction solution. The syringe was kept in a water bath which was adjusted
to the appropriate temperature. Temperatures and reaction times can be found in the corresponding
tables (see Tables 1-4). After the reaction, the syringe was washed 15 times with NMP and 5 times

with DCM.



Capping of the hydroxyl groups
The syringe was filled with acetic anhydride and shaken for 2 hours at room temperature. Then it was

washed with DMF 15 times.

Macro cleavage

For cleaving the oligomers of the TentaGel® S RAM a cleavage solution of TFA:TIPS:DCM
(95:2.5:2.5 vol.-%) was drawn up into the syringe. The solution was shaken for 60 min at room
temperature and after that precipitated into iced diethyl ether (45 mL). The solution was centrifuged
for 5 min and the supernatant was then decanted. The white precipitate was counter current dried

for 1 hin nitrogen. The white precipitate was then dissolved in MilliQ water and lyophilized.



Synthesis

Synthesis of the building blocks
4,4'-((butane-1,4-diylbis(oxy))bis(methylene))bis(1,3-dioxolan-2-one)

o)
12
1,3 4 6 O%o
O/\/\/o
Q 5 7 8 910
11}—0
o BCC

The BCC building block was synthesized in a modified approach from Capar et al.?:
10 mL 1,4-butanediglycidyl ether (202.25 g/mol, 11 g, 54 mmol) was cooled and stirred for
30 minutes in a flask using an ice bath. 502 mg Tetrabutylammonium iodide (TBAI) (2.5 mol-%,
1.35 mmol) was added to the solution in small portions. The flask was closed with a septum. Dry ice
was added to a second flask. The two flasks were connected to each other via a tube and an
additional cannula was inserted into the flask with the solution as a gas equalizer. The CO; was
bubbled through the solution for 1 h at room temperature. Subsequently, the solution was heated to
90 °C for 8 h. And then stirred for 16 h at room temperature. The product was obtained as a white
solid (15.22 g, 52.46 mmol, 96 %) and analysed by 'H and *C-NMR spectroscopy. The TBAI was not
removed from the solution because, according to the literature, this promotes the aminolysis of

cyclic carbonates.®! For the NMR spectra see Appendix, Figures 9 and 12.

'H-NMR (600 MHz, DMSO-d6): & [ppm] = 4.91 (m, 2H, 2, 9); 4.52 (t, J = 8.37 Hz, 2H, 1, 10);
4.25 (dd, J = 8.2, 5.9 Hz, 2H, 1, 10); 3.60 (dd, 2 = 11.42 Hz, 3) = 2.69 Hz, 2H, 3-cis, 8-cis, %) = 11.42 Hz,
3) = 4.06 Hz, 2H, 3-trans, 8-trans); 3.50 — 3.41 (m, 4H, 4, 7); 1.54 (m, 4H, 5, 6).

13C-NMR (600 MHz, DMSO-d6): & [ppm] = 155.0 (11, 12), 75.6 (2, 9), 70.6 (3, 8), 69.5 (1, 10), 66.1 (4,
7), 25.6 (5, 6).

ESI-MS (m/z): calculated Mexact = 290.10; found [M+H*] = 291.0 and [M+Na*] = 308.2



Figures, Schemes and Tables

Table 1: Coupling of BCC building block to the solid phase using EDS-phenylalanine-EDS as the oligomeric precursor in the
solvent DMF.

Reaction Time [min]  Reaction BCC[Eq.] Catalyst Product conversion [%] *
Temperature [°C]

10 RT 5 S =
25 37 5 - -
60 37 5 = =
60 50 5 - -
60 RT 5 TEA =
180 50 5 TEA -
180 50 5 LiBr, DBU =
180 50 5 LiBr, DBU, MeOH -
60 50 5 TBD, LiBr =
120 50 5 TBD, LiBr -

* Product conversions were determined by integrating an RP-HPLC chromatogram (gradient of 5 to 95% by volume
acetonitrile in water containing 0.1% by volume formic acid, run time 17 min).
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Figure 1: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 17 min) of the
oligomer 1.
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Figure 2: HPLC-ESI-MS of 1 at t = 4.54 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic acid,
run time 17 min).
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Figure 3: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H;0 (0.1 vol.-% formic acid, run time 17 min) of the
oligomer 3.

100
3
80 - [M+2H]?*
calculated:
45273
% found: 462.8
S 60+
= H.NOC— Gly J(EDS EDS—NHFmoc
© 3
=
© 404 3
& [M-+H]
calculated: 904.45
found: 904 .4
20 + 3
[M+Na]*
calculated: 926.43
0 L L | NI found: 626.4 .
200 400 600 800 1000 1200
m/z

Figure 4: HPLC-ESI-MS of 3 at t = 9.87 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic acid,
run time 17 min).
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Figure 5: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H;0 (0.1 vol.-% formic acid, run time 17 min) of the
oligomer 2 without optimization.
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Figure 6: HPLC-ESI-MS of 2 at t = 8.32 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic acid,
run time 17 min).
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Figure 7: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H;0 (0.1 vol.-% formic acid, run time 17 min) of the
oligomer 2.
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Figure 8: HPLC-ESI-MS of 2* at t = 7.56 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic acid,
run time 17 min).
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Figure 9: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H;0 (0.1 vol.-% formic acid, run time 17 min) of the
oligomer 2.
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Figure 10: HPLC-ESI-MS of 5 at t = 5.82 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic acid,
run time 17 min).
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Figure 11: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 30 min) of the
oligomer 11.
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Figure 12: HPLC-ESI-MS of 11 at t = 8.32 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic
acid, run time 30 min).
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Figure 13: Synthesis route for the repeated coupling of BCC building blocks to the solid phase.
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Figure 15: 300 MHz *H NMR of BCC building block in DMSO-dg and the integration analysis indicating the proton count.
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Figure 16: ESI-MS of BCC.
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Figure 17: 300 MHz *H NMR of EDS in DMSO-ds and the integration analysis indicating the proton count.
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Figure 18: 600 MHz *H NMR of the oligomer 7.0 in D;O and the integration analysis indicating the proton count.
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Figure 19: 75 MHz *3C NMR of BCC building block in DMSO-dp.
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Figure 20: 75 MHz *3C NMR of EDS in DMSO-ds.
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Figure 21: 75 MHz *3C NMR of the oligomer 7.0 in D,0.
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Figure 22: HR-ESI of the Oligomer 7.0.
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3. Results and Discussion

3.2.1 Exploring glycerol carbonate building blocks

In the previous chapter, it was successfully shown how biscyclocarbonates could be coupled
to the solid phase. Since the coupling of the biscyclocarbonate building blocks requires the
use of a catalyst system as well as elevated temperatures and long reaction times, possibilities
were sought for coupling cyclic carbonate building blocks to the solid phase under milder
conditions.[%! Based on the results of the biscyclocarbonates, hetero-bisfunctional building
blocks based on the cyclocarbonate motif will be investigated for their use in the solid phase

in the following chapter.

In order to be able to use a building block for solid phase synthesis, it should carry a carboxy
functionality which can be coupled to the N-terminus of an oligomer. It was searched for a

building block that had both the cyclocarbonate motif and a carboxy functionality (see Figure

11).
% 0 *
O\/o\\R + RXOH - O\/OKR)O'LOH

Figure 11: Envisioned solid phase building block carrying both the cyclocarbonate motif and a carboxy functionality.
The cyclocarbonate motif occurs, for example, in glycerol carbonate, which is produced from
glycerol and is available in large quantities. Glycerol carbonate is a waste product of biodiesel

production, where glycerol is reacted with CO, which is shown in Figure 12.[107-109]

HO\/‘\/OH Cat 0o OH

Figure 12: Reaction of glycerol with CO; using catalysts to form glycerol carbonate.%7]
In recent years, glycerol carbonate has gained interest as sustainable awareness has increased
significantly since the greenhouse gas CO, can be used as an educt in its synthesis.l*%! Glycerol
carbonate carries a hydroxy group on one side and the 5-membered cyclocarbonate ring on

the other.[110]

Glycerol as a base for a solid-phase building block is attractive because it is soluble in polar
solvents and is non-toxic.l'%”! In order to make the glycerol carbonate accessible as a building
block for solid-phase synthesis, the initial goal was to oxidize the hydroxyl group to a carboxy

functionality. The building block can then be added directly to the N-terminus of an oligomer
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3. Results and Discussion

via the carboxy functionality and can subsequently be further built up in the following under

the conditions optimized in the previous chapter for the ring opening of the cyclic carbonates.

.........................................................................
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; Q- 07 "N—R;—NH, :
i o :

Figure 13: A: Envisioned direct oxidation of glycerol carbonate. B: Envisioned solid phase coupling of the building block with
subsequent ring opening.
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3. Results and Discussion

3.2.1.1 Synthesis of the glycerol carbonate building block(s)

Different synthetic routes were tried for the oxidation of glycerol carbonate. Initially, an
attempt was made to oxidize the glycerol carbonate directly at the hydroxy group. Glycerol
carbonate was reacted with trichloroisocyanuric acid under basic conditions, as described by
Wélfele et al.l''¥ For this purpose, glycerol carbonate was mixed with sodium bicarbonate,
NaBr, H,0, acetone, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPQ) and trichloroisoycanuric
acid and cooled to 0 °C in an ice bath. The solution was then stirred for 18 h at RT. Next, the
solution was heated for three hours to reflux. The solution was then filtered over silica gel and
the remaining liquid was evaporated. The resulting colorless solid was dissolved in ethyl
acetate and extracted with agueous sodium bicarbonate solution. The organic phase was
dried and evaporated. Analysis of the structure by *H NMR and ESI-MS showed no conversion

to the oxidized glycerol carbonate.

o) (o] (@]
Yo N CI\N)LN/CI NaBr, TEMPO 0>LO
o > OH
Ao OZ\NAO NaHCO,, H,0, Aceton \/i’(
o]

Figure 14: Reaction of glycerol carbonate with trichloroisocyanuric acid.**1

Since the direct oxidation of the glycerol carbonate was not successful attempts were made
to react glycerol carbonate with bromoacetic acid to implement the carboxy functionality in
the building block. The reaction was performed following the experiments of Eh.['*2 For this
purpose, sodium hydride was dissolved in tetrahydrofuran (THF) in a nitrogen countercurrent
and then glycerol carbonate was added dropwise over one hour. Bromoacetic acid was then
dissolved in THF and added over 30 min. The reaction was heated to reflux at 90 °C for six
hours and then stirred at RT for 18 hours. Hydrochloric acid was then added to the solution to
qguench the reaction. The purification of the product was crucial for its purity. For this purpose,
different purification steps were tried out. The best purification method was to extract the
solution four times with ethyl acetate and then evaporate the previously dried organic phase.

The remaining residue was dissolved in DCM and placed in the freezer for two days.

(o] (e}
Mo + ijr _NeH o Ny o
o_1_ om HO JTHE Ao N,

Figure 15: Reaction of glycerol carbonate with bromoacetic acid./*1?
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3. Results and Discussion

A colorless solid precipitates which was extracted. The Glycerol Carbonate Bromoacetic acid
(GCBr) building block was isolated with a yield of 93 %. The compound was analysed and
identified via *H-NMR which is shown in Figure 16, 3*C-NMR (see Appendix Figure 74) and
HR-ESI-MS (see Appendix Figure 75).
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Figure 16: 300 MHz *H-NMR measured at RT of the GCBr building block in DMSO-ds and the integration analysis indicating
the proton count. The individual protons are assigned by number.

The multiplet from 4.83 to 4.76 ppm was referenced which was assigned to position 2 with 1
proton. The spectrum shows a total of 7 protons which corresponds to the sum of the protons
of the GCBr building block. The triplet at 4.49 ppm and the doublet of doublets at 4.28 ppm
could be assigned to position 1 with an integral of 2. The doublet of doublets at 3.66 and
3.50 ppm could be assigned to position 3 with an integral of 2 protons. The remaining singlet

with an integral of 2 protons at 4.03 ppm could be assigned to position 4.
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3. Results and Discussion

3.2.1.2 Solid phase coupling of the glycerol carbonate building block(s)

Attempts were then made to couple the GCBr building block to the solid phase. The oligomer
EDS-Phenylalanine-EDS (EPE) was chosen as the oligomeric precursor which had previously
been used with the biscyclocarbonates for the coupling of cyclic ring building blocks to the
solid phase.['%1 EDS was introduced to increase the distance from the solid phase resin and to
better assign the mass of the oligomer in the mass spectrum. Phenylalanine was used because

the phenyl ring improves the conversion analysis by UV-Vis spectroscopy.1°¢!

Various coupling conditions were tested, which are shown in Table 1.

Table 1: Different coupling conditions for the coupling of GCBr building block to the solid phase using EDS-phenylalanine-EDS
as the oligomeric precursor.

Time Temperature Solvent Coupling GCBr Product
reagents equivalents conversion [%] *
1lh RT DMF PyBOP/DIPEA 20 71
2h RT DMF PyBOP/DIPEA 20 74
2h RT NMP PyBOP/DIPEA 5 41
18 h RT DMF PyBOP/DIPEA 20 85
18 h RT DMF OxymaPure 5 27
DIC/DIPEA

* Product conversions were determined by integrating an RP-HPLC chromatogram (gradient of 5 to 95 % by volume acetonitrile
in water containing 0.1% by volume formic acid, run time 17 min).

The highest conversion of 85 % was determined with 20 equivalents of the GCBr building
block and the coupling reagents PyBOP and DIPEA in the solvent DMF at RT and a reaction

time of 18 hours.

Since the mass 843.4 could be detected in HPLC-ESI-MS analysis as the main product during
the coupling of the oligomer EPE with GCBr, it can be assumed that the carboxy functionality

did couple to the oligomer as shown in Figure 17.

0
o oA
Q—Eps) Phe) EDS—NH, + Hok/o\//\/o —— (Q—(epsi(pre EDS*Hw(\O“\/\O
o) o~
o)

Figure 17: Solid phase coupling of the GCBr building block.

The RP-HPLC chromatogram and the corresponding HPLC-ESI-MS of the experiment with the

highest product conversion is shown in Figure 18.
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Figure 18: A: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 17 min) of the
oligomer EPE-GCBr. B: HPLC-ESI-MS of EPE-GCBr at t = 6.45 min (gradient of 5 to 95 vol.-% acetonitrile in water containing
0.1 vol.-% formic acid, run time 17 min).

As can be seen in Figure 18, by-products were formed. Attempts were made to assign them,
but no plausible explanations for the by-product formation could be observed. Dimer
formation was observed in the biscyclocarbonate experiments.[2%! |t was tested whether the
oligomeric precursor attacks the GCBr building block at both ends. However, this could not be

detected via the RP-HPLC chromatogram.

In the case of biscyclocarbonates, the conditions for the ring opening of cyclic carbonates have
already been studied extensively.l'%! Therefore, in the next step, with the optimized
conditions, the terminal cyclic carbonate ring was attempted with hexamethylenediamine and
the catalyst system TBD/LiOTf, NMP as solvent at 60 °C reaction temperature for two hours.

Although this reaction was carried out repeatedly, no product conversion was observed.

NH,
H HoN™ > H H
Q—{ebs EDS'—N > (Q—{Eps EDS—N 0N~~~
DR TBD/LIOTf fo/j/ bl NH.
o o~ NMP ° o 0
) 60°C,2h

Figure 19: Diamine coupling to the solid phase bound GCBr building block.

Since the experiments with the GCBr building block did not lead to a sequence-defined
structure of an oligomer, another way of coupling the glycerol carbonate to the solid phase
was explored. In the following attempt to couple the glycerol carbonate building block to the
solid phase, glycerol carbonate was reacted with tosyl chloride in a first step.[**3] Using

triethylamine (TEA) as the base and dry THF as the solvent, the reaction yielded 71 % after
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purification. The *H-NMR and *3*C-NMR spectra are shown in Figure 57 and Figure 58 (see
chapter 5.3.1).

OYO on e o i
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Figure 20: Reaction of glycerol carbonate with tosyl chloride.3]

The obtained building block Glycerol Carbonate Tosyl chloride (GCT) was then coupled to the

solid phase for one hour at RT in the solvent NMP as shown in Figure 21.
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Figure 21: Solid phase coupling from the building block CCT to an EDS-Phe-EDS oligomer.
A single peak was identified in the RP-HPLC spectrum which is shown in Figure 22 with the
corresponding HPLC-ESI-MS spectrum. The corresponding mass signal was identified as the

oligomer EPE with the Tosyl group attached to the N-terminus.
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Figure 22: A: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 17 min) of
EPE-Tosyl. B: HPLC-ESI-MS of EPE-Tosyl at t = 7.60 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-%
formic acid, run time 17 min).

Apparently, the tosyl group did not leave as the leaving group as planned, but the glycerol

carbonate left as the leaving group and the tosyl group coupled to the amine.

Following these results, an attempt was made to replace the GCT building block with an even

better leaving group. For this purpose, the building block was first heated with sodium iodide
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in acetone under reflux.m4 After purification by column chromatography, the building block
Glycerol Carbonate Sodium lodide (GCl) was isolated with a yield of 83 %. The *H-NMR and

13C-NMR spectra are shown in Figure 60 and Figure 61 (see chapter 5.3.1).
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Figure 23: Reaction of the GCT building block with sodium iodide.[*14
The building block was then tested for its applicability as a building block for solid phase
synthesis. For these reactions, 1-Fmoc-piperidine-4-carboxylic acid (PCA) was first coupled to
the EDS-phenylalanine-EDS oligomer to prevent possible double additions of the building
block as observed with the cyclic sulfamidates.[®® The first experiments with the GCI building
block were performed in DMF at room temperature for one hour. No product conversion was

observed under these conditions.
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Figure 24: Solid phase coupling of the building block GCI to an EDS-Phe-EDS-PCA oligomer.
Experiments with NMP and DCM as solvents did not lead to any product conversion either.
Also, when raising reaction temperatures to 50 °C and prolonging reaction times to five hours

no product conversion could be observed.
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Figure 25: Solid phase coupling of the building block GCI to an EDS-Phe-EDS-PCA oligomer with modified reaction conditions.
The coupling of the building block could only be achieved when potassium carbonate was
added as a base for the coupling to promote the iodine to split off as a leaving group. However,
with a product conversion of 9.2 %, the result was not in a suitable range, requiring
conversions > 90 % for couplings on the solid phase.l'*®! The RP-HPLC spectrum and the

corresponding HPLC-ESI-MS spectrum are shown in the Appendix in Figure 76.
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Figure 26: Solid phase coupling of the building block GCI to an EDS-Phe-EDS-PCA oligomer with addition of potassium
carbonate.

With the conditions presented here, it was possible to use glycerol carbonate as a building
block for solid-phase synthesis, but the conversions were in a range not suitable for solid-
phase synthesis. However, cyclic carbonates could still be made accessible as a building block
class for solid phase synthesis. Biscyclocarbonate and diamine building blocks could be reacted

on the solid phase to oligohydroxyurethanes with higher conversion rates (see chapter 3.2).
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3.2.1.3 Conclusion and Outlook

In this chapter, different ways of synthesizing glycerol carbonate-based building blocks and
subsequently coupling them to the solid phase were presented. The basic idea was to oxidize
the hydroxyl group of the glycerol carbonate to obtain a carboxy functionality that can then
be coupled to the solid phase under standard solid phase conditions (PyBOP and DIPEA). Since
the direct oxidation attempts were not successful, an attempt was made to first react glycerol
carbonate with bromoacetic acid, where the bromide atom was substituted by the alcohol of
glycerol carbonate, thus obtaining a terminal carboxy functionality on the building block. The
GCBr building block was successfully coupled to the solid phase with a product conversion of
85 %. A ring opening of the cyclic carbonate with hexamethylenediamine, as had already been

successfully carried out with the biscyclocarbonates, could not be observed.

Therefore, a further possibility was sought to couple the glycerol carbonate building block to
the solid phase. For this purpose, glycerol carbonate was first reacted with tosyl chloride. The
building block was synthesized in a yield of 71 %. Subsequently, the cyclic carbonate ring was
to be opened by the amine of the oligomeric precursor during solid phase coupling. Instead,
the nitrogen atom nucleophilically attacked the sulphur atom of the GCT building block and
glycerol carbonate was cleaved off. To create a more attractive leaving group, the GCT building
block was reacted with sodium iodide. The resulting GCI building block (83 % yield) was also
attempted to couple to the solid phase, but despite optimization attempts, no conversion

above 9 % could be achieved.

In order to enable the coupling of a glycerol carbonate-based building blocks to the solid
phase, future studies could try to first react glycerol carbonates with a halogen alkane
protected with the Fmoc protection group at the nitrogen atom. A possible example of this is
shown in Figure 27 with 2-(Fmoc-amino)-ethyl bromide as an example and results in the
building block GCEA (Glycerol Carbonate Ethylene Amine). With the results obtained with the
biscyclocarbonates, an attempt could be made to couple the cyclic carbonate ring to the solid
phase. Subsequently, the Fmoc group could be cleaved off and thus the oligomer could be

further built up.
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Figure 27: Envisioned reaction of glycerol carbonate with 2-(Fmoc-amino)-ethyl bromide.

The coupling of the building block described above to the solid phase and the further assembly

of the oligomer is illustrated in Figure 28.
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Figure 28: Envisioned coupling of the GCEA building block to the solid phase.

150



3. Results and Discussion

3.3 Exploring cyclic amine building blocks

Cyclic amines are an interesting building block for solid phase synthesis since they form
N-substituted amide linkages upon ring opening which have different chain interactions in
oligomers than the peptides typically formed in solid phase synthesis.''®! In principle, cyclic
amines can be used as a ring-shaped building blocks in solid phase synthesis, carrying either a
secondary or a tertiary amine. However, this has not been shown before.” The reactivity of
the ring opening of cyclic amines depends, among other things, on the ring size, the associated

ring tension and the substituent on the nitrogen atom.!1%”]

In the solid-phase synthesis presented by Merrifield, building blocks are used that have an
N- and C- terminus.”) When these are coupled to an oligomer, peptides are formed. Hydrogen
bonds can form between the oligomer chains located on the solid phase resin, since the
nitrogen can act as a proton donor and the oxygen atom as a proton acceptor.[*¥l As chain
length increases, peptides experience greater interchain interactions, which means that the
chain ends are not as easily accessible as with small chains, and therefore conversion rates are
reduced. Peptides can be found in nature as proteins. More specifically, they are a-peptides

because they are substituted in the a-position.11°:120]

Unlike peptides, peptoids have an alkyl chain attached to the nitrogen. Therefore, the nitrogen
is no longer able to act as a proton donor and therefore less hydrogen bonds occur between
the oligomer chains.'29 The three structures as well as the ability to form interactions

between the chains are shown in Figure 29.
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Figure 29: Structures of an a-Peptide, Peptide and a Peptoide.

The different interactions of the chains with each other can also be observed in nature.

Peptides tend to form secondary structures due to the intramolecular interactions. The most

* The idea to use cyclic amines in solid phase synthesis was originally proposed by Dr. Stephen Hill and then
further developed together with him. All experiments and results presented here were carried out
independently.
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common secondary structures that can be observed are the a-helix*?!l and the R-sheet[*27],
Due to the formations of such secondary structures, peptides often possess conformational
rigidity that peptoids do not. The tertiary amines in the peptoids can switch easier between
the cis- and trans- forms than the secondary amines in the peptides.[*?? The alkyl chains that
carry the nitrogen atoms in the peptoids also increase the distance between the chains,
further reducing the chain interactions.?3! It follows from these structural properties that the

peptoids are more flexible than the peptides.[?4

The reactivity of the ring opening of these building blocks with chloroformates in solution was
already explored by different research groups.[*2>126 Cho et al.l'?%! studied the ring opening of
cyclic amines of different sizes. Three and four rings (aziridines and azetidines) undergo ring
opening when reacted with chloroformates. Rings carrying six or more atoms undergo
N-dealkylation. Here the cyclic amine ring is not opened, but the previous substituent on the
nitrogen is replaced by the ester group of the chloroformate. Five membered rings can
undergo both reactions, ring opening and N-dealkylation. Which of these two reaction
pathways is subverted depends on the N-alkyl substituent. The reaction pathways of the

different sized cyclic amines are shown in Figure 30.[126]
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Figure 30: Ring opening or N-dealkylation depending on the size of the cyclic amines ring.12¢!
The reason for the different pathways is that the reaction is via an ammonium intermediate
with a chloride ion. The substituent on the nitrogen atom therefore has an influence on this
transition state. Sterically non-demanding substituents such as a methyl or ethyl radical

caused the pyrrolidine rings to pass mainly through the ring opening pathway. Substituents
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carrying sterically demanding groups such as a benzyl group resulted in a product mixture in
which, however, mainly the N-dealkylated product was present.*?¢! |n addition, the influence
of the solvent on the reaction was investigated and it was noticed that only acetonitrile had a
negative influence on the reaction yield and the other solvents tested had only a minor
influence on the yield.[?®! |n this work, the ring opening of the cyclic amines was to be
exploited and substituents at the nitrogen atom were selected which are not sterically

demanding to ensure that the cyclic amines are ring-opened and no N-dealkylation occurs.

In their experiments, Endo et al. showed that four membered rings undergo faster ring
opening than five membered rings.['%! The ring opening experiments was carried out with

chloroformates as shown in Figure 31.112°]
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Figure 31: Scheme of the ring opening of a cyclic amine by a chloroformate.[?’]

The nitrogen atom of the cyclic amine nucleophilically attacks the carbon atom of the
chloroformate. This causes the chloride atom to split off. In the next step, the split off chloride

attacks the ring which is then opened. The mechanism is the same for four and five rings.

The work of Cho et al.''?1 and Evano et al.[*?* have shown that the chloroformates selectively
open the ring and no by-products are formed in the process, where the ring is still closed when
low sterically demanding alkyl chains were used as nitrogen substituents. Furthermore, the
ring opening proceeds under mild reaction conditions, with high yields and without the

addition of further additives, which are important criteria for solid phase synthesis.

In this work, different cyclic amine building blocks were synthesized. They were prepared from
various compounds of azetidine and pyrrolidine with bromoacetic acid and brompropionic
acid. Azetidine is a four- and pyrrolidine a five-membered ring with a nitrogen atom in the
heterocycle. The building blocks were coupled to the solid phase with their carboxy
functionality and then the cyclic amine rings were ring-opened with different chloroformates

and acid chlorides.
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3.3.1 Synthesis of the cyclic amine building blocks

In the present work, four building blocks were prepared two based on azetidine and two based

on pyrrolidine. The four building blocks are shown in Figure 32.

(0] /j (0]
HOJ\/N HOJ\/\N\j
AB ABP

(Aziridine Bromoacetic acid) (Aziridine Bromopropionic acid)
(e}

i N HOJ\/\N
A >

PBP
(Pyrrolidine Bromoacetic acid) (Pyrrolidine Bromopropionic acid)

Figure 32: Synthesized cyclic amine building blocks.
The Aziridine Bromoacetic acid (AB) building block is formed by the reaction of bromoacetic
acid with azetidine and the base sodium hydroxide in water at 72 hours reaction time.[*2”1 The
Aziridine Bromopropionic acid (ABP) building block is prepared in the same way but is reacted
with bromopropionic acid instead of bromoacetic acid. Similarly, two building blocks were also
prepared with pyrrolidine. The Pyrrolidine Bromoacetic acid (PB) building block is prepared by
reacting pyrrolidine with bromoacetic acid and the Pyrrolidine Bromopropionic acid (PBP)
building block is prepared correspondingly with bromopropionic acid. The schematic synthesis

of the building blocks is shown in Figure 33.
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Figure 33: Scheme for the synthesis of cyclic amine building blocks.227]
A ratio of 1:1 equivalents of bromoacetic acid and pyrrolidine was initially used for the
synthesis of the building blocks. NMR evaluation of the building blocks indicated that the
bromoacetic acid did not react to full conversion. Since remaining bromoacetic acid would
cause amine groups of the oligomer to react with the acid functionality of the bromoacetic
acid and thus not be available for sequential assembly, the equivalents were adjusted to a
ratio of 1:1.5 bromoacetic acid: pyrrolidine. This ensured that the bromoacetic acid fully
reacted. Remaining pyrrolidine residues can be neglected in small amounts, since they are
washed out when the syringe is washed and do not undergo side reactions with the oligomer.
The 'H NMR spectra of the building blocks are shown in Figure 34 to Figure 37 (for 3*C-NMR

spectra, see Appendix Figure 70 to Figure 73).
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Figure 34: 300 MHz *H-NMR measured at RT of the AB building block in D,O and the integration analysis indicating the
proton count. The individual protons are assigned by number.[128]

For the AB building block, the triplet at 3.30 ppm was referenced which could be assigned to
the chemically equivalent 3 and 3* position with 4 protons in the building block. The peaks of
the protons in this and the following spectra are shifted downfield, due to the electron pulling
effect of the nitrogen atom. The spectrum has a total of 8 protons which corresponds to the
sum of the protons of the AB building block. The singlet at 3.12 ppm was assigned to position
2 with an integral of 2 and the remaining quintet to position 4 with an integral of 2 protons
and a shift of 2.08 ppm. The corresponding 3C-NMR spectrum is shown in the Appendix on

Figure 70 with the corresponding assignments of the peaks.
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Figure 35: 300 MHz *H-NMR measured at RT of the ABP building block in D;0 and the integration analysis indicating the
proton count. The individual protons are assigned by number.[128]

For the ABP building block, the triplet at 3.21 ppm was referenced which was assigned to the
chemically equivalent 4 and 4* position with 4 protons in the building block. The spectrum
shows a total of 10 protons which corresponds to the sum of the protons of the ABP building
block. The triplet at 2.64 ppm was assigned to position 3 with an integral of 2. The triplet at
2.18 ppm and an integral of 2 protons was assigned to position 2. The remaining quintet with
an integral of 2 protons and a shift of 2.03 ppm was assigned to position 5. The corresponding
13C-NMR spectrum is shown in the Appendix on Figure 71 with the corresponding assighments

of the peaks.
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Figure 36: 300 MHz *H-NMR measured at RT of the PB building block in D;0 and the integration analysis indicating the
proton count. The individual protons are assigned by number.

For the PB building block, the singlet at 3.67 ppm was referenced, which was assigned to
position 2 with 2 protons. The spectrum has a total of 10 protons which corresponds to the
sum of the protons of the PB building block. The multiplet from 3.28 - 3.21 ppm was assigned
to the chemically equivalent 3 and 3* position with 4 protons. The remaining multiplet of
2.05 - 1.99 ppm are the 4 protons of the 4 and 4* position. The corresponding *C-NMR
spectrum is shown in the Appendix on Figure 72 with the corresponding assignments of the

peaks.
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Figure 37: 300 MHz *H-NMR measured at RT of the PBP building block in D,0 and the integration analysis indicating the
proton count. The individual protons are assigned by number.

For the PBP building block, the triplet at 2.49 ppm was referenced, which could be assigned
to position 2 with 2 Protons. The spectrum has a total of 12 protons which corresponds to the
sum of the protons of the PBP building block. The triplet at 2.99 ppm can be assigned to
position 3 with 2 protons. The chemically equivalent position at 4 and 4* with 4 protons could
be assigned to the triplet at a shift of 2.88 ppm. The remaining quintet with an integral of 4
protons and a shift of 1.91 ppm was assigned to position 5 and 5*. The corresponding *3C-NMR
spectrum is shown in the Appendix on Figure 73 with the corresponding assignments of the

peaks.

In conclusion, all building blocks were isolated in high purities. When determining the yields
of the four building blocks, it was noted that the yields were above 100 %. This can be
explained because during the reaction, a salt with sodium hydroxide is formed. The salt can
be used without further workup because the carboxy functionality of the building block is
activated in the solid phase synthesis using the coupling reagents PyBOP and DIPEA. Even if
salt formation is considered in the yield analysis, the yields are still above 100 %. The reason

for this is that the building blocks were not completely dried. The protons of the water cannot
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be identified in the NMR spectrum because the sample was measured in deuterium oxide

(D20) and thus the proton peaks from the water are in the reference peak.

The different building blocks were prepared to verify whether the results of Cho et al.['?¢]
regarding the higher reactivity of the four membered rings (AB, ABP) in comparison to the five
membered rings (PB, PBP) can be transferred to solid phase synthesis. The alkane chain of
different length was chosen to investigate whether the larger distance between the carboxy
functionality and the ring changes the reactivity and coupling efficiency when coupled to the

solid phase.
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3.3.2 Coupling of the cyclic amine building blocks to the solid phase

The scheme for coupling and ring opening of the cyclic amine building blocks on solid phase is

shown in Figure 38.
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Figure 38: Coupling and ring opening of the cyclic amine building blocks on solid phase.

First, the cyclic amine building block is coupled to the oligomer under standard solid-phase
conditions using the coupling reagents PyBOP and DIPEA (see chapter 5.3.2). Then the
oligomer is reacted with a chloroformate. Here, the tertiary amine nucleophilically attacks the
carbon atom of the chloroformate. This then cleaves off a chloride ion. In the following step,
the cleaved chloride ion attacks the carbon atom next to the amine and opens the ring, thus
opening the ring and forming a peptoid. The mechanism is the same for four- and five-

membered rings.

All four building blocks were coupled to the solid phase, and TentaGel® S RAM resin was
chosen as the resin for this purpose, as it has been widely used for the synthesis of sequence-
defined oligomers.[13:681291301 Here protected amino groups form the functional end groups

of the resin surface, are linked by a rink amide linker.[13-68129,130]

Oligomer EDSs was used as the starting sequence. EDS is a hydrophilic building block that is
used in the Hartmann group in solid phase synthesis.['*) EDS was used to extend the distance
to the solid phase resin as well as to be able to more precisely assign the molecular mass in

the mass spectrum.

When polystyrene resins are used, as is often the case in the Hartmann working group, the
solvent DMF is often chosen due to its good swelling properties.[}#68131 However, the
synthesized building blocks do not dissolve in DMF. Therefore, an alternative solvent was
sought. For this purpose, solubility tests were carried out with different solvents and different

ratios thereof, which are shown in Table 1.
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Table 2: Solubility test of cyclic amine building blocks and PyBOP.

DMF NMP Water Hexane Methanol 1,4-Dioxane

Cyclic amine X X N4 X N4 V4
building blocks
PyBOP v v X X X X

The building blocks as well as PyBOP should be well soluble in the solvent mixture. As shown
in the table, a single solvent is not sufficient to dissolve both solids. Therefore, solvent
mixtures were sought in order to dissolve both solids. The mixture of 2:1:1 vol.-%
DMF:dioxane:water was identified as the most suitable solvent. During the subsequent
coupling experiments, it was observed that it was crucial that the building blocks were
completely dissolved before being drawn into the syringe. Best results were achieved when

PyBOP was pre-dissolved in 1 mL DMF and then mixed with the solvent mixture.

First, an attempt was made to couple the PB building block to the oligomer EDSs. The coupling
of the building block proceeds with high conversions (95 %). Figure 39 shows the HPLC-ESI-MS
spectrum recorded for the sample in the RP-HPLC run at t= 0.94 min (see Appendix Figure 81
for the full RP-HPLC spectrum).
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Figure 39: HPLC-ESI-MS of EDS3-PB at t = 0.94 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-%
formic acid, run time 17 min) which corresponds to the RP-HPLC spectrum in Figure 81 in the appendix.

After the successful coupling of the PB building block, an attempt was also made to couple the

PBP building block to the solid phase. Figure 40 shows the HPLC-ESI-MS spectrum recorded
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for the sample in the RP-HPLC run at t= 1.00 min (see Appendix Figure 82 for the full RP-HPLC

spectrum).
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Figure 40: HPLC-ESI-MS of EDS3-PBP at t = 1.00 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic
acid, run time 30 min) which corresponds to the RP-HPLC spectrum in Figure 82 in the appendix.

As can be seen in Figure 82, the coupling of the PBP building block has also been successful

with a product conversion of 93 %.

After the two pyrrolidine building blocks were successfully coupled to the solid phase, the AB
and the ABP building blocks were also coupled to the solid phase. This work was carried out
by Nathalie Bolten during her bachelor thesis under my supervision.'?8 The product
conversion for the AB building block was only 17.6 % and that of the ABP building block 6.8 %.
The RP-HPLC chromatograms of these experiments are shown in the Appendix in Figure 77
and Figure 79. Since the conversions in these experiments were significantly lower than those
of the pyrrolidine building blocks, the PB and PBP building blocks were used in the further

experiments.
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3.3.3 Ring opening of the cyclic amine building blocks on the solid phase

After coupling the cyclic amines to the solid phase, the terminal cyclic amine ring should be
ring opened. Various experiments were carried out for this purpose. Fmoc-Cl, benzyl
chloroformate (Cbz-Cl), acetylchlroid, allyloxy carbonyl chloride (Alloc-Cl) and acryloyl chloride

were used for ring opening experiments.

The above-mentioned substances can be roughly divided into two groups. Fmoc-Cl, Cbz-Cl and
Alloc-Cl are classified as chloroformates in which the chloride atom is bound to an ester. The
other group is the acid chlorides, which include acetyl chloride and acryloyl chlorides. The

structures of the compounds are shown in Figure 41.

Chloroformates i Acid Chlorides

Fmoc-Cl Cbz-Cl Alloc-Cl | Acetylchiroid  Acryloyl chloride

........................................................................................................

Figure 41: Structures of Chloroformates and Acid Chlorides used for the ring opening experiments.
In the first experiments, the chloroformate Fmoc-Cl was used to open the PB building block
ring. The RP-HPLC chromatogram and the corresponding HPLC-ESI-MS of the coupling of
Fmoc-Cl to the oligomer EDS3-PB is shown in Figure 42. No additional coupling reagents were

used for this reaction.
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Figure 42: A: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 30 min) of
EDS3-PB-Fmoc-Cl. B: HPLC-ESI-MS of EDS3-PB-Fmoc-Cl at t = 15.30 min (gradient of 5 to 95 vol.-% acetonitrile in water
containing 0.1 vol.-% formic acid, run time 30 min).

The ring opening by Fmoc-Cl was successful with a product conversion of 92 %. In this reaction,
a double coupling was already carried out to increase the conversion. To further increase the
conversion, the reaction time of 2 h could be further increased and a triple coupling could be
considered in the future. In the following, the other chloroformates and acid chlorides were

investigated for their ability to open the cyclic amine ring.

No product conversion was observed when ring opening was performed with the acid chloride
acetyl chloride. Also, when varying the solvent from DMF to DCM or NMP, no product
conversion was observed. This is likely because the PB building block was not very soluble in
these solvents. No reaction was also observed when adding bases such as DIPEA or TEA. The
reason that no product conversion occurs with acetyl chloride is probably because the
nucleophilic attack of the amine from the cyclic amine building block on an acetyl chloride is
slower than on a chloroformate, since the absence of the oxygen atom next to the carbonyl
carbon atom makes it much less polarized than in the chloroformates and therefore a

nucleophilic attack is energetically less favoured.

The reactions with allyloxy carbonyl chloride and acryloyl chloride were strongly exothermic.
The reactions were carried out in a syringe reactor. After a few seconds, the plunger of the
syringe expanded strongly. The explanation for this is the formation of HCl gas during the
reaction. After a few minutes, the plunger detached from the syringe and the gas escaped
from the syringe. In the first experiments, the plunger was deliberately removed from the

syringe to prevent the plunger from falling out. Despite long reaction times, only a product
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conversion of 7.1 % was observed via RP-HPLC. The explanation for the low conversion is that
the chloride atom is needed for the ring opening of the cyclic amine. However, when the
chloride leaves the syringe as a gas, it is no longer available for ring opening and the reaction

cannot proceed.

In further experiments, attempts were made to partially vent the gas during the reaction by
briefly removing the plunger when too much pressure was applied to the syringe. These
experiments showed better product conversions as more chloride atoms were available for
the reaction. This increased the conversion to 34 %. The RP-HPLC chromatogram with the

corresponding HPLC-ESI-MS for this reaction is shown in Figure 43.

A B
_ _ EDS;-PB-Alloc-Cl
%] |EDS;-PB . [M+2HE"
1600 |t = 0.98 min LO calculated: 470.24
1400 ] 60.7 % HNOC—( EDS_'ﬁﬁg.‘L@S}H a0 4 found: 470.2
=
§ 0 hnoc—(Eo8) EDS) EDS) N 2
== ) — cr @
E 1000 2 ~ i) | \[(\N/\/\/ E 60 -
Q o o’l‘o =
£ 800+ 2 EDS,-PB-Alloc-Cl
5 600 | 3 [M+HJ*
§ x calculated: 939.47
400 4 EDSS-PB-AI!oc-CI found: 939.4
t; = 10.78 min 204
200 343 %
0__1\\)'\‘ T T T : T T T T T T T 1 0 ol Ll 1 T I_l T T = T 1
0 5 10 15 20 25 30 200 400 600 800 1000
Time [min] miz

Figure 43: A: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 30 min) of
EDS3-PB-Alloc-Cl. B: HPLC-ESI-MS of EDS3-PB-Alloc-Cl at t = 10.8 min (gradient of 5 to 95 vol.-% acetonitrile in water
containing 0.1 vol.-% formic acid, run time 30 min).

However, the conversions with the Alloc-Cl remained behind those with Fmoc-Cl, so they were

not included in the further experiments.
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3.3.4 Further build-up of the oligomer after ring opening

Highest conversions of 92 % were obtained with the chloroformate Fmoc-Cl. Therefore, this
was used in the following experiments. The original idea of the project was, after the
successful coupling of the cyclic amine building block and the subsequent ring opening by
Fmoc-Cl, to cleave off the protecting group at the nitrogen atom and to couple another
building block to the amine, or to substitute in a nucleophilic attack the terminal chloride atom
and to further build up the oligomer chain in this direction. The two possibilities are shown in

Figure 44.
.
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Figure 44: Scheme of the coupling of Fmoc-Cl to the oligomer EDS3-PB and the subsequent possibilities of further
construction of the oligomer.

First, an attempt was made to cleave the Fmoc protecting group with a piperidine in DMF
solution (25 vol.-%) (orange arrow). Then, under standard solid phase conditions (PyBOP and
DIPEA), an EDS or another PB building block could be coupled to the oligomer as shown in

Figure 45.
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Figure 45: Schema of the envisioned oligomer construction. Fmoc cleavage followed by coupling of an EDS or PB building
block and subsequent ring opening using Fmoc-Cl.

The result of this reaction was that only the mass of the oligomer EDS3-PB was observed in the
RP-HPLC spectra. The spectrum in Figure 83 (see Appendix) shows high similarity to the
spectrum in Figure 81 (see Appendix), where only the cyclic amine building block had coupled
to the solid phase. This can potentially be explained as follows: when the Fmoc protecting
group is cleaved off, the now unprotected amine undergoes intramolecular ring closure. Such

intramolecular ring closure is shown in Figure 46.
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Figure 46: Intramolecular ring closure after Fmoc deprotection.

Figure 47 shows the HPLC-ESI-MS spectrum recorded for the sample in the RP-HPLC run at
t = 0.96 min (see Appendix Figure 83 for the full RP-HPLC spectrum).
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Figure 47: HPLC-ESI-MS of the oligomer EDS3-PB-Fmoc-Cl after deprotection at t = 0.96 min (gradient of 5 to 95 vol.-%
acetonitrile in water containing 0.1 vol.-% formic acid, run time 17 min) which corresponds to the RP-HPLC spectrum in
Figure 83 in the appendix.
As can be seen from Figure 47, the desired product was not observed and only the oligomer

EDS3-PB was present after cleavage.

After the attempt to cleave off the Fmoc protecting group and to couple further building
blocks to the free amine did not work (orange arrow in Figure 44), the other possibility of
further building up the oligomer was taken (green arrow in Figure 44). After the cyclic amine
building block was added to the solid phase and ring opened, the chloride was to be
substituted. Subsequently, the added chloroformate should be cleaved from the oligomer and

another building block should be coupled. The scheme for this reaction is shown in Figure 48.
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Figure 48: Scheme for nucleophilic chloride substitution with subsequent cleavage of the chloroformate and further building
block coupling.

The three substances used for nucleophilic substitution are shown in Figure 49.

o
O#*NHZ HOOBr NS
o

p-toluenesulfonamide  4-bromophenol Cysteamine
Figure 49: Structures of p-toluenesulfonamide, 4-bromphenol and Cysteamine.
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The first experiment for the nucleophilic substitution of the chloride was performed with
p-toluenesulfonamide. It has the advantage that it is stable at the basic conditions under
which the Fmoc protecting group is cleaved off and therefore no intramolecular ring closure
can occur as shown in Figure 46. The reaction with the p-toluenesulfonamide was carried out
following the experiments of Deng et al.['32] They had performed the reaction in solution with
FeCl; and K>COs. Here an attempt was made to transfer their results to solid phase synthesis.
Under the conditions given, no reaction with the terminal chloride was observed. The reason
for that is probably that the reaction from Deng et al. was carried out at 135 °C. However,
temperatures higher than 60 °C cannot be used on the solid phase, otherwise the oligomer

would detach from the solid support.!*33

Another attempt was to try to etherify the chloride with 4-bromophenol following the
experiments of Nishimura et al.['3* Here, the oligomer EDS3-PB-Fmoc-Cl was reacted with
4-bromophenol and sodium hydride, each in an excess of 2 equivalents. In these attempts, as
in the previous attempts to deprotect the Fmoc protecting group, it was assumed that Fmoc-Cl

was cleaved off and intramolecular ring closure likely occurred again.

The last attempt to substitute the chloride was to react it with a thiol. Again, most likely an
intramolecular ring closure occurred. The free amines of both p-toluenesulfonamide and
cysteamine thiol are likely sufficiently basic to deprotect the Fmoc group and thus ring closure

occurs as shown in Figure 46.

Since the Fmoc protecting group appears to be unsuitable for further oligomer synthesis,
initial experiments were carried out with a different protecting group. The Cbz protecting
group was used for this purpose, since it can be cleaved under acidic conditions and should
therefore remain stable during the subsequent substitution of the chloride. For these
experiments, a different oligomer was used than in the previous experiments. It consists of
four building blocks: Glycine, EDS, Phenylalanine and EDS (GEPE). This oligomer was chosen
because in the previous attempts the oligomers were often running in the Injection peak of
the RP-HPLC chromatogram. The oligomer GEPE which has already been used in experiments
with the cyclic carbonates has proven to be advantageous for the analysis of building block

oligomer couplings. (106!
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Figure 50 shows the HPLC-ESI-MS spectrum recorded for the ring opening of the oligomer
GEPE-PB with Cbz-Cl in the RP-HPLC run at t = 14.19 min (see Appendix Figure 84 for the full
RP-HPLC spectrum).

H
H,Noc—. Gly J(EDS EDS —N\H/\N/\/\/Q

100 ~
© o
GEPE-PB-Chz-Cl
80 1 [M+2H]2*
calculated: 482.23
% found: 482.2
g 501 GEPE-PB-Cbz-Cl
- [M+H]*
g calculated: 963.45
@ 40 found: 963.4
i
20+
0

L e ) S |
200 300 400 500 600 700 800 900 1000 1100
m/z

Figure 50: HPLC-ESI-MS of GEPE-PB-Cbz-Cl at t = 14.19 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1
vol.-% formic acid, run time 30 min) which corresponds to the RP-HPLC spectrum in Figure 84 in the appendix.

As can be seen in Figure 84, the product conversion when reacting the oligomer GEPE-PB with
Cbz-Clis only 26 %. This result is already a double coupling with a reaction time of three hours
each, which suggests that the ring opening of the cyclic amine with Cbz-Cl is not as efficient as

with Fmoc-Cl.

Similar to the experiments with the allyloxy carbonyl chloride and acryloyl chloride, a lot of
pressure was generated in the syringe during the reaction with the Cbz-Cl and the syringe had
to be ventilated frequently, which leads to a loss of chloride atoms, which reduces the
conversion. In future experiments ways to prevent this could be explored. One possibility is to
choose a larger syringe, where there is more volume in the syringe and therefore more gas
can be produced before the plunger has to be vented. In these experiments, a 10 mL syringe
was used. One could therefore use a 25 mL syringe and observe whether this can prevent the

stamp from falling out and thus achieve better conversions.
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3.3.5 Conclusion and Outlook

In this chapter, it is described how the four cyclic amine building blocks AB, ABP, PB and PBP
were synthesized and then successfully coupled to the solid phase. The AB and ABP building
block are based on azetidine and the PB and PBP building block are based on pyrrolidine. The
ABP and PBP building block have a longer alkyl chain than the AB and PB building block. The
PB and PBP building blocks coupled with high conversions (95 % and 94 %) and therefore are
well suited for coupling to an oligomer on solid phase. The AB and ABP building blocks had

only low coupling conversions and were not used in further experiments.

Subsequently, it was shown how different chloroformates and acid chlorides were used to
open the cyclic amine rings on the solid phase. In these experiments it was observed that the
three chloroformates Fmoc-Cl, Cbz-Cl and Alloc-Cl are able to open the cyclic amine ring.
Fmoc-Cl showed the highest conversion of 92 %. Cbz-Cl and Alloc-Cl were not in a range
suitable for solid phase coupling with conversions of 26 and 34 %, respectively. The two acid
chlorides acetyl chloride and acryloyl chlorides were not able to open the ring, which can
probably be explained by the fact that the carbonyl carbon of the acid chloride is not as
attractive for a nucleophilic attack of the nitrogen of the cyclic amine as in the case of the

chloroformates.

Subsequently, attempts were made to further build up the oligomer in which the cyclic amine
ring was already opened by Fmoc-Cl. For this purpose, the Fmoc protecting group was cleaved
off with the aim of coupling further building blocks to the free amine. It is assumed that the
free amine undergoes intramolecular ring closure and is therefore no longer available for
further oligomer assembly. An attempt was made to substitute the terminal chloride before
the protective group was cleaved off. Experiments were carried out with
p-toluenesulfonamide, 4-bromophenol and cysteamine. The basic conditions or the free
amines of the components were sufficient to unintentionally cleave the protective group,

which again led to an intramolecular ring closure.

In summary, the successful coupling of the cyclic amine building blocks and their ring opening
on the solid phase has provided a possibility to incorporate peptoids into oligomers on the
solid phase. The further assembly of these structures can be the target of future studies.
Different approaches can be taken. Either the coupling efficiency of the ring opening can be
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improved with the Cbz protecting group and then the terminal chloride can be substituted.
Alternatively, another chloroformate can be sought that opens the cyclic amine ring with
similarly high conversions as Fmoc-Cl but remains stable under basic conditions (e.g., phenyl
chloroformate, isopropyl chloroformate or S-ethyl chlorothiolformate). In addition, a way of
etherification of the chloride could be developed that does not proceed under basic conditions
and therefore does not remove the Fmoc protecting group, which would allow further building

blocks to be coupled to the nitrogen atom.
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4. Conclusion and Outlook

In this thesis, different cyclic building block classes were investigated for their use in solid
phase synthesis to expand the building block toolbox for the sequence-defined synthesis of
oligomers on solid phase. Cyclic building blocks can have the advantage that it is not necessary
to use protecting group strategies and that no or different activation reagents are needed for
their couplings.®® For the studies, the different building blocks were conceived and
synthesized in sufficient purity and yields. The building blocks were then coupled to the solid
phase either directly, exploiting the ring’s reactivity, or via another functional group on the
building block. For the coupling to the solid phase, parameters such as reaction time, reaction
temperature, resin loading, reactant stoichiometry, solvents, catalysts and the number of

coupling steps per reaction were investigated.

The first part of this thesis explored cyclic sulfamidates. First, a synthesis was developed and
optimized for the building blocks that were subsequently to be used for solid phase synthesis.
The cyclic sulfamidate building blocks were coupled to the solid phase via two different
strategies. In the latent strategy, the functional group at the other end of the building blocks
alkyl chain is coupled to the solid phase and the cyclic sulfamidate ring is the terminal
functional group of the oligomer. The latent strategy thus follows an AB + CD pattern, with
“AB” being the carboxylic acid — cyclic sulfamidate building block and “CD” being an
appropriate bifunctional nucleophile. In addition to the coupling reagents PyBOP and DIPEA
used in classical solid phase synthesis, COMU, PyOxim and OxymaPure were also used in the
optimization of the coupling efficiency and investigated for possible improvement of the
coupling efficiency. Here, following extensive investigations it was discovered that
by-products were generated by the coupling reagents. Since the by-products due to the
coupling reagents accounted for a high proportion of the conversion, a different approach was
used to make the cyclic sulfamidates accessible for solid-phase synthesis. In the active
Strategy, the ring of the cyclic sulfamidate was opened by the terminal amine of the growing
peptide chain on the solid phase. Since the terminal amine (primary amine) was able to open
two cyclic sulfamidate rings, branched growth occurs. The oligomer can be built up in two
directions by this approach. To also enable linear growth, the primary amine of the oligomer
was first reacted with Fmoc-piperidine carboxylic acid. After cleavage of the Fmoc protecting

group, the secondary amine could only ring-open a cyclic sulfamidate building block and thus
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the oligomer could only grow in the main chain direction. Different oligomers were prepared

that were both branched and linear, or a mixture of both.
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Figure 51: Graphical overview showing the synthesis of the cyclic sulfamidate building blocks and the solid phase coupling by
active strategy or by latent strategy. Also, the representation of the linear growth and branching oligomers.

In future work, the oligomers prepared could be further extended by cleaving off the
N-sulfonate group, afforded after cyclic sulfamidate ring-opening and inserting additional side
chains at the revealed secondary amine e.g., leading to asymmetric branched growth. The
reaction conditions for such cleavage of the sulfonate group have already been investigated
by Dr. Stephen Hill. The cleavage can be carried out using a pyridine:water mixture in the ratio
99:1 vol.-% at 60 °C for one hour. In addition, further cleavage possibilities for the N-sulfonate

group could be investigated. Another aspect that could be investigated is how far the
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structures can be build up until the conversions drop sharply and whether there is a difference
between the linear and the branched growth. Furthermore, alternative latent coupling
strategies could be investigated, such as click chemistry. Finally, the oligomers based on the
cyclic sulfamidates could be investigated for their potential applications, e.g., as oligoanions

to prevent viral adhesion. 8l

The second part of this thesis deals with cyclic carbonates. These building blocks are typically
five or six membered rings characterized by a carbonyl group flanked by two alkoxy groups.
The cyclic carbonates are an interesting class of building blocks because they can be produced
in a simple reaction from epoxides and CO; in the presence of a catalyst. Cyclic carbonates
react with amines to form a urethane linkage, with an appending hydroxy group. Given the
CO; starting materials, this represents a green alternative to the otherwise common
production of urethanes via isocyanates and diols.[*®109.192] Ring opening does not occur
regioselectively and both a primary and a secondary hydroxy group can be formed. Which of
the two is formed depends on the substituents on the cyclic carbonate.*3 Biscyclocarbonates
were reacted with aliphatic diamines in a submonomeric approach to obtain
oligohydroxyurethanes. Here, the otherwise common use of protecting group strategies can
be dispensed, which is a more atom efficient approach. The cyclic carbonate building block
used was butyl biscyclocarbonate, which was modified according to a synthesis protocol
established in the Hartmann group.l'%3! |n the first attempts, the building block could not be
coupled to an oligomer using standard solid phase coupling conditions. Therefore, parameters
such as reaction time, reaction temperature, resin loading, reactant stoichiometry, solvents,
catalysts and the number of coupling steps per reaction were investigated for the coupling of
the building block. This was the first time that a coupling of the BCC building block to the solid
phase was demonstrated, mainly enabled by the use of a catalyst system and the increase in
temperature. During these first successful couplings, various by-products were identified,
including a dimer in which the biscyclocarbonate ring was ring-opened by two amines of the
oligomeric precursor and was thus no longer available for further couplings in a sequence-
defined assembly. The proportion of this dimer was reduced from 40 to less than 10 % by
further optimization of the coupling conditions. A key factor in this improvement was the
modification of the oligomeric precursor in which the loading of the functional groups on the

solid phase resin was reduced.
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Different catalyst systems were tested for the reaction, with the system of LiOTf/TBD giving
the highest yields. Different solvents were tested as well, and the highest conversion was
obtained with the use of NMP. The optimized synthesis conditions for coupling the BCC
building block to an oligomer on the solid phase are: 60 °C reaction temperature, NMP as
solvent, three hours reaction time, 40 eq. of BCC building block and LiOTf/TBD, and double
couplings at each step. The oligomer with the BCC building block coupled to the solid phase
was further reacted with hexamethylenediamine in the next step under ring opening of the
second cyclic carbonate ring. The coupling conditions were also optimized for this reaction
step. The optimized conditions for the couplings of diamine are 20 eq. of
hexamethylenediamine and LiOTf/TBD, 60 min reaction time, 60 °C reaction temperature and

double couplings at each step.

First attempts to couple another BCC building block after these two building blocks showed a
significant decrease in conversion from 89 % to 45 %. One reason for this could be the
aggregation of the oligomer chains. Both the hydroxy groups formed during ring opening and
the urethane groups can form intermolecular hydrogen bonds that lead to chain-to-chain
aggregation and thus hamper further chain elongation. To reduce the interactions between
the chains, hydroxy groups were capped with acetic acid anhydride after each EDS and BCC
coupling step. In addition, to further distance the urethane groups from each other, two EDS
building blocks were incorporated after the first hexamethylenediamine building block.
Through these optimization steps, the oligomer Gly-EDS-Phe-EDS-BCC-HMD-EDS-EDS-BCC-
HMD-EDS could be produced with a yield of 64 %. This demonstrated that it is possible to
insert cyclic carbonates in the solid phase and repeatedly incorporate them into an oligomer.
When analysing this structure, it should be noted that due to the cleavage conditions of the
oligomer from the solid phase resin (strongly acidic), the acetyl groups are partially
deprotected and therefore no homogeneous product peak was obtained in the RP-HPLC
spectrum. Therefore, the use of other temporary protecting groups, which could then be
cleaved from the resin prior to cleavage of the oligomer, could potentially afford an easier

product analysis in the future.
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Figure 52: Graphical overview over the coupling of the BCC building block to the solid phase followed by ring opening with
hexamethylenediamine. Subsequent extension of the oligomer.

Future studies could also investigate to what extent the different inter- and intramolecular
hydrogen bonds in the oligohydroxyurethanes affect the chain conformation e.g., in
comparison to oligoamide chains. Furthermore, the hydroxy groups formed during ring
opening of the cyclocarbonate building blocks could be used for further modifications of the

macromolecules e.g., by glycosylation to obtain multivalent glycan mimetics.

In addition to the biscyclocarbonate building block, various glycerol carbonate-based building
blocks were synthesized and attempted to be coupled to the solid phase. The idea was to use
glycerol carbonate as a building block for the solid phase and to add a carboxy functionality to
couple it to an oligomer by classical solid phase peptide synthesis. Attempts to oxidize glycerol
carbonate directly with trichloroisocyanuric acid were not successful. Therefore, glycerol
carbonate was reacted with bromoacetic acid where the alcohol of the glycerol carbonate
substituted the bromide. The building block (GCBr) was synthesized with a yield of 93 %. The
coupling of the GCBr building block to the solid phase was successful. Different reaction

conditions were used and the highest product conversion of 85 % was obtained with 20 eq. of
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the building block, PyBOP and DIPEA over 18 h reaction time at RT. With the conditions
investigated for the ring opening of cyclic carbonate rings for the biscyclocarbonates, the cyclic

ring of the GCBr building block could not be opened despite repeated experiments.

Since a further build-up of the oligomer was not possible, it was tried to couple other glycerol
carbonate building blocks to the solid phase. Glycerol carbonate was reacted with tosyl
chloride. The resulting GCT building block was synthesized with a yield of 71 %. Subsequent
coupling experiments to the solid phase showed that the amine of the oligomeric precursor
did not attack the sulphur and remove the tosyl group, but that the glycerol carbonate was
removed as the leaving group and the amine became tosyl protected i.e., formed a
sulphonamide. Therefore, an attempt was made to generate a better leaving group. For this
purpose, the GCT building block was reacted with sodium iodide. The resulting GCI building
block (83 % vyield) was also coupled to the solid phase, but the conversions in these
experiments were at a maximum of 9 %, which is not in a suitable range for couplings to the

solid phase.

In future studies, other building blocks based on glycerol carbonate could be synthesized and
coupled to the solid phase. One possibility is to react glycerol carbonate with a molecule
carrying a halogen atom on one side, to which the hydroxy group of the glycerol carbonate
could be coupled, and an Fmoc-protected amine on the other side (e.g., 2-(Fmoc-amino)-ethyl
bromide). Subsequently, the cyclic carbonate ring could be coupled to the solid phase using
the conditions optimized for the biscyclocarbonates, then the Fmoc group could be cleaved

off and further building blocks could be added.
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Figure 53: Graphical overview showing the synthesis and coupling of cyclic carbonate building blocks GCBr, GCT and GCl to
the solid phase.

The third and final part of this thesis explored cyclic amines as building blocks for solid phase
synthesis. Four building blocks were synthesized which differ in ring size and alkyl chain
between the ring and the carboxy functionality (AB, ABP, PB, PBP). The AB and ABP building
blocks are based on the four-ring azetidine while the PB and PBP building blocks are based on
the five-ring pyrrolidine. The AB and PB building block have a shorter alkyl chain than the ABP
and PBP building block. After solid phase coupling, these cyclic amine building blocks should
lead to N-substituted amides in the main chain by ring opening with chloroformates.[?° The
building blocks were coupled to the solid phase with the carboxy functionality. In this way,

peptoids were produced which differ in their properties from the peptides due to their
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different interactions between the chains since they are alkylated at the nitrogen atom and
thus cannot form hydrogen bonds. For the coupling of the building blocks to the solid phase,
solvent mixtures were tested to completely dissolve all reaction components. The mixture of
DMF:dioxane:H;0 2:1:1 vol.-% was chosen for the solid phase couplings because it was able

to dissolve the cyclic amine building blocks as well as PyBOP and DIPEA.

Subsequently, attempts were made to bring the cyclic amines to ring opening by different
pathways. The chloroformates Fmoc-Cl, Cbz-Cl and Alloc-Cl and the acid chlorides acetyl
chloride and acryloyl chloride were used. With Fmoc-Cl, the best conversions of up to 95 %
were achieved. With the chloroformates Cbz-Cl and Alloc-Cl the ring opening of the cyclic
amine was achieved but only with conversions of 26 and 34 %, respectively, which were not
in a range suitable for solid phase coupling. The ring opening with Cbz-Cl and Alloc-Cl probably
had lower conversions because pressure developed during the reaction and the syringe had
to be vented during the coupling reaction, otherwise the plunger of the solid phase syringe
would fall out. The venting causes the HCl gas produced during the reaction to escape. The
chloride is then no longer available for the ring opening, which leads to the reduced
conversions. In future studies, attempts could be made to use a larger syringe, which has a
larger volume and can therefore contain greater gas formation before the syringe has to be
vented. In addition to the chloroformates, attempts were also made to open the rings of the
cyclic amine building blocks with acid chlorides. However, no conversion was observed in
these reactions, which is due to the fact that the absence of the oxygen atom next to the
carbonyl carbon atom, in comparison to the chloroformates, making acid chlorides far less
positively polarized than in the chloroformates and therefore less attractive for a nucleophilic

attack.

The highest conversions of 92 % were achieved with Fmoc-Cl, so the next step was to try to
deprotect the Fmoc protecting group and to couple another cyclic amine building block to the
secondary amine. It was assumed that after deprotection of the Fmoc protecting group, the
amine attaches to the carbon atom next to the chloride, which is positioned terminal at the
end of the alkyl chain after the ring opening, and thus closes the ring intramolecularly,
preventing further assembly of the oligomer. To extend the oligomer, an attempt was made
not to deprotect the Fmoc group but to substitute the chloride. Attempts were made to

substitute the chloride by using 4-bromophenol, p-toluenesulfonamide and cysteamine.
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However, all reaction conditions tested resulted in the Fmoc protecting group being

deprotected and the ring being closed again due to the basic reaction conditions.
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Figure 54: Graphical overview showing the coupling of cyclic amine building blocks to the solid phase and the ring opening by
chloroformates. Subsequent chloroformate deprotection or chloride substitution.

In future studies, the coupling efficiency of the Cbz-Cl coupling could be improved and the
attempts to substitute the chloride with this protecting group could be repeated, since Chz
should be stable under the basic reaction conditions. In addition, other reactions to substitute
the chloride could be explored where basic conditions are not required and therefore the
Fmoc protecting group would not be cleaved off. In addition, other chloroformates for ring
opening could be tested e.g., phenyl chloroformate, isopropyl chloroformate or

S-ethyl chlorothiolformate.

In summary, in this thesis the building block classes of cyclic sulfamidates, carbonates and
amines were successfully explored for their use in solid phase synthesis to produce sequence-
defined oligomers. New building blocks were developed and synthesized, their coupling to
resin and subsequent reactivity was established. Through the cyclic building blocks of this
study, different functional groups e.g., sulfate side chains or urethane main chain motifs were
introduced into sequence-defined macromolecules and combined with the previously
established solid phase polymer synthesis of oligo(amidoamines). Thus, this work extends the

toolbox of building blocks accessible for the synthesis of precision macromolecules.
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5. Experimental Part

5.1 Materials

All solvents and chemicals used are commercially available unless otherwise described and

were used without further purification.

Fmoc-L-Phenylalanine 2 98.5 % and N,N-Diisopropylethylamine (DIPEA) were purchased from
Carl Roth. Triethylamine (TEA) > 99.5 % and 1,4-Dioxan = 99.8 % were purchased from Fisher
Scientific. Triisopropylsilane (TIPS), hexamethylenediamine (HMD), benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), 4-Bromophenol,
p-Toluenesulfonamide, Pyrrolidine, Diethyl ether 2 99.8 %, Methanol, Deuterium oxide
99.9 % D, Deuterium Chloroform 99.8 % D and Dichloromethane (DCM) > 99.9 % were
purchased from Sigma Aldrich. Silica Gel 60 M, 0,04 - 0,063 mm was purchased from Machery-
Nagel. Sodium hydroxide was purchased from VWR BDH Prolabo Chemicals. Trifluoroacetic
acid (TFA) 99.5 %, 2-Bromopropionic acid, Bromoacetic acid > 98 %, Piperidine and allyl
chloroformate 97 % were purchased from Acros Organics. Fmoc-Glycine, Fmoc-chloride 98 %,
Oxyma Pure, 98.57 % and 4-(Hydroxymethyl)-1,3-dioxolan-2-on were purchased from BLD
Pharmatech GmbH. Boc-glycine 99 % and p-Toluenesulfonyl chloride 99 % were purchased
from JK Chemicals. 3-Bromopropionic acid 97 %, was purchased from thermos scientific. For
instrumental chromatographic procedures, acetonitrile from Fisher Scientific was used with a
HPLC purity grade. Couplings at the solid phase were used in the solvents, DMF and NMP from
the company Biosolve B.V. each with designated suitability for peptide synthesis. Polyethylene
syringes with a polyethylene frit and volume sizes of 10 ml or 20 ml from Multisyntech GmbH
were used for solid phase synthesis. The syringes were sealed with a B7 septum from Aldrich.
TentaGel® S RAM resin with a reported loading density of 0.23 mmol/g was purchased from

Rapp Polymers.
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5.2 Devices

NMR spectroscopy:

NMR measurements were performed at the Heinrich-Heine-University by PD Dr. Klaus
Schaper, Maria Beuer and Mohanad Aian. H-NMR and 3C-NMR spectra were measured at
room temperature on Bruker Avance Ill 300 (for 300 MHz) or Bruker Avance Il 600 (for 600
MHz) for the *H-NMR and at 75 MHz and 150 MHz for the 1*C-NMR. The spectra were recorded
in deuterated solvents. The chemical shifts (6) are given in parts per million (ppm) and are
reported relative to the solvent peaks. The coupling constant J is given in Hz (Hertz). The
multiplicities are given by the following abbreviations: s (singlet), d (doublet), t (triplet), q

(quartet), pent (pentet), m (multiplet).

Mass Spectrometry
Mass Spectrometry measurements were performed at the Heinrich-Heine-University by Dr.
Peter Tommes). The mass spectrometer used for the Electrospray ionization (ESI) mass spectra

was the type lon-Trap-API Finningan LCQ Deca.
Thin layer chromatography:

For thin-layer chromatography, custom-cut precast plates from Macherey-Nagel, "ALUGRAM
Xtra SIL G/UV254" with integrated fluorescence indicator were used.

Reversed-phase high-performance liquid chromatography coupled with mass spectroscopy
(RP-HPLC-MS)

RP-HPLC-MS spectra were measured using a combination of Agilent 1260 Infinity instruments.
In this analyser, a variable wavelength detector is set at 214 nm and coupled to a 6120-
guadrupole mass spectrometer and an electron spray ionization (ESI) source. Measurements
were performed in positive or negative ionization mode with a 200 to 2000 m/z range. The
eluent system used is a water/acetonitrile mixture used in a gradient of 5 vol.-% to 95 vol.-%
in 17 or 30 min and with 0.1 vol.-% formic acid. The separation column used is an MZ-
AquaPerfekt C18 from MZ-Analysentechnik (length: 50 mm; inner diameter: 3.0 mm; particle
size: 3 um). The flow rate was 0.4 ml/min and the temperature set to 25 °C. OpenlLab
ChemStation software for LC/MS was used to analyse MS and UV spectra from the firm Agilent

Technologies.
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Freeze Dryer

The oligomers obtained after macro cleavage were freed from solvent residues
(lyophilization). The Alpha 1-4 LD plus instrument from Martin Christ Freeze Dryers GmbH was
used. To dry the oligomers, the instrument was set to a temperature of -54 °C and a pressure

of 0.1 mbar and those settings are maintained throughout the process.

Water treatment system

Milli-Q water was obtained via a Barnstead MicroPure water treatment system from Thermo

Scientific, which had an electrical conductivity of 18.20 MQ-cm at room temperature.

High resolution ESI (HR-ESI):

On an UHR-QTOF maXis 4G instrument, HR-ESI spectra were measured (Bruker Daltonics).
Measurements were performed by Dr. Peter Tommes.
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5.3 Synthesis

5.3.1 Synthesis of the building blocks

Synthesis of 2-((2-ox0-1,3-dioxolan-4-yl)methoxy)acetic acid (GCBr)
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Figure 55: Structure of the GCBr building block.

The synthesis of the GCBr building block was performed using a modified approach of
Eh et al.'*2 Sodium hydride (1.2 g, 30 mmol, 60 % dispersion in mineral oil) was dissolved in
40 mL THF in a nitrogen countercurrent and then glycerol carbonate (4.43 g, 3.14 mL,
37.5 mmol), dissolved in 20 mL THF, was added dropwise over one hour. Bromoacetic acid
(3.47 g, 25.0 mmol) was then dissolved in 20 mL THF and added dropwise over 30 min. The
reaction was heated to reflux at 90 °C for six hours and then stirred at RT for 18 hours. 40 mL
Hydrochloric acid (6.6 mL 12 M HCl and 33.4 mL H,0) were then added to the solution to
quench the reaction. Next the solution was extracted four times with 150 mL ethyl acetate.
The organic phase was dried over magnesium sulfate. The solvent was removed under
vacuum. The remaining residue was dissolved in 250 mL DCM and placed in the freezer for
two days. The colorless solid was extracted with a yield of 4.09 g (23.3 mmol, 93 %) and
analysed by *H-NMR (see Figure 16), 3C-NMR (see Figure 74) and HR-ESI (see Figure 75).

IH-NMR (300 MHz, DMSO-dg): & (ppm) = 4.86 — 4.73 (m, 1H, 2); 4.49 (t, ) = 8.3 Hz, 1H, 1), 4.28

(dd, ) = 8.1, 5.8 Hz, 1H, 1), 4.03 (s, 2H, 4), 3.66 (dd, J = 12.6, 2.8 Hz, 1H, 3), 3.50 (dd, J = 12.6,
3.4 Hz, 1H, 3) (Figure 16).

13C-NMR (75 MHz, DMSO-de): & (ppm) = 168.54 (5), 155.19 (6), 77.04 (2), 65.89 (1), 60.61 (3),

28.05 (4) (Figure 74).

HR-ESI-MS: m/z calculated for C¢HgNaOg: 199.02; found: 199.02 [M+Na]. (Figure 75)
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Synthesis of (2-oxo-1,3-dioxolan-4-yl)methyl 4-methylbenzenesulfonate (GCT)
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Figure 56: Structure of the GCT building block.

The synthesis of the GCT building block was performed using a modified approach of
Poulsen et al.!'*3! Tosyl chloride (4.56 g, 23.9 mmol) was dissolved in 10 mL THF and cooled to
0 °C with an ice bath. Triethylamine (4.2 mL, 30 mmol) was added dropwise over half an hour.
Next glycerol carbonate (2.36 g, 20.0 mmol) is dissolved in 10 mL THF and added to the
solution. The reaction was stirred for 16 hours. 100 mL ethyl acetate were added, and the
solution was washed with water (4 x 100 mL), once with 20 mL 0.2M HCl and finally once with
20 mL sodium bicarbonate. The organic phase was dried over magnesium sulfate and the
solvent was removed under vacuum. The crude product was recrystallized three times from
ethyl acetat:hexane to yield colorless crystals (3.87 g, 14.2 mmol, 71 %). The *H-NMR of the
GCT building block is shown in Figure 57 and the *C-NMR in Figure 58.

'H-NMR (600 MHz, CDsCN): & (ppm) = 7.83 — 7.78 (m, 2H, 7,7*); 7.49 — 7.44 (m, 2H, 6,6*); 4.94

—4.87 (m, 1H, 3); 4.49 (t, J = 8.8 Hz, 1H, 2); 4.27 (dd, J = 11.7, 2.5 Hz, 1H, 4); 4.22 — 4.14 (m,
2H, 2,4); 2.45 (s, 3H, 9) (Figure 57).

13C-NMR (150 MHz, CDsCN): & (ppm) = 155.56 (1), 146.98 (8), 133.04 (5), 131.20 (6,6*) 128.90

(7,7%), 74.63 (3), 69.92 (4), 66.54 (2), 21.68 (9) (Figure 58).
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Figure 57: 600 MHz *H-NMR of the GCT building block in CD3CN and the integration analysis indicating the proton count. The

individual protons are assigned by number.
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Figure 58: 150 MHz 3C-NMR of the GCT building block in CDsCN and the integration analysis indicating the proton count.
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Synthesis of 4-(iodomethyl)-1,3-dioxolan-2-one (GCl)

Figure 59: Structure of the GCI building block.

The synthesis of the GCT building block was performed using a modified approach of
Tatibouét et al.''% (2-oxo-1,3-dioxolan-4-yl)methyl 4-methylbenzenesulfonate (1.00 g,
3.67 mmol) was dissolved in 8 mL acetone. 1.10 g (7.35 mmol) sodium iodide were added. The
solution was heated under reflux for three hours. Next 20 mL ethyl acetate and 20 mL water
were added. The organic layer was washed three times with 20 mL water and after those two
times with 20 mL brine. The organic phase was dried over magnesium sulfate and the solvent
was removed under  vacuum. 694 mg  (3.05 mmol, 83 %) of
4-(iodomethyl)-1,3-dioxolan-2-one (GCl) could be isolated after purification by column
chromatography (eluent hexane:ethyl acetate 1:1). The GCI building block was analysed via

'H-NMR (shown in the Figure 60) and 3C-NMR (shown in the Figure 61).

'H-NMR (300 MHz, CDCl3): & (ppm) = 4.89 — 4.74 (m, 1H, 3); 4.59 (dd, 1H, 2); 4.22 (dd, J = 8.9,

6.3 Hz, 1H, 2), 3.42 (dd, 1H, 4); 3.32 (dd, J = 10.5, 8.3 Hz, 1H, 4) (Figure 60).

13C-NMR (75 MHz, CDCls): & (ppm) = 154.22 (1), 74.83 (3), 69.90 (2), 3.82 (4) (Figure 61).
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Figure 60: 300 MHz *H-NMR of the GCI building block in CDCls and the integration analysis indicating the proton count. The
individual protons are assigned by number.
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Figure 61: 75 MHz *3C-NMR of the GCl building block in CDCls and the integration analysis indicating the proton count.
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Synthesis of the AB building block (2-(azetidin-1-yl)acetic acid)

Figure 62: Structure of the AB building block.

The synthesis of the AB building block was performed using a modified approach of
Sieg et al.l'?”) and was performed by Nathalie Bolten during her bachelor thesis under my

supervision.[128]

Bromoacetic acid (407 mg, 2.92 mmol) was dissolved in 4 mL of distilled water and 2.5 mL of
a 3.3 M sodium hydroxide solution. The 3.3 M NaOH solution was synthesized by dissolving
1.65 g NaOH in 12.5 mL distilled water. The reaction solution was cooled to 0 °C by an ice bath.
Next 250 mg (4.25 mmol) azetidine were added dropwise. The solution was stirred for 72 h
while warming to room temperature. After the reaction, the residual solvent was removed
under vacuum using a rotary evaporator. 1.19 g (8.61 mmol, 295 %)
(2-(azetidin-1-yl)acetic acid) were obtained as a colorless solid. The yield is > 100 % since water
and azetidine residues are still present in the product. The AB building block was analysed via

'H-NMR (shown in the Figure 34) and 3C-NMR (shown in the Figure 70).

1H-NMR (600 MHz, D,0): & (ppm) = 3.30 (t, 4H, 3) = 7.24 Hz, 3,3*); 3.12 (s, 2H, 2); 2.06 (quin,

4H, 3 = 7.26 Hz, 4) (Figure 34).

13C-NMR (75 MHz, D,0): & (ppm) = 178.44 (1), 62.02 (2), 54.58 (3, 3*), 17.41 (4) (Figure 70)
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Synthesis of the ABP building block (3-(azetidin-1-yl)propanoic acid).

]

2 4
HO™ 1 N\j
2 5
he

Figure 63: Structure of the ABP building block.

The synthesis of the ABP building block was synthesized analogously to the synthesis of the
AB building block, except that bromopropionic acid was used instead of bromoacetic acid. The
synthesis of the ABP building block was performed using a modified approach of Sieg et al.l*?”]

and was performed by Nathalie Bolten during her bachelor thesis under my supervision.28!

Bromopropionic acid (447 mg, 2.92 mmol) was dissolved in 4 mL of distilled water and 2.5 mL
of a 3.3 M sodium hydroxide solution. The 3.3 M NaOH solution was synthesized by dissolving
1.65 g NaOH in 12.5 mL distilled water. The reaction solution was cooled to 0 °C by an ice bath.
Next 250 mg (4.25 mmol) azetidine were added dropwise. The solution was stirred for 72 h
while warming to room temperature. After the reaction, the residual solvent was removed
under vacuum using a rotary evaporator. 989 mg (6.54 mmol, 224 %)
(3-(azetidin-1-yl)propanoic acid) were obtained as a colorless solid. The yield is > 100 % since
water and azetidine residues are still present in the product. The ABP building block was

analysed via *H-NMR (shown in the Figure 35) and 3C-NMR (shown in the Figure 71).

1H-NMR (300 MHz, D,0): & (ppm) = 3.21 (t, 4H, 3) = 7.06 Hz, 4, 4*); 2.64 (t, 2H, 3) = 7.96 Hz, 3);

2.18 (t, 2H, 3) = 7.92 Hz, 2); 2.03 (quin, 2H, 3) = 7.08 Hz, 5) (Figure 35).

13C-NMR (75 MHz, D;0): & (ppm) = 181.39 (1), 55.11 (3), 54.95 (4, 4*), 35.42 (2), 16.93 (5)

(Figure 71)
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Synthesis of the PB building block (2-(pyrrolidin-1-yl)acetic acid).
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Figure 64: Structure of the PB building block.

The synthesis of the PB building block was performed using a modified approach of

Sieg et al.[1?7]

Bromoacetic acid (2.72 g, 19.6 mmol) was dissolved in 15 mL of distilled water and 9 mL of a
3.3 M sodium hydroxide solution. The 3.3 M NaOH solution was synthesized by dissolving
1.65 g NaOH in 12.5 mL distilled water. The reaction solution was cooled to 0 °C by an ice bath.
Next 1.96 mL (1.67 g, 23.53 mmol) pyrrolidine were added dropwise. The solution was stirred
for 72 h while warming to room temperature. After the reaction, the residual solvent was
removed under vacuum using a rotary evaporator. 3.85 g (29.8 mmol, 152 %)
(2-(pyrrolidin-1-yl)acetic acid) were obtained as a colorless solid. The yield is > 100 % since
water and pyrrolidine residues are still present in the product. The PB building block was

analysed via *H-NMR (shown in the Figure 36) and 3C-NMR (shown in the Figure 72).

IH-NMR (300 MHz, D;0): 6 (ppm) = 3.67 (s, 2H, 2); 3.28-3.21 (m, 4H, 3, 3*); 2.05-1.99 (m, 4H,

4, 4%*) (Figure 36)

13C-NMR (75 MHz, D;0):1*281 § (ppm) = 174.60 (1), 58.36 (2), 54.12 (3, 3*), 22.95 (4, 4*) (Figure

72)
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Synthesis of the PBP building block (3-(pyrrolidin-1-yl)propanoic acid)

Figure 65: Structure of the PBP building block.

The synthesis of the PBP building block was synthesized analogously to the synthesis of the PB
building block, except that bromopropionic acid was used here instead of bromoacetic acid.

The synthesis of the PBP building block was performed using a modified approach of Sieg et

al.[127]

Bromopropionic acid (3.00 g, 19.6 mmol) was dissolved in 15 mL of distilled water and 9 mL of
a 3.3 M sodium hydroxide solution. The 3.3 M NaOH solution was synthesized by dissolving
1.65 g NaOH in 12.5 mL distilled water. The reaction solution was cooled to 0 °C by an ice bath.
Next 1.96 mL (1.67 g, 23.53 mmol) pyrrolidine were added dropwise. The solution was stirred
for 72 h while warming to room temperature. After the reaction, the residual solvent was
removed under vacuum using a rotary evaporator. 5.14g(35.9 mmol, 183 %)
(3-(pyrrolidin-1-yl)propanoic acid) were obtained as a colorless solid. The yield is > 100 % since
water and pyrrolidine residues are still present in the product. The PBP building block was

analysed via *H-NMR (shown in the Figure 37) and 3C-NMR (shown in the Figure 73).

1H-NMR (300 MHz, D;0): 6 (ppm) = 2.99 (t, 2H, 3J = 7.42 Hz, 3); 2.88 (t, 4H, 4, 4*); 2.49 (t, 2H,

3) = 7.49 Hz, 2); 1.91 (quin, 4H, 7.04 Hz, 5, 5*) (Figure 37).

13C-NMR (75 MHz, D,0):1*281 § (ppm) = 179.47 (1), 53.67 (4, 4*), 52.11 (3), 34.75 (2), 22.89 (5,

5*) (Figure 73).
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5.3.2 Solid phase protocol

Pre-swelling of resin

At the beginning of the solid phase synthesis, TentaGel® S RAM resin from RAPP Polymere,
with a loading density of 0.23 mmol/g was shaken (swelled) with 15 mL of DCM for about
30 min. Afterwards, the resin was washed with fifteen times 10 ml DMF. Before the first
coupling, the Fmoc protecting group is cleaved from the resin (see Fmoc deprotection for

details).

Fmoc deprotection

To remove the Fmoc protecting group, 10 ml of a piperidine solution (25 vol.-% in DMF) was
added to the resin and shaken for 20 min at room temperature. The resin was then washed
five times with 10 ml of DMF each time. The washing steps were repeated, with only 15 min
of shaking the second time. Finally, the resin was washed fifteen times with 10 ml DMF each

time followed by 5 times washing with DCM.

General coupling of the oligomeric precursor building blocks.

After cleavage of the terminal Fmoc protecting group, the building blocks were coupled,
requiring Fmoc cleavage again after each individual added building block. To couple the
building blocks, 5.0 eq. each of the building block and 5.0 eq. PyBOP were combined with 5 ml
DMF and 20 eq. DIPEA. The mixture was shaken with the resin for one hour. Finally, the
mixture was washed ten times with DMF and five times with DCM. The preparations were
carried out with 0.5 mmol batch sizes which were subsequently divided into 5 syringes
(0.1 mmol) for coupling experiments. All reactions were performed in a syringe with frit on a

shaking plate at room temperature.

Cleavage of the oligomer from the resin (micro cleavage).

To cleave the oligomer from the resin, a spatula tip of the resin was placed in an Eppendorf
tube. To this end, 10 drops of a solution of TFA, DCM and TIPS (95/2.5/2.5 vol.-%) was added.
The mixture was shaken for 30 min. Then, the solution was dropped into 10 ml of cold diethyl
ether using a pipette. This was followed by waiting for 5 min and then centrifugation for 5 min.
Next, the supernatant was decanted off. The remaining residue was dried in a nitrogen

countercurrent for 20 min.
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To measure the samples by RP-HPLC-MS, the residue was resuspended in 0.7 ml of an
acetonitrile/H,0 mixture (1:1 vol.-%). The solution was then transferred through a filter into a

sample vial and subsequently measured by RP-HPLC-MS.

Cleavage of the oligomer from the resin (macro cleavage).

The oligomers on the TentaGel® S RAM resin were cleaved with 20 mL of a solution of
TFA:TIPS:DCM (95:2.5:2.5 vol.-%) which was drawn up into the syringe. The syringe with the
solution was shaken at room temperature for 60 min. After that the solution was precipitated
into iced diethyl ether (45 mL). After half an hour in the fridge the solution was centrifuged
for 4 min and the supernatant was decanted. The colorless precipitate was dried against a
nitrogen flow for one hour. The colorless precipitate was then lyophilized after being dissolved
in MilliQ water. For RP-HPLC-MS analysis 1 mg of the oligomer was dissolved in 1 mL of an
acetonitrile/H,0 mixture (1:1 vol.-%). After that the solution was transferred through a filter

into a sample vial and then measured by RP-HPLC-MS.
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5.3.3 Synthesis of the oligomeric precursors

The following procedure refers to the synthesis of the oligomeric precursors. Oligomeric
precursors EDSs3, EPE, GEPE and EKPEKE got synthesized based on the protocol reported by

Ponader et al.[1]

The general synthesis for the oligomeric precursors is described in chapter 5.3.2. In the

following, the analytics of these oligomers are shown.

The RP-HPLC chromatogram for EDSs; is shown in Figure 66 and the corresponding
HPLC-ESI-MS in Figure 67.
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Figure 66 RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 17 min) of EDS.
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Figure 67: HPLC-ESI-MS of EDS3 at t = 0.96 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic

acid, run time 17 min).

The RP-HPLC chromatogram for EPE is shown in Figure 68 and the corresponding HPLC-ESI-MS

in Figure 69.
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Figure 68: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 17 min) of EPE.
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Figure 69: HPLC-ESI-MS of EPE at t = 4.63 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-% formic

acid, run time 17 min).

The RP-HPLC chromatogram for GEPE and the corresponding HPLC-ESI-MS are in the Sl of the

cyclic carbonate paper (see Figure 3).1106]

The RP-HPLC chromatogram for EKPEKE and the corresponding HPLC-ESI-MS are in the S| of

the cyclic sulfamidate paper (see Figure 28).[8!
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5.3.4 Solid phase synthesis

Cyclic carbonate building blocks

Coupling of the GCBr building block to the oligomeric precursor EPE

(0] o O
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The oligomeric precursor EDS-phenylalanine-EDS was coupled to the solid phase on a
0.5 mmol scale using a solid phase protocol as described in Chapter 5.3.2. The batch was then
divided among five syringe reactors (0.1 mmol each). The RP-HPLC spectrum of the oligomeric
precursor is shown in Figure 68. For the synthesis of the oligomer EPE-GCBr, 352.2 mg
(2.00 mmol, 20 eq.) of the GCBr building block dissolved in 3 mL DMF were added to one of
the syringe reactors (0.1 mmol). 1.04 g of PyBOP (2.00 mmol, 20 eq.) dissolved in 3 mL DMF
and 0.35 mL DIPEA (2.00 mmol, 20 eq.) mixed with 1 mL of DMF were added. The reaction
solution in the syringe was shaken for 18 h at RT. The syringe was then washed 15 times with
DMF followed by washing five times with DCM. The reaction conditions of the further

experiments with the GCBr building block are shown in Table 1 (see chapter 3.2.1.2).

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C37Hs9N7014 (exact mass: 825.41): [M+NH,] "calculated: 843.44, found: 843.4;

[M+H+NH4]?* calculated: 422.23, found: 422.2. (See Figure 18)
RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time

17 min): tg= 6.45 min. Determined purity 84.8 %. (See Figure 18)
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Coupling of the GCT building block to the oligomeric precursor EPE
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The oligomeric precursor EDS-phenylalanine-EDS was coupled to the solid phase on a
0.5 mmol scale using a solid phase protocol as described in Chapter 5.3.2. The batch was then
divided among five syringe reactors (0.1 mmol each). The RP-HPLC spectrum of the oligomeric
precursor is shown in Figure 68. For the synthesis of the oligomer EPE-GCT, 680.7 mg
(2.5 mmol, 25 eq.) of the GCT building block dissolved in 3 mL NMP were added to one of the
syringe reactors (0.1 mmol). 0.35 mL of DIPEA (2.00 mmol, 20 eq.) mixed with 1 mL of NMP
were added. The reaction solution in the syringe was shaken for 1 h at RT. The syringe was

then washed 15 times with followed by washing five times with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C3gHsoN;011S (exact mass: 821.40): [M+H]* calculated: 822.40, found: 822.4;
[M+2H]?* calculated: 411.70, found: 411.8. (See Figure 22)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time

17 min): tg= 7.60 min. Determined purity 96.2 %. (See Figure 22)
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Coupling of the GClI building block to the oligomeric precursor EPE-PCA
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The oligomeric precursor EDS-phenylalanine-EDS was coupled to the solid phase on a
0.5 mmol scale using a solid phase protocol as described in Chapter 5.3.2. The batch was then
divided among five syringe reactors (0.1 mmol each). The RP-HPLC spectrum of the oligomeric
precursor is shown in Figure 68. For the synthesis of the oligomer EPE-PCA-GCI, 351.4 mg
(1.00 mmol, 10 eq.) of 1-Fmoc-piperidine-4-carboxylic acid were dissolved in DMF and 1.04 g
of PyBOP (2.00 mmol, 20 eq.) dissolved in 3 mL DMF and 0.35 mL DIPEA (2.00 mmol, 20 eq.)
were added to one of the syringe reactors (0.1 mmol). The reaction solution in the syringe was
shaken for 3 h at RT. Then the syringe was washed with DMF ten times, and the coupling was
performed again with the same conditions. Subsequently, the syringe was washed 15 times
with DMF followed by washing five times with DCM. After that 114.0 mg (0.5 mmol, 5 eq.) of
the GClI building block dissolved in 3 mL NMP were added with 138.2 mg (1.0 mmol, 10 eq.) of
potassium carbonate dissolved in 4 mL NMP. The reaction solution was transferred to a glass
reactor which was placed in a water bath and heated to 50 °C. The solution was bubbled
through with nitrogen for five hours. Next the solution was transferred to a syringe. The

syringe was then washed 15 times with DMF followed by washing five times with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for CssHgsN1,015 (exact mass: 878.47): [M+H]* calculated: 879.4, found: 879.47;
[M+2H]?* calculated: 440.24, found: 440.2. (See Figure 76)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,0O containing 0.1 vol.-% formic acid, run time
17 min): trg= 4.61 min. Determined purity 9.2 %. (See Figure 76)
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N-Heterocyclic building blocks

Coupling of the AB building block to the oligomeric precursor EDS3
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The oligomeric precursor EDS-EDS-EDS was coupled to the solid phase on a 0.5 mmol scale as
described in section 5.3.2 using a solid phase protocol. The batch was then divided among ten
syringe reactors (0.05 mmol each). The RP-HPLC spectrum of the oligomeric precursor is
shown in Figure 66. For the synthesis of the oligomer EDS3-AB, 137.3 mg (1.0 mmol, 20 eq.) of
the AB building block were added to one of the syringe reactors (0.05 mmol) which were
previously dissolved in 3 mL of a DMF:dioxane:water solution (2:1:1 vol.-%). 130.1 mg of
PyBOP (0.25 mmol, 5 eq.) dissolved in 3 mL of DMF:dioxane:water solution (2:1:1 vol.-%) and
0.17 mL DIPEA (1.0 mmol, 20 eq.) mixed with 1 mL of DMF:dioxane:water solution
(2:1:1 vol.-%) were added. The reaction solution in the syringe was shaken for 3 h at RT. Then
the syringe was washed with DMF ten times, and the coupling was performed again with the
same conditions. Subsequently, the syringe was washed 15 times with DMF followed by

washing five times with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C3sHesNgO13 (exact mass: 804.46): [M+H]* calculated: 805.47, found: 805.4;
[M+2H]?* calculated: 403.24 , found: 403.3. (See Figure 78)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time
17 min): tg= 4.65 min. Determined purity 17.6 %. (See Figure 77)
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Coupling of the ABP building block to the oligomeric precursor EDS3
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The oligomeric precursor EDS-EDS-EDS was coupled to the solid phase on a 0.5 mmol scale as

described in section 5.3.2 using a solid phase protocol. The batch was then divided among five
syringe reactors (0.05 mmol each). The RP-HPLC spectrum of the oligomeric precursor is
shown in Figure 66. For the synthesis of the oligomer EDS3-ABP, 151.3 mg (1.0 mmol, 20 eq.)
of the ABP building block were added to one of the syringe reactors (0.05 mmol) which were
previously dissolved in 3 mL of a DMF:dioxane:water solution (2:1:1 vol.-%). To this, 130.1 mg
of PyBOP (0.25 mmol, 5 eq.) dissolved in 3 mL of DMF:dioxane:water solution (2:1:1 vol.-%)
and 0.17 mL DIPEA (1.0 mmol, 20 eq.) mixed with 1 mL of DMF:dioxane:water solution
(2:1:1 vol.-%) were added. The reaction solution in the syringe was shaken for 3 h at RT. Then
the syringe was washed with DMF ten times, and the coupling was performed again with the
same conditions. Subsequently, the syringe was washed 15 times with DMF followed by

washing five times with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C3sHesNgO13 (exact mass: 818.47): [M+H]* calculated: 819.47, found: 819.4;
[M+2H]?* calculated: 410.24 , found: 410.2. (See Figure 80)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time

17 min): tg= 4.85 min. Determined purity 6.8 %. (See Figure 79)
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Coupling of the PB building block to the oligomeric precursor EDS3
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The oligomeric precursor EDS-EDS-EDS was coupled to the solid phase on a 0.5 mmol scale as
described in section 5.3.2 using a solid phase protocol. The batch was then divided among ten
syringe reactors (0.05 mmol each). The RP-HPLC spectrum of the oligomeric precursor is
shown in Figure 66. For the synthesis of the oligomer EDS3-PB, 129.2 mg (1.00 mmol, 20 eq.)
of the PB building block were added to one of the syringe reactors (0.05 mmol) which were
previously dissolved in 3 mL of a DMF:dioxane:water solution (2:1:1 vol.-%). 130.1 mg of
PyBOP (0.25 mmol, 5 eq.) dissolved in 3 mL of DMF:dioxane:water solution (2:1:1 vol.-%) and
0.17 mL of DIPEA (1.0 mmol, 20 eq.) mixed with 1 mL of DMF:dioxane:water solution
(2:1:1 vol.-%) were added. The reaction solution in the syringe was shaken for 3 h at RT. Then
the syringe was washed with DMF ten times, and the coupling was performed again with the
same conditions. Subsequently, the syringe was washed 15 times with DMF followed by

washing five times with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C3sHesNgO13 (exact mass: 818.47): [M+H]* calculated: 819.47, found: 819.4;
[M+2H]?* calculated: 410.24 , found: 410.2. (See Figure 39)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time
17 min): tg= 0.94 min. Determined purity 95.1 %. (See Figure 81)
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Coupling of the PBP building block to the oligomeric precursor EDSs
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The oligomeric precursor EDS-EDS-EDS was coupled to the solid phase on a 0.5 mmol scale as

described in section 5.3.2 using a solid phase protocol. The batch was then divided among five
syringe reactors (0.05 mmol each). The RP-HPLC spectrum of the oligomeric precursor is
shown in Figure 66. For the synthesis of the oligomer EDS3-PBP, 143.2 mg (1.00 mmol, 20 eq.)
of the PBP building block were added to one of the syringe reactors (0.05 mmol) which were
previously dissolved in 3 mL of a DMF:dioxane:water solution (2:1:1 vol.-%). 130.1 mg of
PyBOP (0.25 mmol, 5 eq.) dissolved in 3 mL of DMF:dioxane:water solution (2:1:1 vol.-%) and
0.17 mL of DIPEA (1.0 mmol, 20 eq.) mixed with 1 mL of DMF:dioxane:water solution
(2:1:1 vol.-%) were added. The reaction solution in the syringe was shaken for 3 h at RT. Then
the syringe was washed with DMF ten times, and the coupling was performed again with the
same conditions. Subsequently, the syringe was washed 15 times with DMF followed by

washing five times with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C37HesNgO13 (exact mass: 832.49): [M+H]* calculated: 833.50, found: 833.4;
[M+2H]?* calculated: 417.25, found: 417.2. (See Figure 40)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time
30 min): tg= 1.00 min. Determined purity 93.6 %. (See Figure 82)
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Coupling of the oligomer EDS3-PB with Fmoc-Cl

(o}

HyN i (0] H o H i (0] H
2 NN/\/ \/\o/\/ NN/\/ \/\O/\/ NN/\/ \/\O/\/ Y\N/\/\/C|
H H H
0 0 o) 0 o%o

The oligomer EDS3-PB was synthesised as described above. For the synthesis of the oligomer
EDS3-PB-Fmoc-Cl, 258.7 mg (1.00 mmol, 20 eq.) Fmoc-Cl were dissolved in 5 mL DMF and were
added to the syringe with the EDS3-PB oligomer (0.05 mmol). The reaction solution in the
syringe was shaken for 2 h at RT. Coupling was performed again with the same conditions. The

syringe was then washed 15 times with DMF followed by washing five times with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for CsiH77CINgO1s (exact mass: 1076.52): [M+H]* calculated: 1077.52, found:
539.4; [M+2H]?* calculated: 539.26, found: 539.4. (See Figure 42)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,0O containing 0.1 vol.-% formic acid, run time
30 min): tg= 15.30 min. Determined purity 91.5 %. (See Figure 42)
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Coupling of the oligomer GEPE-PB with Cbz-Cl
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The oligomer GEPE-PB was synthesised as described above. For the synthesis of the oligomer

GEPE-PB-Cbz-Cl, 170.6 mg (0.14 mL, 1.00 mmol, 20 eq.) Cbz-Cl were mixed with 5 mL DMF and
were added to the syringe with the GEPE-PB oligomer (0.05 mmol). The reaction solution in
the syringe was shaken for 2 h at RT. During the reaction, the syringe plunger was pulled out
several times to ventilate the syringe. Coupling was performed again with the same
conditions. The syringe was then washed 15 times with DMF followed by washing five times

with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C4sHe7CINgO13 (exact mass: 962.45): [M+H]* calculated: 963.45, found: 963.4;
[M+2H]?* calculated: 482.23, found: 482.2. (See Figure 50)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time

30 min): tg= 14.19 min. Determined purity 25.7 %. (See Figure 84)
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Coupling of the oligomer EDS3-PB with allyl chloroformate
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The oligomer EDS3-PB was synthesised as described above. For the synthesis of the oligomer
EDS3-PB-Alloc-Cl, 120.5 mg (0.11 mL, 1.00 mmol, 20 eq.) Alloc-Cl were mixed with 5 mL DMF
and were added to the syringe with the EDS3-PB oligomer (0.05 mmol). The reaction solution
in the syringe was shaken for 2 h at RT. During the reaction, the syringe plunger was pulled
out several times to ventilate the syringe. Coupling was performed again with the same
conditions. The syringe was then washed 15 times with DMF followed by washing five times

with DCM.

The reaction success was observed by macro cleavages (see section 5.3.2).

ESI-MS (m/z) for C40H71CINgO1s (exact mass: 938.47): [M+H]* calculated: 939.48, found: 939.4;
[M+2H]?* calculated: 470.24, found: 470.2. (See Figure 43)

RP-HPLC (Gradient 5-95 vol.-% - MeCN in H,O containing 0.1 vol.-% formic acid, run time

30 min): tg= 10.78 min. Determined purity 34.3 %. (See Figure 43)
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Aziridine Bromoacetic acid

Aziridine Bromopropionic acid

allyloxy carbonyl

butyl biscyclocarbonate
tert-butyloxycarbonyl

doublet
1,8-Diazabicyclo[5.4.0]Jundec-7-ene
dichloromethane
N-diisopropylethylamine
N,N,dimethylformamide
dimethylsulfoxide

deuterated dimethyl sulfoxide
deoxyribonucleic acid

deuterium oxide

succinylated 2,2’-(ethylenedi-oxy)bis(ethylamine)
exempli gratia (for example

equivalent

electrospray ionization

electrospray ionization mass spectrometry
et alii (and others)

fluorenyl methoxycarbonyl

Glycerol Carbonate Bromoacetic acid
Glycerol Carbonate Ethylene Amine
Glycerol Carbonate Sodium lodide
Glycerol Carbonate Tosyl chloride
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hexamethylendiamine

high-performance liquid chromatography
hertz

lithium trifluoromethanesulfonate
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Figure 70: 75 MHz 3C-NMR of the AB building block in D,0.1128]
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Figure 71: 75 MHz *3C-NMR of the ABP building block in D,0.1728]
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Figure 72: 150 MHz 3C-NMR of the PB building block in D,0./128!
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Figure 73: 150 MHz 3C-NMR of the PBP building block in D,0.118]
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Figure 74: 75 MHz *3C-NMR of the GCBr building block in DMSO-de.
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Figure 75: HR-ESI of the GCBr building block.
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Figure 76: A: RP-HPLC chromatogram (Gradient 5-95 vol.-% -
oligomer EPE-PCA-GCI. B: HPLC-ESI-MS of EPE-PCA-GCl at t =

containing 0.1 vol.-% formic acid, run time 17 min).
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Figure 77: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,O (0.1 vol.-% formic acid, run time 17 min) of EDS3-AB.
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Figure 78: HPLC-ESI-MS of EDS3-AB at t = 4.65 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-%
formic acid, run time 17 min) which corresponds to the RP-HPLC spectrum in Figure 77.
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Figure 79: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,O (0.1 vol.-% formic acid, run time 17 min) of EDS3-

ABP.
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Figure 80: HPLC-ESI-MS of EDS3-ABP at t = 4.85 min (gradient of 5 to 95 vol.-% acetonitrile in water containing 0.1 vol.-%
formic acid, run time 17 min) which corresponds to the RP-HPLC spectrum in Figure 79.
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Figure 81: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,O (0.1 vol.-% formic acid, run time 17 min) of EDS3-PB.
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Figure 82: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 30 min) of EDS3-PBP.
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Figure 83: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,O (0.1 vol.-% formic acid, run time 17 min) of the
oligomer EDS3-PB-Fmoc-Cl after deprotection.

235



8. Appendix

400 1 !
] HNOC— Gly |(EDS EDS—N
350 - TN
3007 R
] H,Noc—_ Gly | EDS(_Phel(EDS— e
S, 2907 GEPE-PB \é(\i
= 200 A tz = 7.03 min 0"
wn i 64.3 % GEPE-PB-Cbz-Cl
S 150 - g = 14.19 min
= | 25.7 %
£ 1004 °
8 50 S
8 04 F///
S .50
a e
£ 100
4 1 4 1 4 1 4 1 4 1 4 1
0 5 10 15 20 25 30
Time [min]

Figure 84: RP-HPLC chromatogram (Gradient 5-95 vol.-% - MeCN in H,0 (0.1 vol.-% formic acid, run time 17 min) of GEPE-
PB-Cbz-Cl.
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