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Abstract

Inspired by the highly complex and sequence-defined structures of biological
macromolecules found in nature, such as DNA and peptides, the synthesis of sequence-
defined macromolecules has become a new research field. Sequence definition often
affects the structure-property relationship of macromolecules, which is important for
their application. Therefore, over time, research on the relationship between the

structure and properties of sequence-defined macromolecules evolved.

In this work, isocyanide based multicomponent reactions, particularly the Passerini
three component reaction, was used to prepare two different architectures of
monodisperse macromolecules, mainly because of its versatility and the possibility it
offers to introduce side chains into sequence-defined macromolecules. First, a
benzoate-protected isocyanide monomer was prepared. The monomer was used to
synthesize a sequence-defined pentamer via repeated Passerini reactions and
subsequent deprotection steps. In a specific growth-step, 2-phenylpropionaldehyde was
used to synthesize each permutation of the sequence-defined pentamer with an aromatic
group at a different position. Here, the yield of each step was above 90%, and the
amount of the obtained pentamer was higher than 3 g. All oligomers were characterized
by NMR and IR spectroscopy, SEC and HR-ESI-MS mass spectrometry. The thermal
properties were analyzed by DSC and TGA. Tandem electron spray ionization mass
spectrometry (ESI-MS/MS) measurements were analyzed for each Passerini product
and the fragmentation patterns were assigned accordingly. Only analyzing the
fragmentation patterns in MS/MS experiments, the structures of the macromolecules

could be distinguished.

In the second part of the work, cyclic macromolecules were synthesized via the
Passerini reaction investigating five diacids with different chain lengths, different
aldehydes as well as two different diisocyanides. The obtained products were
characterized by NMR, GPC, mass spectrometry, and infrared spectroscopy.
Investigation of the reaction’s crude mixtures allowed in some case to draw conclusions
related to cyclic molecule yield a monomer structure used.
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Introduction

1 Introduction

In nature, DNA, peptides and proteins are high-precision macromolecules with
perfectly defined primary structures. DNA, for instance, carries the genetic information
of living organisms and provides the information necessary for the generation of
essential proteins for biochemical processes, such as self-replication, biocatalysis, self-
assembly and molecular recognition, which play an important role in living organisms.
Inspired by the highly defined structures of these biomolecules, scientists have explored
a new field of research: the synthesis and characterization of sequence-defined
macromolecules. In 2013, sequence-controlled polymers were first defined in a review
by Lutz, Ouchi and Sawamoto as follows: “...macromolecules in which monomer units

of different chemical nature are arranged in an ordered fashion.”

Initially, the synthesis of these defined and structurally complex macromolecules was
the focus of attention, and scientists have researched and developed different synthetic
routes and improved the degree of precision and control. Three different strategies are
mainly used: the iterative stepwise method, the two-way (i.e. bidirectional) growth
method and the iterative exponential growth method. The iterative stepwise method
allows each monomer unit to be controlled as much as possible. The exponential growth
strategy (IEG) and the two-way growth strategy can more quickly construct uniform
macromolecules, but are limited in terms of the degree of definition. Different synthetic

strategies can be carried out in solution, in the solid phase or in the fluorine phase.

Multicomponent reactions are ideal for synthesizing sequence-defined oligomers due
to their high yields and selectivity. Furthermore, due to their highly modular nature, it
is straightforward to introduce different functionalities in the side chains or main chains
to increase the structural diversity of the oligomers. A common multicomponent
reaction for synthesizing sequence-defined oligomers is the Passerini three-component
reaction. It can be used alone or in combination with other reactions to provide an
efficient route for synthesizing different structures and sequences. After reporting many

different sequence-defined oligomer synthesis methods, some research groups have
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used tandem mass spectrometry, single mass spectrometry and other analytical methods

to read out the sequence, proving its application in the field of data storage.
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2 Theoretical Background

2.1 Multicomponent reaction

Multicomponent reactions (MCRs) are an efficient method for organic synthesis. Three
or more starting materials are reacted in a one-pot method to produce a single product
containing most of the atoms of the reactants.! These reactions offer significant
advantages compared to conventional multistep synthesis. Firstly, MCRs are one-pot
reactions, so there is no need to separate or purify intermediates, which usually saves
time. Secondly, the reactions show highly modular character, with individual
components allowing the introduction of different functional groups and often being
available on large scales and in great variety. Furthermore, high yields are usually
achieved, and the starting materials are often easy to obtain or commercially available.?
4 Because of these advantages, MCRs are useful tools in drug discovery, peptide and
protein chemistry, polymer chemistry, click chemistry, and the preparation of sequence-
defined structure.”!! In general, MCRs can be divided into three different types

depending on their reaction mechanism, as shown in Scheme 1.!

typel A+B+C =— D =—— E — .....

typell A+tB+C =— D =— E =— ...... —> P

type I A+t B+C — D —— E ———> ... —> P

Scheme 1: Types of MCRs according to reversible reaction steps: A, B, and C are starting materials, D,

E, etc. are intermediates, and P is the product.!

In Type I MCRs, all reaction steps are reversible, and the starting materials,
intermediates and final products are in equilibrium, thus the product mixture contains
intermediates and starting materials. Moreover, the incomplete conversion of Type |
reactions may also result in side reactions, thereby further complicating the isolation
process of the desired product. In synthesis, the attainment of high yields in Type I

reactions is really difficult. In contrast, the final step of type II MCRs is irreversible.
3
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The advantage of this type is that the equilibrium is strongly shifted towards the product
side. Examples of irreversible steps may be formation of stable products, irreversible
ring closure, aromatization or highly exothermic reactions, etc. All steps are irreversible
in a type III reaction. This type of MCR is very rare in synthetic chemistry, but normal
in biochemical processes. The transitions between these three subtypes of MCRs are

very simple and smooth, so it is often not possible to exactly classify always.

2.1.1 History

In the following section, some multicomponent reactions that marked important
milestones in organic synthesis are introduced (Scheme 2). In 1850, Strecker introduced
the first MCR.!? It involves the reaction of an aldehyde, ammonia (or amine), and
hydrogen cyanide to produce an a-amino nitrile, which can be hydrolyzed to give an a-
amino acid. Arthur Hantzsch had two important work progress in MCR.!* % In 1882,
he produced 1,4-dihydropyridine from an aldehyde, B-keto ester, and ammonia.'® In
1890, he reacted a B-keto ester, o-haloketone and ammonia to form a pyrrole structure.'*
Dihydropyridine is the precursor of drugs such as nifedipine, and pyrrole is an
important heterocyclic compound in the synthesis of many drugs and materials. So
Hantzsch's work advanced the development of drug synthesis. In 1891, Biginelli
published the heterocyclic dihydropyrimidinones formed by the reaction of urea,
aldehydes and B-keto esters.!® This reaction is valuable for the synthesis of heterocyclic
compounds. In 1912, Mannich synthesized f-aminocarbonyl compounds by the amino
alkylation of an acidic proton next to a carbonyl functional group (aldehydes or ketones)
by formaldehyde and amine (or ammonia).'® In 1921, Passerini combined an isocyanide,
a carboxylic acid, and an aldehyde (or ketone) to form a-acyloxy amides.!” Details will
be introduced in later chapter 2.1.3. In 1952, Kabachnik and Fields synthesized
aminophosphonates by using amines, carbonyl functional groups (aldehydes or ketones)
and dialkylphosphonate. Aminophosphonates are synthetic targets of importance as
phosphorus analogues of a-amino acids (a bioisostere).!® Asinger synthesized
thiazoline derivatives in 1956 from elemental sulfur, ketones, and ammonia.!® This

reaction can used to prepare D-penicillamine and DL-cysteine. In1959, Ugi extended
4
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the Passerini reaction to a four-component reaction that includes an isocyanide, a
carbonyl compound (aldehyde or ketone), an amine, and a carboxylic acid.?’ This
reaction is widely used in drug discovery and development. These reactions paved the

way for the formation of new molecules that ca be used in various fields, such as natural

products,?'"? drugs,?%3? materials,***° and others. "4
Strecker 1850
o) CN
+ HCN + NH — >
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0O Ry O
o) o o
I ¢ — "0 oFs
R TH R OR »
1 2 3 Ry N R,
H
Hantzsch 1890 o
OR,
RsO
(0] o o 5
RW%ORZ + R3—NH, + RMOR _— o \\ R4
4 5 N
X R Ry
Biginelli 1891
R2
o) X o o HN { o)
+ + EEEE— X
R/LH HszNHz RZMORa :H<N OR;
R4
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J§ + N. + R4 - N R3
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Scheme 2: A chronological list of some historically significant MCRs.'3-20
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2.1.2 IMCR (Isocyanide-based multicomponent reactions)

IMCRSs are a special class of MCRs,* because of the inherent and unique reactivity of
the isocyanide functional group, such as o-additions, a-acidity and carbene-like
properties. In this chapter, the synthesis, inherent reactivity type and properties of
isocyanides will be presented. Finally, the most relevant reaction for this thesis, the
Passerini three-component reaction (P-3CR) is presented, which is used to synthesize

the sequence-defined macromolecules herein.

2.1.2.1 Isocyanides

Isocyanides are one of the few functional group with a formal divalent carbon atom.*”
8 Apart from isocyanide, only carbon monoxide and carbenes have this structural
feature. The Scheme 3 shows two resonance structures of an isocyanide, the ionic
structure on the one hand and the carbene structure on the other. In this case, the
negatively charged carbon in the zwitterionic ion resonance structure is able to react as
a nucleophilic reagent, and after a nucleophilic attack it becomes an electrophilic
reagent, which is able to react with a nucleophile on the same carbon atom. This process
is called a-addition. The a-acidity can be explained by the positively charged nitrogen
atoms in the amphiphilic 1on resonance structure and can be increased by the ability to
attach electron-withdrawing groups (EWGs) to the a-site or to form free radicals. This
property may lead to polymerization or cyclisation. Isocyanides are stable under
alkaline conditions but are hydrolyzed to the corresponding N-formamide under acidic
conditions.'
R-N=C : ~—> R-N=C

Scheme 3: Resonance structure of the isocyanide: zwitterionic and carbenoid structure.*®

The synthesis of isocyanides is presented in terms of synthetic routes from different
precursors, as shown in Scheme 4 for details. The first successful synthesis of an
isocyanide was in 1859, when Lieke obtained the product by reacting an alkyl halide
with silver cyanide.*’ It was not until 1868 that the isocyanide structure was proven to

be real by Gautier.”® In 1867, Hoffmann was able to convert primary amines to
6
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isocyanides via the formation of the dichlorocarbene reagent from chloroform and
potassium hydroxide.’! In 2020, Zhang et al. decarboxylated chlorodifluoroacetate to
produce difluorocarbene, which reacts efficiently with primary amines to form
isocyanides. A variety of primary amines can be converted, including aryl, heteroaryl,
benzyl and alkyl amines, as well as amine residues in amino acids and peptides.>
Kitano reported the conversion of benzyl alcohols or tertiary alcohols to isocyanides
using trimethylsilyl cyanide as a conversion reagent.’® In addition to alcohols, this
method can also be applied to epoxides.”* Nowadays, the most common synthetic
method is the use of N-formamides as a starting material for the reaction and the
formation of isocyanides by the addition of a dehydrating reagent. This method was
first used by Ugi in 1958 to synthesize isocyanides by dehydrating n-formamide using
phosgene.> However, in the laboratory, due to the high toxicity of phosgene, it has been
replaced by a number of other reagents including triphosgene, diphosgene,
organochlorine phosphate derivatives, toluenesulfonyl chloride, phosphoryl chloride,
trifluoromethyl sulfonic acid anhydride, or tosyl chloride.*®:**! In 1992, Guirado et al.
first used electrochemistry to reduce carbodiimide dichlorides to prepare isocyanides.5?
In 2021, Lam et al. reported an electrochemical method for the preparation of
isocyanides from readily available aminotetrazole derivatives. This method tolerates an
unprecedented variety of functional groups and can be easily scaled up by flow
electrochemistry, expanding its applicability in both academic and industrial scale

laboratories.®

R-OH
lj\l\/N +TMSCN
N
R\ =
” N pis)/py) |+4nHak /E\

R.
NaOEt / EtOH ” ~0
\ — +Base
C=N—R

+Dehydrating reagents

+Difluorocarbene
+Dichlorocarbene
+AgCN
R—X

R-NH,

Scheme 4: Summary of described isocyanide synthesis procedures.*8-63
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2.1.2.2 Isocyanide based multicomponent reactions (IMCRs)

The large-scale preparation of isocyanides in the laboratory as well as in industry has
facilitated a variety of applications for isocyanides. Naturally occurring isocyanides can
exhibit antibiotic, bactericidal, antitumor or antifouling effects.®*% Most commonly,
isocyanides are used in isocyanide-based multicomponent reactions (IMCRs) with a

70-73 and

wide range of applications such as organic synthesis,®”%° drug discovery
polymer science.”*’® In Scheme 5, several different IMCRs are outlined, and the

reactions and their applications are discussed later.

O R H Ry O

| '
N. R N _R
"o e iy
|
o o RS o R, M
% N
R Rz

Orru - 3CR
u > R EWG
) TN TR

“ NS -
4
S
%
S Ro H
R MR, _N__N.

Eo R Y R

Scheme 5: Overview of several different IMCRs.!7- 20- 79-82

The most common IMCRs are the P-3CR and U-4CR, and both reactions rely on the
above described a-addition as the key reaction step. The part of Passerini will be
described in detail in the next section. The Ugi four-component reaction was proposed
by Ivar Karl Ugi in 1959.2° In this reaction, the oxygen component condenses with an
amine to form an imine, which reacts with an isocyanide and a carboxylic acid and
undergoes an irreversible Mumm rearrangement to form an a-aminoacyl amide.

By varying the components, various variants of the Ugi reaction can be formed, yielding
a variety of frameworks. In addition to carboxylic acids, Ugi investigated useful acidic
components soon after describing the U-4CR process, such as hydrazoic acid, cyanate,
thiocyanate, thiosulfate, water or hydrogen sulfide.*>%¢ For example, hydrazoic acid

combined with isocyanides, oxo-components and amines will form 1,5-substituted
8
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tetrazoles.?” The first report on the Ugi five-component reaction (U-5CR) was
published by Ugi et al. in 1961, using an alcohol, an amine, a carbonyl compound, an
isocyanide, and carbon dioxide to yield an a-(alkoxylcarbonylamino)amide in one
step.®® The Ugi five-component condensation reaction (U-5CC) was formed by using
alcohols and CO,, COS or CS; instead of carboxylic acids and was demonstrated to be
an effective tool for the synthesis of N-(alkoxylcarbonyl)aminoamides.* For example,
substituted diurethanes are generated by the U-5CC between diamines,
isobutyraldehyde, tert-butyl isocyanate, methanol and carbon dioxide, which can be
used to synthesize polyurethanes.”® In the presence of alcohol, a-amino acids can
undergo a Ugi five-center four-component reaction (U-5C-4CR) to combine with
aldehydes, alcohols and isocyanides to yield a-aminoacyl carboxylates. This method
can also produce iminodicarboxylic acid monoamide monoesters, which is used for the
industrial synthesis of clinical oxytocin receptor antagonists Epelsiban and Atosiban.”"
92 The carboxylic acid can be replaced by o-nitrophenol, p-nitrophenol or salicylic acid
to participate in the U-4CR reaction, the last step of which is the Smiles rearrangement,
so the variant is also called the Ugi-Smiles reaction.”*?

As the amine component, primary amine, secondary amine, hydroxylamine, hydrazine,
hydrazine derivatives, etc. can be used. The Joullie-Ugi three-component reaction (JU-
3CR) is a modified version of the Ugi reaction.”® Cyclic imines can replace the amine
and oxo-components in U-4CR and react with carboxylic acids and isocyanides to
generate N-heterocycles attached to oxazoles or tetrazoles. JU-3CR is a useful tool for
the synthesis of natural products and important pharmaceutical compounds.’” %

There are many other important isocyanide-based multicomponent reactions. The
GGB-3CR for the synthesis of imidazole heterocycles as core structures was discovered
by three independent groups (Groebke - Blackburn - Bienaym) in 1998.%°-1%! In this
reaction, heterocyclic amidines such as 2-amino pyridine, pyrazine or pyrimidine react
with aldehydes and isocyanides to generate 3-aminoimidazo (1,2-a) -pyridine, pyrazine
or pyrimidine. Nowadays, the GGB-3CR is often used to synthesize bioactive

molecules such as kinase inhibitors, antibacterial agents or HIV-1 reverse transcriptase

inhibitors.!9%1%In 2000, Démling discovered a reaction similar to U-4CR, using a vinyl
9
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isocyanide containing both a tertiary amine and an ester group to react with aldehydes,
amines and thiocarboxylic acids to form a-acylaminocarboxythioamides after Mumm-
rearrangement. As thionoamides have inherent nucleophilicity at the sulfur atom,
further 5-exo-trig cyclization occurs to form a-acylaminothiazoles.!%

IMCRs can also rely on the reactivity of the acidic a-CH> group of the isocyanide group.
A relevant reaction was reported by Van-LeuBen in 1977,7 the reaction of aldehydes,
amines and methyl tolyl isocyanate to form imidazoles. Base-induced cycloaddition of
tosylmethyl isocyanide (TosMIC) to aldimines in protic medium occurs with
subsequent elimination of p-toluenesulfinic acid to give the otherwise difficulty
accessible 1,4-disubstituted imidazoles. Addition of TosMIC to imidoyl chlorides is
accompanied by the loss of HCI, and leads to 1,4,5-trisubstituted imidazoles. In 2003,
Orru et al. discovered that nitrogen-containing heterocyclic imidazolines can be
synthesized by a similar reaction in the process of studying the synthesis of 2-
imidazoline.®® The three raw materials are amines, isocyanides and aldehydes. Ketones
can also participate in the reaction as oxo-components instead of aldehydes. When
isocyanides contain additional ester or amide groups, oxazoles can be obtained through
the o-addition pathway. Imidazolinium itself is less important, but its derivatives,
especially 2-imidazoline derivatives, play an important role in medicine and
pesticides.!%

Another reaction is formed by the formation of a double bond between the isocyanide
carbon and a chalcogen such as sulfur or selenium. In 1959, Lipp et al. used elemental
sulfur, amines and isocyanates to yield thioureas through multicomponent reactions.3"
197 This product is often used in polymer chemistry. When alcohols are used instead of
amines, O-thiocarbamates can be prepared.®? Hu et al. reported in 2018 that when
amines and isocyanates both contain two effective functional groups, they can react at
room temperature to generate polythioureas.'® Furthermore, Abranyi-Balogh et al.
reported that amines can be replaced by alcohols or thiols in alkaline environments to

form thiocarbamates or dithiocarbamates.%?

10
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2.1.3 Passerini Reaction

In 1921, Mario Passerini discovered the P-3CR, which is the first known IMCR.!” P-
3CR describes the reaction of carboxylic acids, oxygenates, and isocyanides to form a-
acyloxy carboxamides (Scheme 6). Usually, simple reaction conditions, such as room
temperature, high concentration, and the use of aprotic solvents such as

dichloromethane (DCM), can achieve excellent yields.

0 0 Q R H
e e RenEe — g No N g,

2 o)

Scheme 6: Reaction equation of the Passerini reaction, a carboxylic acid, an oxo-compound, and an

isocyanide to yield an a-acyloxy amine."”

Although the P-3CR has been discovered more than 100 years ago, the reaction
mechanism has not yet been fully elucidated. Passerini himself proposed a reasonable

mechanism (shown in Scheme 7), and further research by Baker and Ugi also supported

this view.!? 110
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Scheme 7: Commonly accepted mechanism of the P-3CR, first, activation of the oxo-component by

hydrogen-bonding (I), o-addition of the isocyanide yielding intermediate (II), Subsequently, the

irreversible rearrangement takes place to form the Passerini product.'®”

First, the oxo-component is activated by hydrogen bonding with the carboxylic acid,

and then the isocyanide undergoes an a-addition reaction with the hydrogen-bonded
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adduct I. The isocyanide first reacts as a nucleophile with the carbonyl center of the
activated aldehyde and is then attacked by the carboxylic acid at the electrophilic carbon
atom formed, forming a cyclic transition state II. As an azo analog of an anhydride, in
the final irreversible rearrangement, an intramolecular transacylation reaction occurs,
and an a-acyloxy amide is obtained as final product.

As mentioned earlier, the mechanism of P-3CR is still in doubt. In 1965, Eholzer ef al.
proposed another mechanism whereby isocyanide is protonated by a carboxylic acid in
the first step.!!! This hypothesis was based on their observation that the Passerini
reaction is faster in the presence of an inorganic acid as a catalyst. This result is
consistent with the description in Pirrung's publication that the Passerini reaction is
accelerated in water,''? and contradicts Ugi's statement that the Passerini reaction

proceeds best in nonparetic, nonpolar solvents.®*
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Scheme 8: Postulated mechanism of P-3CR involving two carboxylic acid molecules.!'> 4
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In 2011, Maeda et al. introduced another mechanism based on quantum chemical
calculations in the gas phase, suggesting that the P-3CR is a four-component reaction
involving two carboxylic acid molecules (shown in Scheme 8).!" The additional
carboxylic acid molecule acts as a catalyst, so that P-3CR can be described as an
organocatalytic three-component reaction. Firstly, the activation and a-addition steps
are similar to the mechanism proposed by Passerini. But the rearrangement is assumed
to be acid-catalyzed because the transition state (TS) involving another carboxylic acid
molecule is significantly lower in energy (III). The resulting cyclic intermediate then
undergoes a carboxylic acid-catalyzed rearrangement via another four-component TS
(IV) to produce P-3CR. Later on, density functional theory (DFT) calculations support
this postulated mechanism.!!?

Due to the structural diversity resulting from the one-step synthesis and its easy
availability, a wide range of variants can be obtained through this MCR reaction by

substituting carboxylic acid or oxo-components. Several different variants of P-3CR

are shown in Scheme 9.
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Scheme 9: Variations of the carboxylic acid or oxo-components of the Passerini reaction produced a

variety of different variants.!!4 116-120
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Using alcohols instead of carboxylic acids to synthesize a-alkoxy amide derivates is
one of the commonly used methods to generate variants.!'* Aldehydes are air sensitive
and easily oxidised to form the corresponding carboxylic acid, producing by-products.
Moreover, alcohols are more readily available and less expensive than aldehydes.
Therefore, alcohols and 2-iodoxybenzoic acid (IBX, as oxidation agent) in place of
carboxylic acids to produce a-hydroxyamines or normal Passerini products. Soeta ef al.
used silanols instead of carboxylic acids in the P-3CR. The silyl group is coordinated
to the oxygen of the carbonyl group, which made it susceptible to nucleophilic attack
by isocyanide. The alcohol functional group of the silanol then captured the nitrile ion
within the molecule, thereby synthesizing o-siloxyamides.'?! The same group also
reported a one-pot synthesis of a-(sulfonyloxy)amides using the oxidative Passerini
reaction. Sulfinic acid instead of carboxylic acid reacts with aldehydes and isocyanides,
and then meta-chloroperoxybenzoic acid (mCPBA) is added to generate the product in
high yield.'*? This group reported for the first time a multicomponent reaction using
phosphinic acids instead of carboxylic acids. The reaction is based on the reaction of
an aldehyde, an isocyanide and a phosphonic acid followed by the addition of a second
aldehyde. The nucleophilic phosphinate group allows for a subsequent catalytic
Pudovik-type reaction to form the corresponding a-(phosphinoylxy)amide
derivatives.'?* By replacing the carboxylic acid component with alcohol and CO», it can
be converted into a Passerini four-component reaction (P-4CR) to yield carbonate ester
amides.''® In addition, carboxylic acids can be substituted with hydrazoic acids or
trimethylsilyl azide to form tetrazole derivatives.!!” 124 The electron-deficient phenol
derivative is used to replace the carboxylic acid and react with aldehydes and
isocyanides to form O-arylamides.!'® 1> The key to the reaction is that the bond
intermediate undergoes an irreversible smile rearrangement, which is similar to the
rearrangement in the Ugi-smiles reaction.”® In addition to replacing carboxylic acids,
the oxo-component can be replaced by acyl isocyanates to form N, N-diacyloxamides,'?
or the oxo-component can be replaced by ketenes to form o, y-diketocarboxamides.!'!”
In the context of this work, the versatility of the Passerini reaction has been exploited

to synthesize a wide variety of molecules for applications in various fields, such as
14
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6 127-130

medicinal chemistry,'?® polymer chemistry, or the synthesis of designed

molecules.'?!"13* In the next chapter, we will focus on the important application of the
multicomponent reaction (especially P-3CR) in the field of sequence defined

structures. 33137
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2.2 Sequence-definition in chemistry

In nature, DNA carries the genetic information for the evolutionary, growth and
reproductive functions of organisms.!*314! The genetic instructions are transcribed into
mRNA, which is translated into polypeptides, which fold into functional proteins. DNA,
polypeptides and proteins are all high-precision macromolecules with perfectly defined
primary structures. These complex structures allow organisms to have essential
properties for biochemical processes such as self-replication, biocatalysis, self-
assembly and molecular recognition, which play important roles in organisms. Inspired
by the structures of these highly defined biomolecules, scientists have explored a new
area of research: the synthesis and characterization of sequence-defined
macromolecules. Over time, synthetic and purification methods were developed and

the relationship between their structures and properties was probed.

Sequence-controlled polymers .

: Biopolymers
99595520 | 99, o
Alterating copolymers I sequence-regulated polymers m
| 9

.
|
. sequence-defined macromolecules
.
:
,
.
,

Chain-positioning

[ Polydisperse - Monodisprese

Figure 1: Classification and examples of different types of sequence-controlled polymers.'4> 143

In 2013, sequence-controlled polymers were first defined in a review by Lutz, Ouchi
and Sawamoto as follows: “Sequence-controlled polymers are macromolecules in
which monomer units of different chemical nature are arranged in an ordered
fashion.”'** This definition covers polymers with any degree of control over the
sequence of monomers. According to the 1996 International Union of Pure and Applied

Chemistry (IUPAC) definition of the various types of copolymers, these sequence-
16



Theoretical Background

controlled polymers can be divided into two broad categories: polydisperse polymers
and monodisperse polymers (see Figure 1).'*? Included in polydisperse, sequence-
controlled polymers are alternating copolymers, block copolymers, chain-positioned
polymers, and sequence-regulated polymers. These polymers have a dispersed chain
length distribution in composition and molecular weight with a dispersibility index b >
1.00. Sequence-defined macromolecules on the contrary are strictly homogeneous in
size and composition, they have a fully controlled sequence of monomers, and the

dispersibility index B = 1.00, and are therefore monodisperse macromolecules.

2.2.1 Synthetic sequence-defined macromolecules

The synthesis of sequence- defined macromolecules and their applications will be
discussed in detail in the following content. The methods for the preparation of
sequence-defined macromolecules can, for instance, be classified as solid-phase
synthesis, liquid-phase synthesis, fluorous-phase synthesis, and polymeric tethered
methods. There are various synthesis strategies for macromolecules, three prominent
ones being linear iterative growth, bidirectional growth and iterative exponential
growth (IEG), as shown in Figure 2.4 In addition to the main approaches, there are
other strategies and methods for synthesizing sequence-defined molecules. However,

these will not be further discussed in this work.

a. Linearl [ b. Bidirectional ' C. IEG'

Qe Fe—+)—Fc Pe,—(Pe:
o 9 VRN
4 4 PG, Qe
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Figure 2: The main three synthesis strategies for sequence-defined macromolecules. a. Linear iterative
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growth. b. Bidirectional growth. c. Iterative exponential growth. (PG = protecting group, FG = functional

group)'#

The strategy of linear synthesis focuses on the stepwise addition of monomers or units
to growing polymer chains, which can be performed in solution, in solid phase,
fluorous-phase synthesis, and polymeric tethered methods. In contrast to unidirectional
growth, bidirectional growth starts not only from one but also from two reaction sites,
leading to higher polymerization and symmetric macromolecules more quickly.
Multidirectional growth formed by multiple reaction sites is also possible, resulting in
star-shaped macromolecules. The most rapid strategy for molecular weight increase is
iterative exponential growth, often referred to as the divergence/convergence approach,
which comes with minimal control over the sequence obtained.

The most prominent example of the unidirectional chain growth concept was proposed
in 1963 by Merrifield, who described the first sequence-defined synthetic method,
solid-phase peptide synthesis (SPPS). For this achievement, he was awarded the Nobel
Prize in 1984.!46- 147 The synthesis usually consists of iterative cyclic steps, including
both coupling and deprotection steps, as show in Scheme 10. In this concept, the peptide
is constructed from the C-terminus to the N-terminus. For the coupling of two amino
acids, a protecting group needs to be configured on the amino acid to avoid an
undesirable reaction between the carboxylic acid and the amine, resulting in a mixture
of products. In the first step of the synthesis, the N-terminal protected amino acid reacts
with a linker molecule via the C-terminus via in SN2 reaction, thereby being coupled to
the resin. Subsequently, the amine protecting group is cleaved and reacts with the
activated carboxylic acid group of another N-terminally protected amino acid. A second
deprotection is then performed and so on. In the final step, the peptide is cleaved from
the solid carrier and the protecting group is cleaved to obtain the sequence-defined

molecule.
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Scheme 10: General reaction scheme of the SPPS by Merrifield. 146147

Most of the resins commonly used for SPPS consist of highly cross-linked copolymers
of styrene and 1,4 divinylbenzene, or polyacrylamide resins. The resin has to be swollen
in an organic solvent to solubilize the growing peptide well enough for diffusion
reagents to have access to it. In the second step, the carboxyl function of the amino acid
needs to be activated. This activation can be achieved by synthesizing specific
feedstocks or by using activators based on, for example, synthetic anhydrides, acyl
azides, N,N-bicyclohexylcarbodiimide etc. The activators can be used as benzotriazol-
1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and
hexafluorophosphate benzotriazole tetramethyl uronium (HBTU). After successful
coupling of the amino acids, the N-terminal temporary protecting group is cleaved,
usually fluorenylmethyloxycarbonyl protecting group.

In 1966, Merrifield reported the automation of the process, because SPPS could get
product by simple separation operations (i.e., filtration and washing) of the product and
that the entire process was suitable for automation. This report makes rapid synthesis
of longer sequences a reality.!*

The solid-phase concept is not limited to the synthesis of peptides, but can also be used
for the synthesis of oligoamines, oligonucleotides and oligosaccharides, peptide nucleic

acids, as well as for the synthesis of sequence-defined macromolecules.
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In 2013, the Du Prez group demonstrated an example of the synthesis of sequence-
defined macromolecules based on thiolactone chemistry, using solid-phase chemistry
with a unidirectional growth strategy.'*’ In the initial approach, a thiolactone building
blocks in combination with Michael acceptors were used. As first, the amine acts as a
nucleophile and introduces the side chain definition, and the thiolactone undergoes a
ring-opening reaction to form a thiol. The resulting thiol reacted with another reactive
thiolactone building block in a thia-Michael addition or nucleophilic sunsttution
reaction to complete the reaction cycle. Continuing these steps, trimers and tetramers
with different sequence definitions and different side chains were synthesized. The
variation of the side chain was achieved by introducing different primary amines
through the reaction of the amine function in an aminolysis.

In 2016, Du Prez et al. expanded and improved the reaction system.!>° Two thiolactones
were synthesized to be the initial building blocks, one containing an alcohol function
and the other containing an isocyanate group. The reaction cycle begins with the ring-
opening of thiolactone with amino alcohol to form thiol, which reacts with acrylamide
or acrylate in a thia-Michael addition. The use of different amino alcohols leads to
changes in the main chain, and different acrylates and acrylamides introduce different
side chains. Next, the hydroxyl group reacts with the isocyanate group of the thiolactone.
Continuing these iterative reactions, oligomers with different functionalized sequence
definitions were synthesized. Among them, the definition of the side chain can be
achieved by modifying the thiol through thiol-ene reaction or nucleophilic substitution.
151-154 Tn addition, the initial building block was replaced by a-isocyanate-y-thiolactone,
and the thiolactone motif was incorporated into the main chain structure of the growing
chain as a thioether.!>> ¢ The alcohol functionality was introduced by thia-Michael
addition or epoxide nucleophilic ring opening to introduce the second side chain. In the
next step, the alcohol reacted with the isocyanate of the thiolactone to complete the
reaction cycle. In the overall reaction, the side chain changes were achieved by
synthesizing with different resins, replacing acrylate or acrylamide with n-hydroxyethyl

acrylamide, and using different amines.
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In an iterative stepwise approach, monofunctional starting materials are stepwise
elongated and monomer units are coupled one by one.

In 2014, Livingston et al. achieved a unidirectional synthesis of heterofunctional
uniform oligo (ethylene glycol) using a three-armed phenyl star as the core.!”” They
used a monoprotected octa (ethylene glycol) in a nucleophilic substitution reaction with
the core for iterative chain extension to form a linear oligo (ethylene glycol). The
protecting groups were then removed by dichloroacetic acid, pyrrole and DCM,
exposing hydroxyl groups, which were then coupled with formylated monoprotected
octa ethylene glycol. By repeating this cycle, a three-armed star-shaped 24-mer was
finally synthesized. In 2019, using a similar experimental concept, the team employed
a liquid-phase synthesis approach to generate uniform sequence-defined PEGs.!®
Firstly, monomers with functionalized terminals were synthesized with hydrophilic
tetrahydropyran-1-yl acetals on one end and toluene sulfonate groups on the other side.
During the reaction the hydroxyl group of the core unit reacts with the toluene sulfonate
group of the monomer in a Williamson ether synthesis, which then deprotected
protecting group of the THP to produce the hydroxyl group again. At the end of the
iterative reaction, the benzyl ether bond between the polyether chain and the core
molecule can be broken. This approach defines a strategy for the synthesis of
multifunctional polyether based on sequences purified from molecular sieves. This
strategy 1s used in industry for the synthesis of oligonucleotides, peptides,

homopolymers and sequence defined polymers (show in Scheme 11).
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Scheme 11: Synthesis of uniform PEG with a benzylic core.!>” 138

Lutz also has demonstrated numerous possibilities on synthesizing sequence-defined
macromolecules and using them for data storage.

In 2014, the Lutz team reported the chemically selective iterative synthesis of an
oligomer (triazole amide) encoded by two bifunctional groups AB and CD.'>* In 2015,
the team published a review detailing the use of iterative strategies to synthesize
sequence-defined polymers on the solid phase (summarized in Scheme 12).'®® For
clarity, all these concepts are drawn on solid-supports (yellow blocks). The first one is
the traditional approach employing AB building blocks. Functional R; reacts with R in
coupling step, in which functional R; of the monomer is protected during that step. The
iterative cycle is completed afterwards by deprotection. The second example is an AA
+ BB approach, in which function R reacts with R>. Bifunctional monomers are used
in large excess in the coupling step. The third approach relies on an AA + BC reactions.

Functional R; reacts only with R» in coupling conditions. Function R; reacts only with
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R3 in another coupling condition. Bifunctional monomer AA is used in large excess in
every coupling step. The last example consists of an AB + CD approach. Function R;
reacts only with R3. Function R» reacts only with R4. Coupling steps are chemo selective.

After many cycles, sequence-defined oligomers can be obtained.
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Scheme 12: The first is a traditional method using AB building blocks. The last three are protecting

group-free methods. !> 160

In 2016, they used a solid-phase orthogonal "AB + CD" iterative strategy to synthesize
peptide triazole nucleic acids (PTzNA).!S! In this method, AB and CD molecules
containing carboxylic acid, azide, alkyne, and primary amine functional groups were
assembled together through consecutive copper-catalyzed azide-alkyne cycloaddition
(CuAAC) and acid-amine coupling steps to prepare molecules with different sequences.
In the same year, they introduced chemical selectivity into the two-step iterative
method.'®? First, the reaction of alcohol with N,N'-disuccinimidyl carbonate got
activated carbonates. Then, the selective formation of carbamates was carried out using
different amino alcohols. By using amino alcohols with or without methyl side chains,
oligo-carbamates with the potential to contain information-rich molecules were
synthesized, implementing the binary code of “1” and “0” into the sequence.

In 2019, the team upgraded the synthesis scheme by combining the formation of
reactive carbonates with their chemo selective reaction with the secondary amine
groups of the amino alcohol building blocks.'®* Using four coded molecules (i.e. 2-
(methylamino) ethanol, 2-(ethyl amino) ethanol, 2-(propyl amino) ethanol and 2- (butyl

amino) ethanol) to write binary information on the formed polymers, representing the
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binary dyads 00, 01, 10 and 11, respectively. Again, homogeneous oligomers and
polymers with controlled lengths and sequences of digital information were synthesized.
In 2020, Lutz et al. prepared sequence-defined poly(alkoxyamine phosphodiester) by
orthogonal iterative solid-phase method and carried out a detailed study of the
fragmentation mechanism.'®* The experiment involved two different types of
bifunctional building blocks, namely phosphor amidite monomers with alkyl bromide
and hydroxyl functional group nitroxides. Two different phosphor amidite monomers
were used to incorporate molecular information into the polymer chain. In positive and
negative mode ESI-MS/MS, the CH>-O bond breaks instead of the O-(CO) bond in N-
R oligourethanes, as opposed to N-H oligourethanes. The different rearrangements
result in up to four product ions per carbamate, which results in complex fragment
patterns.

Beyond these, Prof. Lutz has many more publications of synthesizing sequence-defined
macromolecules that can be digitally encoded or exploit fragmentation patterns
alone.'®>!"! Of course, there are also more and more researchers using step-by-step
iterative methods to synthesize the desired well-defined macromolecules.

In 2016, Grate et al. successfully synthesized a triazine-based sequence-defined
hexamer.!”? By changing the reaction temperature, the melamine can be activated or
deactivated, and iterative coupling reactions can be completed without the need for
special protective groups. In 2017, Fang et al. synthesized a 12-mer-PEG by
synthesizing a tetraethylene glycol monomer with a methoxy group on one side and a
dimethoxy trimethyl group on the other side, and gradually adding it to a solid support
in combination with a phenyl group containing a benzene-protected building block.'”
Iterative stepwise synthesis is a common method for synthesizing sequence-defined
macromolecules. The group of Prof. Meier has reported on different methods of
iterative stepwise synthesis, mainly based on MCR. We discuss these methods in more
detail in 2.2.2 on MCR in sequence definition.

As already mentioned in Figure 2, bidirectional growth is also an important method for

synthesizing sequence defined oligomers. In bidirectional growth, bifunctional starting
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molecules react with two monomer units per step, and higher molecular weights can be
obtained in fewer steps than with unidirectional iterative step synthesis.

The synthesis of polyethylene glycols can be carried out by means of a bidirectional
growth process. In 1992, Jenneskens et al. synthesized a dodeca(ethylene glycol) by
means of a bidirectional growth process from a mono-protected and di-alkylated
tetraethylene glycol.!™ First, a ditosylated ethylene glycol was synthesized, then it was
reacted with mono-protected glycols to couple three OEGs in a single reaction step.
After deprotection, the resulting glycol can be ditosylated, then reacted again with
mono-protected glycol. Repeating of the synthesis cycle leads to higher molecular
weights. In 1999, Baker ef al. synthesized OEGs in a greener way by replacing
dichloromethane with an aqueous solution based on Jenneskens' method.!”® In 2006,
Tanaka et al. synthesized 44-mer PEGs by reacting two equivalents of mono-protected
and tosylated tetraethylene glycol with another glycol, followed by deprotection and
iterative reactions, resulting in multiple cycles.!’® In 2008, Springer et al. obtained a
29-mer PEGs in six steps by growing in both directions from hexa(ethylene glycol).!”’
First, hexa(ethylene glycol) was mono-protected with benzyl protecting groups
followed by reaction with penta(ethylene glycol)-di-(p-tosylate) to obtain the doubly
protected PEG-17-mer. Next, the monoprotected monomer was reacted with the
deprotected PEG-17-mer and deprotection to obtain the PEG-29-mer. In 2014, Bruce
et al. used Tanaka's experimental procedure to obtain a dimethyl-protected 24-mer with
the highest purity reported to date.!”®

In 2015, Jiang et al. used a new strategy to synthesize monodisperse PEG.!” Glycol
was added to two macrocyclic monomers in a single reaction step. The macrocyclic
monomers were converted from tetra(ethylene glycol) to macrosulfoxylate by thionyl
chloride in a one-pot reaction. Bidirectional growth was carried out using the ring-
opening of tetra(ethylene glycol) as a cyclic sulfite. Using this simple iterative method,
PEG-36-mer was synthesized in four steps. PEG-64 monomethyl ether was synthesized
in 8 steps using sodium methoxide as the nucleophile and the macrocycle octamer as

the iterative ring-opening.
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In the same year, Barner-Kowollik et al. synthesized sequence-defined macromolecules
using a two-way photochemical method.!®® First, a monomer containing a photoenol
and a sorbitol group, a monomer with a phenyl sulfide group and a protected maleimide
group were prepared. Next, a Diels-Alder reaction was carried out between the
photoenol with the sorbitol end group using a symmetric core unit containing two
maleimides as a raw material. The sorbitol end group reacts with the photochemically
activated phenacyl sulfide to form a Diels-Alder adduct. Finally, thermal reduction of
the Diels-Alder, liberation of the maleimide functionality, removal of the furan under
vacuum, and reaction with the latest products. By repetition of the steps, a symmetric

sequence-defined decamer was obtained (show in Figure 3).
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Figure 3: Overview of the photochemical reaction approach for the synthesis of sequence-defined
macromolecules. '8

In 2016, the team used a similar experimental scheme to obtain a variety of sequence-
defined polymers through two-way growth. '8! 182 First, a monomer is synthesized with
a photoreactive benzaldehyde at one end and a furan-protected maleimide at the other.
Next, the dimaleimide core reacts with the photoreactive benzaldehyde, and finally the
deprotection of the furan protective group prepares the next reaction. The iterative cycle
is repeated to synthesize oligomers with a defined sequence, and it was successfully
decoded by MALDI tandem MS. In 2019, the team published the synthesis of sequence-
defined macromolecules without protective groups using precise orthogonal

photochemistry.!®®> Two monomers were first synthesized, one consisting of a pyrene-
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functionalized visible-light-responsive tetrazole and a diene, and the other consisting
of a carboxylic acid and a fumarate. The symmetrical core molecule reacted with the
tetrazole of the monomer in a nitrile-imine-carboxylic acid reaction, and the remaining
diene group reacted with the fumarate group in a Diels-Alder cycloaddition reaction.
After several cycles, a sequence-defined decamer was synthesized using selective
photochemistry.

The iterative exponential growth (IEG) (also known as divergence/convergence
methods) strategy is an effective method for the rapid synthesis of large sequence-
defined macromolecules. The synthesis uses orthogonal protection groups containing
two parts, orthogonally protected and activated functional groups. The two parts are
orthogonally deprotected or activated separately and then combined in a coupling
reaction. In this way, two monomers react to form a dimer, two dimers to form a
tetramer, two tetramers to form an octamer, and so on and so forth, achieving
exponential growth. The synthesis of highly defined macromolecules using IEG
methods with the introduction of defined side chains is difficult and challenging and is
usually limited to repetitive sequences.

The first sample about iterative exponential growth for the synthesis of long aliphatic
chain compounds by the IEG method was reported by Whiting ef al. in 1982 (show in
Scheme 13).!%
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Scheme 13: Schematic diagram of dimer generation using IEG by Whiting. '8

They used Ci2 -bromoacetal as the reactant monomer, which was split into two parts,

with one half of the bromine converted to phosphine and the other half deprotecting the
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acetal. Subsequently, the phosphine moiety reacted with the aldehyde to produce a
dimer, which also contained the bromine and acetal functions. These steps are repeated
to obtain the octamer. In the final step, the bromine and acetal are removed and the
double bond is hydrogenated to give a pure aliphatic chain. This report showed that
highly defined molecules can be synthesized using IEG, and the group further
synthesized different highly defined macromolecules such as pure paraffins with

different chain lengths,'®®

and ultra-long straight-chained alkanes of specific lengths
using this method.!8¢

In 2008, Hawker et al. reported the synthesis of uniform oligomers by an iterative
exponential growth strategy (Scheme 14).!%7 6-Hydroxyhexanoic acid generated from
g-caprolactone via a ring opening reaction was used as a starting material, which was
converted into two parts, half of which was protected with tert-butyl dimethyl silyl
(TBDMS) to protect the alcohol functional group, and half of which was protected with
benzyl ester to protect the carboxyl group. The monomer was then subjected to Steglich
esterification to give an orthogonally protected dimer. The dimer was also divided into
two parts, the benzyl ester was reductively hydrogenated and the silyl ether was treated
by tetra-n-butyl ammonium fluoride (TBAF). Afterwords, carboxyl-terminated or
hydroxyl-terminated dimers can be obtained. The dimer was coupled again in a Steglich
esterification reaction to give a tetramer, and so on to synthesize a uniform 64-mer
oligo(e-caprolactone). In the same year, this group synthesized uniform (L)-lactic acid

oligomers according to a similar reaction scheme.!'®®
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Scheme 14: Overview of the synthesis of e-caprolactone oligomers. The monomer 6-hydroxyhexanoic

acid was prepared via ring opening of e-caprolactone.'®’

In 1995, Huang and Hermes applied an IEG strategy to synthesize alternating
oligomers.'®® Alternating oligomers of (L)-lactic-co-glycolic acid (La-co-Gl), which
are 1isosteric with polypeptides, were synthesized through solution-phase
methodologies involving the protection, coupling, and deprotection of hydroxyl and
carboxylic acid functional groups. The carboxylic acid moiety was protected via benzyl
ester formation and subsequently deprotected through hydrogenation. The hydroxyl
group was protected as a methoxyethoxyethyl (MEE) ether and deprotected using a
combination of sodium iodide and trimethylsilyl chloride. The coupling reaction was
facilitated by dicyclohexylcarbodiimide (DCC).

IEG method is also a good way to synthesized PEG. In 1999, Burns et.al synthesized
PEGs by the reaction of a protected ethylene glycol with another ethylene glycol
building block containing a protecting group and a leaving group.'®® Later, Hill et al.
synthesized asymmetric polyethylene glycols by iterative exponential growth using
orthogonal protecting groups in 2004."! In 2009, a refinement of the IEG strategy by

Davis et al. resulted in the syntheses of 16-, 32-, and 48-mers of ethylene glycol.'*?
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In the field of conjugated molecules, IEG methods are usually employed to synthesize
oligomers such as oligoacetlylenes, oligo(p-phenylene), oligofluorene and
oligophenylene ethylene. Since 1992, the synthesis of several conjugated oligomers in
solution and solid phase has been reported by Moore et al. Scheme 15 shows the
synthesis of sequence-defined poly(phenylacetylene) in combination with solid-phase
synthesis.!”> The terminal acetylene and aryl halides were orthogonally masked as
(trimethylsilyl)-acetylene and 1-aryl-3.3-dialkyltriazene groups. Subsequently, the
product was divided into two parts. One part was deprotected with potassium carbonate
and from the other part the phenyl iodine was obtained by cleaved from the solid carrier
with methyl iodide via ipso substitution. These two parts were then reacted in a
Sonogashira coupling to obtain dimers. Following this cycle, phenylacetylene oligomer

with 32-mer was obtained. Later,Moore's team synthesized oligomers of

94-

phenylacetylene of different structural types according to a similar reaction scheme.!

197

N3Et,
Me3Si O

Scheme 15: IEG approach of Moore et al. for the oligoacetlylenes synthesis with the Sonogashira reaction

in solid phase. '

Conjugated oligomers with precise lengths and structures can be used both as models
for native-like polymers and as candidates for molecular wires and molecular-level

electronic devices, and as a result, more and more publications report the synthesis
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conjugated oligomers. Combining the IEG reaction mechanism with the Suzuki cross-
coupling reaction, Schliiter et al. synthesized oligo(para-phenylene) in 1996,'"® and
Chen et al. synthesized oligofluorenes in 2002.!%° Tour et al. successfully synthesized
a variety of conjugated oligomers by IEG methods, including oligo(thiophene-
ethynylene) derivatives, phenyl alkyne oligomers, oligo(2,5-thiophene ethynylene)s,

oligo(phenylene ethynylene) and so on.2%0-2%

In 2005, Wang et al. developed a new
strategy to synthesize oligo(1,4-phenyleneethynylene)s,?%* the strategy combining the
advantages of the iterative divergent/convergent strategy and the in situ
desilication/coupling strategy based on Tour's study.?%

In 2015, Johnson et.al reported a semi-automated, scalable IEG method for the
synthesis of sequence-defined macromolecules (shown in Scheme 16.A).2% The IEG
method typically utilizes an orthogonal deprotection reaction that permits the coupling
of a-m-terminal functionalized molecules, thereby doubling the molecular weight of the
resulting product. This new approach describes the semi-automated coupling of ester
monomers. A monomer was first synthesized in an esterification reaction to give a
bromine and a triisopropylsilyl-protected alkyne monomer. The bromine was converted
to an azide in a nucleophilic substitution reaction and the protected alkyne can be
orthogonally deprotected using a fluorine reagent such as tetrabutylammonium fluoride
(TBAF). The IEG semi-automated system allows the monomer to be separated into two
parts, converted orthogonally to alkyne and azide, purified on-line, and then subjected
to the coupling step of deprotecting the monomer.

In the same year, they refined this strategy, offering the possibility of controlling the
chain length, sequence and stereo configuration of the aimed for macromolecule, which
is now commonly referred to as IEG+ strategy.?’” The previously reported method was
modified. A three-step iterative cycle was carried out using a monomer building block
with an epoxide at one terminal and a TBS-protected alkyne at the other, where the
chiral tert-butyldimethylsilyl (TBS)-protected epoxy-alkyne is selectively ring-opened
by the azide anion to provide the azide group and the secondary hydroxyl functional

group. The secondary hydroxyl group can be esterified to introduce the desired side

chain, while the azide and alkyne to the CuAAC of the corresponding tetrazole dimer
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allow chain elongation. By repeating this reaction cycle, macromolecules of consistent

arrangement and stereo configuration are obtained (show in Scheme 16.B).

A. NaN;
/TBS Coupling N:N\N
= Orthogonal ~—
sy = a1
o O 0 \%TBS
TBAF

CuBr, PMDETA | CuAAC

0,
NG
@4/(\

0-Q o)
*o N=N op TBS <\/o N=N o/o H
NNk ol _Z \N_L_ol Z

Scheme 16: Overview of the different strategy by Johnson et.al, A. Flow-IEG strategy.?® B. IEG+

strategy. 207

In 2006, the team further improved the IEG+ strategy by forming a new strategy, allyl-
IEG, which takes advantage of efficient thiol-alkene addition reactions with side-chain
olefinic functional groups that are capable of efficient post-polymerization
functionalization, increasing side-chain diversity.?°® This approach is widely used to
produce homogeneous, sequence-defined macromolecules.?%-21?

Nowadays, the IEG strategy is widely used in the synthesis of sequence-defined

macromolecules. 21327
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2.2.2 MCRs in sequence-defined macromolecules

Multicomponent reactions offer a wide range of applications, as discussed earlier. They
play an important role in the field of sequence definition due to their advantages such
as high efficiency, high atom economy, and raw material diversity. Several groups have
studied the application of MCR in the field of sequence definition. In this section, some
examples of MCR will be introduced, especially Passerini Three component reaction.

In 2014, the Meier group reported the synthesis of a sequence-defined macromolecule
via P-3CR.?!® Stearic acid, as a starting material, reacted with 10-undecenal and an
isocyanide to form a Passerini product with a terminal double bond and a side-chain
depending on the used isocyanide. The double bond can undergo a Thiol-Ene addition
with 3-mercapto propionic acid to regenerate a carboxylic acid, allowing further P-3CR
to be achieved. By continuing the iterative cycle, sequence-defined macromolecules
were synthesized. The definition of the side chains is achieved using different
isocyanides (Show in Scheme 17. left). In 2015, the U-4CR, was used for the same
approach, i.e. amines were used as an additional fourth component, providing a change
in the amine group in the reaction, thus achieving the definition of double side chains

(Show in Scheme 17. right).?"
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Scheme 17: Overview of the synthesis of sequence-defined macromolecules via multicomponent
reactions by Meier group. The reaction cycle on the left describes the P-3CR and the subsequent Thiol-
Ene reaction to introduce a carboxylic acid to complete the reaction cycle. The side chain is defined by

changing the isocyanate component.?!® In the reaction cycle on the right was U-4CR, the isocyanate and
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amine components are used to define a double side chain.?!

Several research groups have studied the use of the Passerini multicomponent reaction
in tandem with other reactions for the synthesis of sequence-defined macromolecules.
In 2015, Barner-Kowollik and Meier et al. combined the P-3CR with a Diels-Alder
reaction to generate oligomers with different functionalities using photochemical
induction to initiate a two-way reaction.'®® Hong et al. used the Passerini three-
component reaction in tandem with a three-component amine-thiol-ene conjugation
reaction to synthesize sequence-defined polymers. The Passerini reaction between
methacrylic acid, adipaldehyde and 2-isocyanobutyrate yields a new molecule
containing two olefin units. Subsequently, the addition of an amine and a thiolactone to
the reaction system results in a three-component amine-thiol-olefin conjugation
reaction and a sequence-defined polymer.?*°

In 2016, the Meier group reported the synthesis of sequence-defined macromolecules
using an improved P-3CR methodology. First, a single-protected AB monomer with
isocyanide and a benzyl ester were synthesized, which is also an important raw material
for this thesis. Stearic acid as the starting acid reacted with this AB monomer and an
aldehyde, the first Passerini product was synthesized. Palladium on charcoal with
hydrogen was used to cleave the benzyl ester on carbon with hydrogen to deprotect.
The resulting free carboxylic acid can undergo a further Passerini reaction. By
continuing this iterative two-step reaction cycle, a high-purity sequence-defined
decamer with nine different side chains was synthesized. The side chains were defined

by using different aldehydes in each Passerini step.?*!
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Scheme 18: Overview of the use of the improved P-3CR method to synthesize defined macromolecules

by Meier group in 2016.%%!

As mentioned earlier, Du Prez used the thia-Michael addition reaction to synthesize a
sequence-defined macromolecule based on a thiolactone via a one-way growth
strategy.'® In 2014, Alabi et.al described the iterative thiol-alkene addition and Thia-
Michael reaction on soluble and cleavable fluorous tags, permitting the synthesis of
sequence-defined oligomers with tailor-made side chains without protecting groups.?*
In 2017, the Meier and Du Prez groups opened up a novel synthetic method by
combining the P-3CR and thiolactone chemistry.”?® Thioacetate acid is used as the
starting acid to participate in the iterative cycle of P-3CR and the thia-Michael addition
reaction to form oligomers. The thiolactone end group in the product is directly reacted
with the isocyanate-functional acrylate in a thia-Michael addition reaction via
ammonolysis, this step forms a building block with an isocyanate functional group and
an end double bond. The isocyanate functional group undergoes a Passerini reaction,
followed by a thiol addition. By means of such iterative cycle reactions,
macromolecules with up to 15 optional side chains were successfully synthesized.

In 2018, the Meier group combined the Passerini reaction with the Biginelli monomer
synthesis reaction to explore new sequence-defined materials.?** First, Biginelli acid

was synthesized from aldehydes, urea carboxylic acids and benzyl acetoacetate. The
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acid was reacted with different aldehydes and diisocyanides in a P-3CR reaction to
obtain monomers with a benzyl group and isocyanide. The monomers were reacted via
P-3CR via the isocyanide group, and then the benzyl group was deprotected to form an
acid, which was used again in a P-3CR with the monomer and aldehyde. After several
of these iterative cyclic reactions, macromolecules with defined sequences and encode

information for data storage materials were synthesized.

Aldehyde
.\ H,
P-3CR Deprotection

Monomer-NC 0 R R4 o Pd/C

Scheme 19: Macromolecules defined by a synthetic sequence via the Biginelli and P-3CR. In the
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Biginelli reaction, urea, an aromatic aldehyde and an acetoacetate react to form Biginelli acid, which
then reacts with an aldehyde and diisocyanides to form isocyanate monomer (monomer-NC). The
monomer is polymerized repeatedly via the following Passerini reaction, with the addition of aldehydes
and carboxylic acids. After hydrolytic benzyl deprotection, the growing macromolecule is equipped with

a free carboxylic acid, allowing the addition of the next monomer-NC in the next Passerini step.?*

In the next year, Du Prez and Meier combined click chemistry with P-3CR to study and
compare the processes of synthesizing sequence-defined oligomers in the solid state
and in solution.?” In solution synthesis, stearic acid is used as a starting material,
reacted with aldehydes and molecules which containing isocyanides and conjugated
dienes, to form Passerini product. The double bonds in the resulting product continues
to react with TAD, and the unreacted carboxylic acid group is subjected to P-3CR with
aldehydes and molecules with isocyanides and conjugated dienes. By repeating this
cycle, a macromolecule with a defined sequence can be synthesized in solution. In
solid-phase synthesis, the 2-chlorotriphenylmethyl chloride functionalization resin
reacted with TAD first to introduce a carboxylic functional group. Subsequent reactions
are similar to those in solution (comparation in Scheme 20). In solution, the Passerini
reaction takes longer and requires purification by methods such as column
chromatography. Purification in this way can yield a product of much higher
purity(>99%). The synthesis in solution can be easily scaled up to multi-gram quantities
in theory. The main advantage of solid-phase chemistry is that it is possible to use large
excesses of reagents to ensure 100% conversion, and the product is purified by a simple
washing procedure. Purification is much faster than with methods such as column
chromatography and, in principle, the reaction can be automated. Working on a solid
support therefore greatly simplifies and accelerates the synthesis and post-treatment

procedures, with shorter reaction times.
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Scheme 20: A two-step iterative reaction cycle consisting of a P-3CR and a TAD Diels-Alder reaction

can be used to synthesize sequence-defined macromolecules in the solid phase and in solution.??®

In 2019, Tao et al. researched the process of synthesizing sequence-defined peptides
via U-4CR.2%° First, acetic acid as the starting acid reacted with aldehydes, isocyanates
and acid-protected amino acids, to form an Ugi product. The resulting products were
deprotected with trifluoroacetic acid to obtain free acids, which were reacted in the next
Ugi reaction with isocyanides, aldehydes and amino acids. By carrying out the reaction
in multiple cycles and using different aldehydes, decamers with different sequences of
side chains were obtained. The main chain was defined by changing the amino acids.
In the same year, Barner-Kowollik et al. described the visible light-induced synthesis
of poly(amide thioester)s.??’ The polymers are prepared by in situ generation of
thioalcohol, which is then used as an oxygenated component in Passerini
polymerization. These polymers can then be cleaved by ammonolysis or chain-
extended by inserting thietanes.

In 2020, the Meier group successfully synthesized twelve different sequence-defined

tetramers and three hexamers with different mass tags and side chains by iteratively
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Passerini three-component reactions and subsequent deprotection steps. Using mass
tags as starting compounds simplified MS/MS data and allows the sequence of the
synthesized oligomers to be clearly read. By writing a simple Python script for ESI-
MS/MS analysis, the information stored in these oligomers can be quickly sequenced
and read.??® Rosenstein ef al. used U-4CR to synthesize a variety of macromolecules,
with each molecule representing a piece of information. An 880,000-pixel Picasso
painting was written and read out using fragment mass analysis.?>” Many similar articles
had published in recent years.??%-23

Recently, the same group used P-3CR to synthesize the first-generation dendrimer with
a uniform structure by the divergent method. Three oligo (phenyl ethynyl)
homopolymers (OPEs) with different lengths and low solubility were used as focal
points to achieve self-assembly of the dendrimer solution. This was confirmed by
fluorescence spectroscopy and diffusion-ordered NMR (DOSY NMR) spectroscopy.?*®
These studies suggest that multicomponent reactions (MCRs) are highly effective for

the synthesis of sequence-defined macromolecules due to their versatility, efficiency,

and ability to generate complex and diverse structures.
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3 Aim

In the first part of work, the aim was to investigate possible structure-property
relationships and to determine the structure of sequence-defined macromolecules by
fragmentation patterns. For the synthesis of the macromolecules, a well-established
iterative cycle consisting of a P-3CR and subsequent deprotection steps was used as a
powerful toolbox for sequence-defined molecules. The stepwise synthesis of sequence-
defined macromolecules in solution led to complete conversion of the reactions and
high yields, ideally without side reactions, and the products were isolated in high purity.
The products are measured using common analytical tools for purity determination and
structure elucidation (NMR, SEC, ESI-MS), as well as tools for the investigation of
thermal properties (DSC and TGA). The results are discussed to explore the structure-
property relationship of the molecules. The results of the ESI-MS/MS measurements of
the Passerini products are analyzed and the fragment patterns are assigned accordingly.
The structure of the formed pentamers was determined based on the values of the
detected fragments. Only this MS/MS analysis allowed to distinguish the different

sequences prepared.

The aim of the second part of work was to vary the components of the Passerini reaction
with the aim to prepare defined macrocycles. A diisocyanides as the core component,
reacted with a diacid and isobutyraldehyde under highly diluted conditions in a one-pot
reaction, resulted in cyclic macromolecules. The selectivity was determined by
combining the SEC profiles with the SEC peak fitting of the crude product and the most
highly purified product obtained. The structure of the final product was determined by
NMR, IR, and ESI-MS. Even with the same reaction conditions and reactant ratios, the
final products will result in either monocyclic or bicyclic compounds due to their

different structures.
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4 Results and Discussion

4.1 Accurate synthesis of pentamers with phenyl groups at specific

positions via Passerini reactions

Abstract

Stearic acid was reacted with an a-isocyano w-benzyl ester AB building block and two
different aldehydes containing an isopropyl or a a-methylphenyl group, respectively, in
an iterative Passerini three-component reaction (P-3CR) and subsequent deprotection
approach. Thus, each permutation of sequence-defined pentamers bearing an aromatic
side group at different positions of the synthesized pentamers was realized. All
oligomers were obtained in overall yields between 30% and 45% and were
characterized by NMR and IR spectroscopy, SEC, and HR-ESI-MS mass spectrometry.
The thermal properties were analyzed with DSC and TGA. This series of sequence-
defined macromolecules does not show any sequence-related property changes, thus
each individual macromolecule was only unambiguously distinguishable by ESI-

MS/MS.
4.1.1 Synthesis

An iterative synthesis scheme involving the Passerini reaction and subsequent
deprotection was used to synthesize the pentamer. For this iterative cycle,
monoprotected monomer was necessary. An AB building block bearing an isocyanide
and a benzyl ester was prepared according to a previously reported procedure.??! In the
initial P-3CR, stearic acid (C7 portion represented as blue sphere in Scheme 21) was
reacted with the AB building block and the aldehyde component. After stirring at room
temperature for 1 day and purification by column chromatography, the Passerini
product was obtained. The resulting product can be subjected to another P-3CR after
Pd-catalyzed hydrogenolysis of the benzyl ester protecting group and a simple workup
by filtration (Scheme 21), closing the iterative synthesis cycle. Using this strategy, the

monomer, dimer, trimer, and tetramer were then synthesized iteratively, and six
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different pentamers (P0-P5) were obtained after five Passerini reactions and four
deprotection steps, respectively, with a total yield of 30-45%. Two different aldehydes
(isobutyl- and 2-phenylpropionaldehyde) were used, and the position of the aromatic
moiety was varied systematically. A pentamer only derived from isobutyraldehyde (P0)
was prepared as a reference. For the other five pentamers, 2-phenylpropanal was used
as the aldehyde component in one of the iterative cycles. This allowed the o-
methylphenyl side chain to be installed in each possible position of the pentamers, as
depicted in Scheme 21 as orange spheres (P1 - P5). The products of all steps were fully

characterized, as detailed in chapter 6.3.1.
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Scheme 21: Iterative step approach with a P-3CR and deprotection. Synthesis strategy towards sequence-defined
macromolecules using the monoprotected AB building block (left). Schematic structures of the sequence-defined

pentamers differing in the position of the aromatic side chains (right).
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4.1.2 Comparison

Each of the Passerini reactions was monitored via IR spectroscopy, which is
exemplarily shown for one P-3CR (in Figure 4) in comparison with the AB building
block. According to the vanishing of the characteristic NC stretching vibration around
2250 cm’! after 12 hours and the observation of the N-H vibration around 3330 cm™,
and the formation of the C=0 vibration around 1600 cm™!, a quantitative conversion of

the isocyanide and the formation of the a-acyl amide was assumed.
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Figure 4: a) Synthesis scheme of the first Passerini product. b) Comparison of the IR spectra of the
building block M1 (red, upper graph) and Passerini product (black, lower graph).

P1, which is the pentamer with the a-methylphenyl side chain in the first position of
the side chain, was taken as example and analyzed thoroughly. During its synthesis, 2-
phenylpropionaldehyde was used in the first Passerini reaction, and isobutyl
propionaldehyde was used in subsequent Passerini reactions. Figure 5 shows the

characterization of the products obtained during the synthesis of the sequence-defined
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pentamer P1, including the structure of the sequence-defined pentamer P1 (Figure 5,
top) the SEC traces of all P-3CR products during the synthesis of P1 (Figure 5, bottom),
and the exact mass values found in ESI-MS experiments. As the number of repeating
units increases in the iterative synthesis process, the molecular weight of the oligomers
increases and thus also their hydrodynamic volume, as observed in the SEC traces
showing a decrease in retention time with increasing oligomer size (Figure 5). Detailed
characterization data of all oligomers formed in the described iterative synthesis is

provided in the chapter 6.3.1.
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Figure 5: SEC traces of monomer, dimer, trimer, tetramer and pentamer formed during the synthesis

process and the corresponding ESI-MS values.

Figure 6 shows the 'H-NMR spectrum of each product synthesized by P-3CR during
the synthesis of P1. Except for the first P-3CR product, the remaining products show
additional signals around 5.05-4.95 ppm for methine groups. This is due to the
implementation of the aldehyde groups in the P-3CR. Apart from this, there are no
significant differences in the other signals, which indicates that the chemical

environment of most other hydrogen atoms is similar during synthesis.
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Figure 6: The 'H-NMR of each Passerini product during the synthesis process.

Next, 'H, 3C-NMR and diffusion ordered- and IR spectroscopy, HR-ESI-MS and SEC
measurements of all products were preformed and evaluated. In summary, all analytic
data confirm that sequence-defined, uniform macromolecules were obtained.

Since pentamers P1 to PS are constitutional isomers to each other, their IR spectra are
very similar (Figure 7.a). However, due to the lack of a 2-phenylethyl side chain in PO,

I can be

a small difference in the aromatic C=C stretching vibration at 1535 cm’
observed (~2.5% difference in normalized signal intensity, Figure 7.b). This shows that
PO can be distinguished by IR spectroscopy, while P1 to PS cannot be distinguished by

this method.
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Figure 7: a) IR-spectrum of pentamers P0-P5 in the range from 4000 to 500 cm™'. b) IR vibrations at
1535 cm™.

Distinguishing P0 from P1 to P5 is obviously much easier by '"H NMR, as there is no
aromatic in side chain present in PO (Figure 8.e, signal c). In the range from 7.3 to 7.1
ppm of the '"H NMR spectra (Figure 8.b), additional aromatic signals for P1 to P5
compared to that of oligomer PO were observed. In the range from 5.5 to 4.9 ppm
(Figure 8.c), benzylic proton signal of the end group is observed at around 5.07 ppm.
Moreover, oligomers P1 to P5 show additional signals around 5.05-4.95 ppm for
methine groups (CH), marked yellow in Figure 8.e. The addition of the
2-phenylpropionaldehyde results in the formation of diastereomers and enantiomers.
Therefore, there are two doublet signals in the range of 5.5 - 4.9 ppm visible for P1 to
PS. The spectra of P1 to P4 show a higher consistency in comparison to that of PS5, for
which a shift to lower fields was observed (Figure 8.c), indicating that the 2-phenyl
ethyl moiety at the last position in P5 observed a different chemical environment than

for all other positions.
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Figure 8: a) 'H - NMR spectra of pentamers P0-P5 in the whole range. b) 'H-NMR signals between 7.4
- 7.1 ppm. ¢) '"H - NMR signals between 5.5 - 4.9 ppm. d) 'H-NMR signals between 2.4 - 2.1 ppm €)
Highlighted parts of molecule and assignment of the signals.

Interestingly, the retention time (peak maximum) of P1 to PS is 15.85 minutes,
indicating that the position of the phenethyl group has no effect on the hydrodynamic
volume on this oligomer series (Figure 9, inset). Comparing P1 to P5 with PO shows
that the introduction of an aromatic moiety results in a small but clear change in the
hydrodynamic volume of the oligomers, but its position cannot be distinguished by SEC.

(Figure 9).
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Figure 9: SEC traces of final oligomers.

To investigate the impact of the side-chains on the thermal properties,
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
conducted. The onset of decomposition observed by TGA of P1 to P5 ranged from 285
to 295 °C, and the decomposition end ranges from 490 to 495 °C, whereas the
decomposition end of P0 is 500°C. Thus, the pentamers with 2-phenylethyl group at
different position decompose at a somewhat lower temperature than P0. The remaining
mass of P0 is 5.8%, and the remaining mass of P1 to P5 is 2.5%. (Figure 10), thus, the
remaining mass of PO is a 3.2% higher than pentamers with 2-phenylethyl groups at
specific positions. The pentamers with 2-phenylethyl groups at different position were
more easily decomposed than P0. The slight differences between pentamers P1-P5
were within experimental error and show that a change of the position of the aromatic

moiety resulted in no measurable effect on the thermal stability.
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Figure 10: TGA of pentamers P0-PS.

Concerning differential scanning calorimetry (DSC), 7, values of each pentamer,
ranging from -26 to -20 °C (Figure 11) were observed, a clear relationship between the
presence and position of the aromatic moiety and the glass transition temperature was

not observed.
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Figure 11: DSC curves of pentamers P0-P5.
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In summary, it was found to be difficult to distinguish pentamers containing a 2-

pehnylethyl side chain by 'H-NMR, 3C-NMR, IR, GPC, ESI-MS or thermal properties.

4.1.3 Identification via ESI MS/MS

So far, using common analytical tools, P1 to P5 were indistinguishable. Since our group
has expertise in determination of the sequence of Passerini oligomers, MS/MS analysis
to decode the different oligomers were performed.?*’->** In Figure 12, the two observed
fragmentation pathways of the Passerini motif are shown, which were already reported
in a previous study from our group.’*® According to fragment ion notation of

1.,** the stearic acid moiety is labeled as a-end and the benzylester

Katzenmeyer et. a
as w-end. The fragments formed via an a-cleavage of the (C=0)-O ester bond, carrying
the a-end, are labeled as a or bi* for the acylium ions and y;* for the corresponding
protonated alcohols, where i is the number of the repeating unit of the macromolecule.
On the other side, a McLafferty-type rearrangement can occur, yielding the protonated
carboxylic acid ai* or the corresponding Michael-type fragment zj*. Since both
fragment pairs were detected for each of the repeating unit of the Passerini motif, the

structure of the pentamers P1-PS can be deciphered from the a-end (blue sphere) as

well as the w-end.

o T o 1
HO N,R v z' or | N’R
Rz M __— g H
R \ R OH—| H
a orb; a
NP . :

o

Figure 12: Proposed fragmentation pattern for the Passerini motif. On the left side, the a-cleavage of the
(C=0)-0 ester bond yielding the acylium ion or the corresponding protonated alcohol is shown. On the
right side, the McLafferty-type rearrangement yielding the protonated carboxylic acid or the Michael-
type fragment is depicted.

Since the pentamers P1-P5 exhibit the same chemical formula of C110Hig9Ns5O17, and
thus are of the same molecular weight of 1852.4078 g/mol, ESI-MS/MS analysis was

performed to differentiate the isomers according to their characteristic fragmentation
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Figure 13: a and b show MS/MS fragmentation patterns of P1 at m/z = 1853.4205 Da recorded in positive
mode. a) o-cleavage of the (C=0)-O bond (with an NCE of 19), b) cleavage via McLafferty
rearrangement (with an NCE of 20). ¢ and d show MS/MS fragmentation patterns of P5 at m/z =
1853.4165 Da recorded in positive mode. c) a-cleavage (with an NCE of 19), d) McLafferty
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rearrangement (with an NCE of 20).

Figure 13 exemplarily shows the mass spectra of P1 and P5 after fragmentation, similar
figures for all oligomers can be found in the supporting information. The fragmentation
points and the corresponding fragments are schematically depicted as red dashed lines
and colored spheres, respectively, which are assigned to the respective detected mass.
In Figure 13 a and c, the identification of the molecular structure according to the
MS/MS spectra observed from a-cleavage, or McLafferty rearrangement (Figure 13 b
and c¢) of P1 and PS5, is shown as an example for all synthetized pentamers. The detected
masses of all fragments are summarized in chapter 6.3.1. Thus, ESI-MS/MS
confirmed that five different and sequence-defined oligomers were obtained, which was

not possible via IR and NMR spectroscopy, SEC, ESI-MS or thermal analysis.
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4.2 Effects of component structure on macrocyclization via the Passerini

reaction

Abstract

Cyclic macromolecules find applications in pharmaceutical chemistry, materials
science and environmental science, among other fields, and can be synthesized by
intramolecular cyclization reactions. The isocyanide-based Passerini three-component
reaction (P-3CR) provides multifunctionalized compounds in a one-pot approach,
minimizing the total number of synthetic steps. Here, two series of five macrocyclic
compounds are described, in which the P-3CR was used to generate macrocyclic
compounds. The influence of the structure of the components on the formation of cyclic
compounds was explored, and it was found that cyclic macromolecules containing only
aliphatic chains could be synthesized more efficiently than macromolecules containing

carbazole units.

4.2.1 Synthesis and analysis of building block

To investigate a small scope of different building block structures for macrocycle
synthesis, two different diisocyanides were combined with five different diacids
(Scheme 24, bottom). As building blocks, one diisocyanide was synthesized from 9-
ethyl-9H-carbazole, thus containing a rigid backbone. Another diisocyanide was
obtained from hexyl-1,6-diamine with a more flexible aliphatic chain. Therefore, two
different diisocyanides with considerable structural differences were used, which
allows to investigate the effect of molecular flexibility on the synthesis of cyclic
macromolecules.

Carbazole has a highly conjugated structure, and its core structure allows for targeted
functionalization at various positions. The 9-ethyl-9H-carbazole molecule was
modified by nitration and subsequent reduction to form the diamine 3 (Scheme 22),
which was then converted to the diisocyanide 5 (Scheme 22) by the subsequent

formylation and dehydration of the corresponding diformamide 4 (Scheme 22).
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Scheme 22: Flow chart for the synthesis of 9-ethyl-3,6-diisocyano-9H-carbazole (5) from 9-ethyl-9H-

carbazole (1).

The nitrated carbazole was prepared by reacting carbazole with an acidic copper nitrate
solution. Purification was achieved via precipitation in water and washing with water,
methanol, and dichloromethane, yielding 80% of the product 2. Nitro compounds 2 are
reduced to amine compounds by hydrazine hydrate under the catalysis of Pd/C. The
crude product was purified by column chromatography and the product 3 was obtained
as grey solid with a yield of 60%. Mix product 3 with ethyl formate and reflux overnight.
Product 4 can be used without further purification. POCIl; acted as a dehydrating agent
to dehydrate N-formamide to get isocyanide. The crude product was purified by
filtration and column chromatography, and obtained a pink solid product 5 with a yield
of 45%.

The synthesis process was monitored by different characterization techniques, such as
NMR, IR, ESI-MS, and analyzing and comparing the results. Characterization data of
all products show in chapter 6.3.2.

Figure 14 shows the "TH-NMR of all intermediates in the synthesis of 5. The nitro group
is strongly electron-withdrawing, containing an oxidized nitrogen atom that forms a
large conjugated system with the benzene ring. Due to the mesmeric effect and the
electronegativity of the heteroatom, the electron density of the remaining hydrogen

atoms in the benzene ring decreases, that is, the corresponding signals shift to lower
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field. The isonitrile group decreases the electron group similarly to the nitro group in 2,
but to a lower extend.

The next intermediate 3 contains amino groups. Due to the p-m conjugation between the
unpaired electrons of the saturated heteroatom and the delocalized electrons of the
benzene ring, the electron density of the benzene ring increases, which is reflected in
the 'H-NMR spectrum by a shift of the peaks of the remaining hydrogen atoms of the

benzene ring to higher field.
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Figure 14: The 'H-NMR spectra of intermediates 2 and 3 and the final product 5.

Hydrogen atoms in formamides (especially N-H hydrogen) may undergo rapid
hydrogen exchange with surrounding solvent molecules (such as water or other
hydrogen-containing solvents). Since the rate of this hydrogen exchange is usually
faster than the time scale of nuclear magnetic resonance, this can lead even
disappearance of the N-H signal. Therefore, the 'H-NMR of the formamide 4 is not

shown.
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The reaction process can further be monitored with IR spectroscopy. In the aromatic
nitro compound 2, the v NO; asymmetric stretching vibration and symmetric stretching
vibration produce two strong peaks near 1540 cm™ and 1350 cm™!, respectively, with
the symmetric stretching vibration being stronger. In the diamine 3, the amino groups
exhibit a v N-H vibration between 3500 and 3100 cm™'. The formamide 3 shows a strong
absorption between 1680 and 1630 cm!, which is v C=0, and the coupling between N-
H stretching vibration and C-N stretching vibration causes the amide band, which can
be found at approximately 1570 to 1510 cm’!. Especially the appearance of the
characteristic NC stretching vibration near 2250 cm™ confirms the formation of the
product 5 (Figure 15) These data indicate that the target product 5 was successfully

synthesized.

//

-NHCHO
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Figure 15: The IR spectra of each step’s product.

In combination with spectroscopic methods which can confirm the presence of certain
functional groups, ESI-MS represents a useful tool to confirm the constitution of the
molecule. For the final product, an m/z value of 246.1025, which is close to the
calculated m/z of [M+H] "= 246.1026 can be found in ESI-MS (Figure 16). These data

indicate that the target product 5 was successfully synthesized.
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Figure 16: ESI-MS spectrum of diisocyanide 5.

Similarly, 1,6-diisocyanohexane was prepared from 1,6-N,N’-diformamido hexane by
formylation and subsequent dehydration, as was published by our group before.>®

(Scheme 23)

O _
ethyl formate )]\

A~~~ ~_NH
HoN 2 H

. N
60°C
6 H

7 O

Scheme 23: Flow chart for the synthesis of 1,6-diisocyanohexane.

Our team investigated and optimized a synthetic route for the conversion of N-
formamides to isocyanide. For aliphatic foramides, p-TsCl was the reagent of choice,
due to less toxic compared to other dehydration reagents and easier and greener access

to aliphatic isocyanide functionalities, the yields up to 98%.

4.2.2 Synthesis and analysis of cyclic macromolecules

Scheme 24 shows the synthesis plan of cyclic macromolecules using diisocyanides,
diacids and a monofunctional aldehyde as the Passerini-MiBs. Generally, depending of
the used components, two different cyclic macromolecules or more different cycles may

form.
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Scheme 24: Reaction scheme for the synthesis of macromolecules via the P-3CR (top) performed within

this work. The lower part of the scheme shows the investigated components.

Since high dilution favors the formation of macrocycles, the diacid component and the

diisocyanide were dissolved in dichloromethane (2 mM), the mixture was dropwise to

the mixture solution of isobutyraldehyde and dichloromethane over 24 h and reacted

last 96 hours at room temperature. The solvent was removed under reduced pressure.

The crude product was purified by multiple column chromatography to afford the final

product.

For the synthesis of carbazole-based macrocycles, diisocyanide 5 was reacted with

isobutyraldehyde and different diacids (see Scheme 25 for investigated structures).
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Scheme 25: P-3CR of carbazole-based diisocyanide 5 with isobutyraldehyde and different diacids,

allowing for the formation of macrocycles and polymeric species.

The crude products obtained after solvent removal were analyzed by SEC (see Figure
17.a). In all cases, a signal between 18.5 and 20.0 min can be observed, which is
assumed to correspond to a macrocyclic species. With increasing chain length of the
diacid involved, the signal is shifted to a lower retention time, related to a higher
hydrodynamic volume of the cyclic species. At the same time, the signals between 15
and 18.5 min indicate the formation of polymers. It is visible that shorter aliphatic
chains within the diacid led to an increased formation of polymers (see Figure 17.a).

In the final products, C3-CS containing longer chain diacids, a narrow signal assigned
to the macrocycle was obtained after multiple purifications by column chromatography
(see Figure 17.b). If the aliphatic chain of the dibasic acid was shorter on the other hand,
as in C1 and C2, repeated purification did not result in a successful isolation of the
cyclic macromolecules without polymers (see Figure 17.b). Thus, three of the five
macrocycles could be obtained and already this observation of practicable isolation
showed a clear correlation with size of the aliphatic R-group in Scheme 25. Moreover,
the narrow and monomodal SEC traces of C3-CS clearly show the high molecular
definition of the obtained cyclic compounds. From the SEC traces of the purified

compounds, also the retention times of the final macrocycles could be confirmed.
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Figure 17: a) SEC traces of crude products of the P-3CR of diisocyanides 5 with isobutyraldehyde and different
diacids. b) SEC traces of purified products.
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In order to obtain a quantitative measure of the ratio between macrocycle and polymer
formation, i.e. information regarding the macrocyclization selectivity, the SEC trace of
the crude products was fitted using a peak deconvolution method (see Figure 18 for an
example, i.e. for the formation of C4) in order to determine the content of cyclic

compounds in the crude product.

1.0 H C4
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Figure 18: Peak deconvolution of SEC chromatogram from crude product C4.

Product Polymeric species Cycle species
C1 76% 24%
C2 71% 29%
C3 65% 35%
C4 62% 38%
C5 70% 30%

Table 1: Determination of signal areas of polymeric products and macrocycles for products C1-C5 using

a peak deconvolution.

For an estimation of cyclic compound content, deconvoluted peaks were integrated and

a cyclic compound content is given as a percentage.
From ESI-MS measurements, it could be stated that the area at higher retention times

corresponds to dimeric cyclic macromolecules. Table 1 shows the ratios of both areas
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in the crude samples after peak deconvolution for all investigated diacids. The sample
containing the highest content of cyclic macromolecules was obtained by using azelaic
acid (C4), while the crude product synthesized by adipic acid contained only 24% of
the target molecule. ESI-MS confirmed the formation of macrocycles with “ring

selectivity”, shown in Table 2 together with the calculated yields after purification.

Diisocyanides 5 reacted in P-3CR

Diacid / Product Theoretical [MJrH]+ Experimental [H]+ yield
Adipic acid (C1) 1071.5421 n. d. 0%
Pimelic acid (C2) 1099.5751 1099.5727 0%
Suberic acid (C3) 1127.6063 1127.6063 5%
Azelaic acid (C4) 1155.6376 1155.6357 15%
Sebacic acid (C5) 1183.6689 1183.6657 7%

Table 2: Theoretical m/z values of the cyclic macromolecules and the values detected in ESI-MS, as well

as the final yield.

In each case, the reaction mixtures were purified by multiple column chromatography,
obtaining yields of 5% to 15% of the desired macrocyclic compounds, as shown in 6.3.2.
Here, the process of the purification of C4 is used as an example, with Figure 19
showing the SEC trace of the product obtained after each column chromatography
purification, and Table 3 showing the determination of signal areas of polymeric

products and macrocycles with a peak deconvolution.
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Figure 19: The mixtures of C4 were purified by 3 times column chromatography.

Peak deconvolution.

Operation Product Polymerlc Cyc_le
species species
Remove solvent Crude product 62% 38%
First column After first column 35% 65%
Cy:EA=7:3 ° °
Second column After twice
0, 0,
Cy:EA =46 column 11% 87%
Third column
0 0,
Cy:EA =55 C4 0% 100%

Table 3: Determination of signal areas of polymeric products and macrocycles for products using a peak
deconvolution after the purification step of C4.

As the number of purification steps increases, the signal area of the polymer product
gradually decreases, while the area of the macrocyclic product gradually increases until
it reaches 100%, obtaining a macrocyclic molecule with high purity.

To further confirm the successful formation of Passerini adducts, the isolated products
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were also characterized by infrared spectroscopy. The conversion of the diisocyanide 5
can be observed exemplarily from the IR spectrum of C4 from azelaic acid (Figure 20).
According to the disappearance of the characteristic NC stretching vibration near 2250
cm™! and the formation of the N-H vibration near 3330 cm™', quantitative conversion

can be assumed.
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Figure 20: Cyclic macromolecule C4 synthesized from diisocyanide 5, isobutyraldehyde and azelaic acid,

as well as comparison of the IR spectra of 5 (red, upper graph) and C4 (black, lower graph)

The product C4 with the highest yield in the crude reaction mixture is discussed here
as a model regarding macrocycle characterization. Figure 21 shows the 'H-NMR
spectrum of C4, with the signal assignment fitting to a dimeric macrocyclic structure.
The NMR data of C4 show the success by the appearance of characteristic signals and
appropriate integrals for the introduced amide protons after the P-3CR. When the
isocyanide is converted to a-acyloxy amide, the electron density of the remaining
hydrogen atom in the benzene ring increases slightly, and the spectral peaks of the

hydrogen atom in the benzene ring all shift to little higher fields.
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Figure 21: The assigned 'H-NMR spectrum of C4.

The formation of the cyclic product was also confirmed via ESI-MS measurements.
Figure 22 shows the ESI-MS spectrum of the C4. The assigned mass corresponds to the
protonated structure (1155.63 m/z) . No other cycle macromolecules larger or smaller

than C4 was found in other ranges.
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Figure 22: The ESI-MS spectrum of C4.
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According to the experimental results obtained, after analysis by 'H-NMR, *C-NMR,
IR and MS, cyclic macromolecules with two core units formed in all cases of C3-CS.

For a second set of investigated macrocycles, the aliphatic 1,6-diisocyanohexane 8, as
a more flexible replacement for S, was reacted with isobutyraldehyde and different

diacids to synthesize cyclic macromolecules (show in Scheme 26).

T

O
isobutyraldehyde

1,6-diisocyanohexane

’ C6: R = C4Hg C7:R = CsHig
(0] o
HO)LR*OH C8:R= C6H12 C9:R= C7H14 C10: R = C3H15

Scheme 26: Reaction of aliphatic 1,6-diisocyanohexane with isobutyraldehyde and different diacids.

As described before, SEC measurements were performed both for the crude products
and the purified product after one separation and purification by column
chromatography. The SEC traces of the crude products are shown in Figure 23.a, and
the SEC traces of the final products in Figure 23.b. In all cases, narrowly distributed
and highly pure compounds could be obtained after purification (see Figure 23.b).

In combination with the SEC traces of the isolated products, the area between 16- and
18-minutes retention time can be assumed to show oligomeric higher molecular weight
species. ESI-MS measurements indicated that the signals between 19 and 20 minutes
correspond to monomeric cyclic macromolecules, as shown in Scheme 25. This
represents a clear difference to the use of the carbazole-based diisocyanides S5, which

led to the formation of dimeric macrocycles C1-CS5.
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Figure 23: SEC traces of a.) crude and b.) purified products from the reaction of 1,6-iisocyanohexane 8

with isobutyraldehyde and different diacids, forming the products C6-C10.
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The product C6-C10 can be separated by one-time column chromatography to obtain a
high purity product.

In analogy to the carbazole-containing P-3CR products, the SEC traces of the crude
products were evaluated using peak deconvolution (Figure 24). Table 4 shows the ratio
of polymeric products to macrocyclic compounds after peak deconvolution and
integration. In case of the reaction with suberic acid, C8, the highest selectivity towards

the formation of the macrocyclic compound was observed.
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Figure 24: Peak fitting of SEC traces from crude products C8.

Product Polymeric species Cycle species
C6 69% 31%
C7 66% 34%
C8 63% 37%
C9 74% 26%
C10 76% 24%

Table 4: Determination of signal areas of polymeric products and macrocycles for products C6-C10 using
a peak deconvolution.

Figure 25 shows the IR spectra of the five purified products. All of them don’t display

a visible characteristic peak of the isocyanide peak near 2500 cm™' and show NH
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vibration peaks at 3300 cm™ as well as the C=0 stretching vibration at 1600 cm™'. This
hints at a successful P-3CR.
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Figure 25: IR spectra of purified products C6-C10.

One of these products is analyzed and presented as model herein for all prepared cycles.
Figure 26 shows the "TH-NMR spectrum of C8, showing the successful reaction by the
appearance of characteristic signals and appropriate integrals for the introduced amide
protons after the P-3CR. The saturated straight-chain structure, compared to the
carbazole structure, causes the peak of the adjacent NH atom to shift to a higher field.

Figure 27 shows the ESI-MS spectrum of C8. The assigned mass corresponds to the
protonated species (455.31 m/z) . No masses fitting to larger ring sizes were observed.

Data for C6, C7, C9 and C10 are reported in 6.3.2.
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Figure 26: '"H-NMR spectrum of C8, with the characteristic signals assigned.
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Figure 27: ESI-MS spectrum of C8.

72



Results and Discussion

According to the experimental results obtained, after testing and analysis by 'H-NMR,
BC-NMR, IR and MS, cyclic macromolecules with one core unit were formed in the

case of C6-C10.

4.2.3 Conclusion

Through the above two sets of experiments, macrocyclic compounds were synthesized
via the Passerini reaction using a rigid diisocyanide or a more flexible aliphatic structure
in combination with isobutyraldehyde and diacids of varying chain length.

It was found that using a carbazole-based diisocyanide led to the formation of dimeric
macrocyclic structures, of which C3-CS could be isolated in yields of 5-15%. The
structure of carbazole is relatively rigid and rotation is limited. This results in the
isocyanide groups at both ends being relatively fixed in position, thus geometrically
leading to larger cycles upon reaction with the diacids.

On the other hand, 1,6-diisocyanohexane and the selected diacids are both straight-
chain molecules that can rotate relatively easily in space. Therefore, the two ends can
more easily react with each other in order to enable ring-closure C6-C10. A clear and
pronounced trend on the macrocyclization selectivity depending on the used diacid was
not observed.

Regarding the same diacid, for instance comparing C3 and C8, cyclization selectivity
to the macrocycles of different size was also very comparable, leading to the overall
conclusion that the choice of diacid for cyclization was less important within the set of

herein investigated components.
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5 Conclusion

The P-3CR reaction is valuable for the synthesis of sequence-defined macromolecules.
For the synthesis of sequence-defined oligomers, a well-established iterative cycle was
used, consisting of a P-3CR and a deprotection step. Using stearic acid as the starting
acid, two different aldehydes (containing either an isopropyl or an a-methylphenyl
group) and the a-isocyano w-benzyl ester AB as building blocks, sequence-defined
pentameters with aromatic groups at specific positions in the prepared pentamers were
obtained via a one-pot growth process. The molecular structure and thermal properties
were investigated by NMR and IR spectroscopy, thermogravimetric analysis, HR-ESI-
MS, DSC and SEC analysis. These methods clearly showed that the analytical methods
could not distinguish between the obtained isomers. All products were analyzed by ESI-
MS/MS, where the fragmentation of the Passerini macromolecule always followed a
fixed scheme and two distinct fragmentation patterns were observed. The exact

structure was determined by detecting the two common fragment patterns.

In addition, the influencing factors for the synthesis of cyclic macromolecules were
investigated by varying the isocyanide component and the diacid component in P-3CR.
Here, two diisocyanides with different spatial structures and five diacids with different
chain lengths were introduced using isobutyraldehyde as the third component of the P-
3CR, and reacted at low concentrations for a long time. The crude products obtained by
simply removing the reaction solvent were subjected to SEC analysis and peak fitting.
Combined with the final product's SEC and ESI-MS, the final product was determined,
as well as its composition in the crude product, to explore the influence of the

component's structure on the selectivity towards macrocyclization.
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6 Experimental Section

6.1 Materials

11-Aminoundecanoic acid (>97%, Sigma Aldrich), ethyl formate (98+%, thermo
scientific), benzyl bromide (99%, abcr), pyridine (>98%, Acros Organics), 4-
toluenesulfonyl chloride (>99%, Acros Organics), Na;CO3 (>99%, Sigma Aldrich),
stearic acid (>97%, Sigma Aldrich), 2-phenylpropionaldehyde (98%, Sigma Aldrich),
palladium on activated charcoal (10% Pd basis, Sigma Aldrich), isobutyraldehyde
(>99%, Sigma Aldrich), cyclohexane (>99%, Fisher Chemical), hydrogen (>99.999%,
Air Liquide), sodium sulfate (>99% anhydrous, Acros Organics), silica gel 60 (Sigma
Aldrich), TLC silica gel F254 (Thin layer chromatography, Merck), dichloromethane
(>99%, Fisher Chemical), ethyl acetate (>99.5%, Fisher Chemical), methanol (>99%,
VWR Chemicals), ethanol (>99%, Fisher Chemical), triethylamine (99.9%, Acros
Organics), N-ethyl-carbazole (>97%, Sigma Aldrich), hydrazinium hydroxide (>99%,
Sigma Aldrich), phosphorus oxychloride (>99%, Sigma Aldrich), Acetic acid (technical
grade), Acetic anhydride (99.5%, Sigma Aldrich), Hexanedioic acid (>99%, Sigma
Aldrich), Heptanedioic acid (>99%, Sigma Aldrich), Octanedioic acid (>99%, Sigma
Aldrich), Nonanedioic acid (>99%, Sigma Aldrich), Decanedioic acid (>99%, Sigma
Aldrich), chloroform-d (CDCl3, 99.8 at% D, Armar Chemicals), DMSO-ds (99.9% at%
D, Fisher Chemical), dimethylformamide (>99%, VWR Chemicals). All solvents and

chemicals were used without further purification.
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6.2 Instrumentation

Nuclear Magnetic Resonance (NMR) Spectroscopy

"H NMR spectra were recorded using a Bruker Ascend spectrometer at 400 MHz with
16 scans and a delay time D of 1 s at 298 K. The chemical shift was reported in parts
per million (ppm) and referenced to characteristic signals of deuterated solvents, e.g.
DMSO-ds at 2.50 ppm or CDCls at 7.26 ppm. *C NMR spectra were recorded using a
Bruker Ascend spectrometer at 101 MHz with 1024 scans and a delay time D; of 2 s at
298 K. The chemical shift was reported in parts per million (ppm) and referenced to the
solvent signal of DMSO-ds at 39.52 ppm or CDClI3 at 77.16 ppm. Additionally, 2D
NMR methods, e.g. heteronuclear multiple quantum coherence (HMQC), heteronuclear
multiple bond correlation (HMBC) and correlated spectroscopy (COSY), were carried
out, if necessary, for signal assignment and structure elucidation. The following
abbreviations are used to describe the proton splitting pattern: s = singlet, d = doublet,

t = triplet, m = multiple. All coupling constants J are given in Hz and decreasing order.

Infrared Spectroscopy (IR)
Infrared spectra of the samples were recorded using a Bruker ALPHA attenuated total

reflection (ATR) IR spectrometer in a frequency range from 4000 to 400 cm .

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using a TGA Q5500 from TA instruments.
Smg of a sample was placed in a aluminum pan and heated from 25 to 600 °C under a
nitrogen atmosphere at a heating rate of 10 °C/min. The onset temperature (7onset) is the
temperature extrapolated at the intersection point of inflectional tangents to the

degradation curve.

Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a Mettler Toledo DSC 3 STARe system.
Aluminum crucibles (40 pL) were used to weigh a precise amount of each sample,
between 2 and 8 mg. Measurements were performed under nitrogen flow (50 mL min

1) in three consecutive heating-cooling cycles: from 25 to 200, 200 to -50, and -50 to
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200 °C. Ty values were determined as the onset of the transition in the second heating

cycle.

Electrospray Ionization with Mass Spectrometry (ESI-MS)

Electrospray ionization (ESI) experiments were recorded using a Q-Exactive (Orbitrap)
mass spectrometer (Thermo Fisher Scientific) equipped with a HESI II probe to record
high resolution spectra. This mass spectrometer is equipped with an atmospheric
pressure ionization source operating in the nebulizer assisted electrospray mode. The
instrument was calibrated in the m/z-range 150-2000 using a standard containing
caffeine, Met-Arg-Phe-Ala acetate (MRFA) and a mixture of fluorinated phosphazenes
(Ultramark 1621, all from Sigma Aldrich). A constant spray voltage of 3.5 kV, a
dimensionless sheath gas of 6, and a sweep gas flow rate of 2 were applied. The
capillary voltage and the S-lens RF level were set to 68.0 V and 320 °C, respectively.
For the interpretation of the spectra, molecular peaks [M]", peaks of pseudo molecules
[M+H]" and [M+Na]" characteristic fragment peaks are indicated with their mass to
charge ratio (m/z) and their intensity in percent, relative to the most intense peak
(100%). For the fragmentation of the compounds, the parent ion was preselected in the

quadrupole and fragmentated in the collision ion cell applying a collision energy (CE).

Size exclusion chromatography (SEC)

SEC measurements were performed using a PSS SECcurity? SEC-system with the
Agilent infinity 1260 II hardware. The system consists of a refractive index detector
SECcurity? RI, a column oven “(Bio)SECcurity? Column Chamber TCC6500", a
"standard SECcurity?" autosampler, and an isocratic pump "SECcurity? Isocratic Pump".
The used column system consists of two PSS SDV analytical columns (3 pm, 300 x 8.0
mm, 1000 A) with a PSS SDV analytical precolumn (3 pm, 50 x 8.0 mm). For the
calibration, narrow linear poly (methyl methacrylate) standards (Polymer Standards
Service, PSS, Germany) ranging from 2000 to 62200 Da were used. Anhydrous
tetrahydrofuran (THF) stabilized with 250 ppm butylated hydroxytoluene was used as
the mobile phase at a flow rate of 1.0 mL min"' and a temperature of 30 °C. The

compound samples were dissolved in THF at a concentration of 1 mg mL™! in the eluent
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and filtered over a 0.2 puL filter prior to the measurement.
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6.3 Experimental procedures

6.3.1 Accurate synthesis of pentamers with phenyl groups at specific

positions via Passerini reactions

Benzyl 11-isocyanoundecanoate (AB building block)

The AB building block was synthesized according to the reported procedure from Meier
etal.

In a 500 mL three necked flask, 15.0 g 11-aminoundecanoic acid (74.5 mmol, 1.00 eq.)
were suspended in 75 mL THF and 96.7 g benzyl alcohol (895 mmol, 12.0 eq.) were
added. The suspension was cooled in an ice bath and subsequently 16.5 mL thionyl
chloride (27.1 g, 231 mmol, 3.10 eq.) were added dropwise at 0 °C. After the addition
of thionyl chloride, the solution was warmed to room temperature and stirred overnight.
The yellow solution was then poured into 500 mL diethylether and stored in the freezer
for one hour. The product was then filtered off and dried under high vacuum. The 11-
(benzyloxy)-11-oxoundecan-1-aminium chloride was obtained as a white solid in a

yield of 90% (22g, 67 mmol).
O

" QMO
5 “@

Cl

The next step, in a 250 mL round bottom flask, 17.6 g 11-(benzyloxy)-11-oxoundecan-
I-aminium chloride (53.9 mmol, 1.00 eq.) were dissolved in 58.9 mL trimethyl
orthoformate (57.2 g, 539 mmol, 10.0 eq.) and heated to 100 °C for 12 hours. Trimethyl
orthoformate was removed under reduced pressure and benzyl 11-
formamidoundecanoate was obtained in quantitative yield (17.24 g, 53.9 mmol).

H)]\N/\/\/\/\/\)J\O
O

H

In a 500 mL three necked flask, 17.2 g of benzyl 11-formamidoundecanoate (53.8 mmol,
1.00 eq.) were dissolved in 200 mL DCM and 24.7 mL diisopropylamine 8 (17.7 g, 167
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mmol, 3.10 eq.) were added and the reaction mixture was cooled to 0 °C. Subsequently,
6.54 mL phosphorus oxychloride (10.7 g, 69.9 mmol, 1.30 eq.) were added dropwise,
and the reaction mixture was then stirred at room temperature for two hours. The
reaction was quenched by addition of sodium carbonate solution (20 %, 75 mL) at 0 °C.
After stirring this mixture for 30 min, water (50 mL) and DCM (50 mL) were added.
The aqueous phase was separated, and the organic layer was washed with water (3 x 80
mL) and brine (80 mL). The combined organic layers were dried over sodium sulfate
and the solvent was evaporated under reduced pressure. The crude product was then
purified by column chromatography (cyclohexane / ethyl acetate 10:1 — 4:1). The
building block was obtained as slightly yellow oil in total yield of 51.4%. (8.35g,
27.7mmol)

'"H NMR: (400 MHz, CDCls): § / ppm = 7.44-7.27 (m, 5H, aromatic, '), 5.12 (s, 2H,
CHa, ?), 3.43-3.30 (m, 2H, CH>, ), 2.35 (t, J= 7.5 Hz, 2H, CHa, %), 1.72-1.60 (m, 4H,
2 CHy, °), 1.48-1.23 (m, 12H, 6 CHa, ©).

BC NMR: (400 MHz, CDCls): § / ppm = 173.63, 155.77, 155.72, 155.66, 136.18,
128.56, 128.18, 66.06, 41.62, 41.56, 41.50, 34.31, 29.28, 29.18, 29.11, 29.08, 28.68,
26.31, 24.94.

IR (ATR platinum diamond): v/cm™ =3033.9,2924.7, 2853.3,2144.2, 1728.1, 1450.6,
1380.8, 1345.6, 1155.1, 1095.2, 996.7, 913.8, 734.9, 692.2, 573.2, 495.2, 448 4.
ESI-MS m/z: [M+H]" calculated C19H2sNO> = 302.2015, found: 302.2110.
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General Methods

Passerini Reaction

The carboxylic acid component (1.0 eq.) was dissolved in dichloromethane (1.0 M) and
isobutyraldehyde (or 2-phenylpropionaldehyde) (1.5 eq.) and the AB building block
(1.5 eq.) were added. The mixture was stirred at room temperature for 24 hours and
subsequently, the solvent was removed under reduced pressure. The crude product was
purified by column chromatography to afford the Passerini product.

Deprotection

The benzyl ester was dissolved in a 2:1 mixture of ethyl acetate and methanol (0.5 M)
and palladium on activated charcoal (9 wt%) were added. Subsequently, the mixture
was purged with hydrogen (balloon) and stirred under a hydrogen atmosphere overnight.
The heterogeneous catalyst was filtered off, and the solvent was evaporated under

reduced pressure. The product was used without any purification.

83



Experimental Section

Passerini reaction (1a of P1)

0
0 o (0] 'Tl (0]
" “OH ~o c* 9 0 o}
1a

Product 1a was obtained as a white solid in a yield of 94% (6.88 g).

'"H NMR (400 MHz, DMSO-ds) & / ppm: 7.94 — 7.86 (m, 1H, NH, 1), 7.36 — 7.15 (m,
10H, aromatic, %), 5.07 (s, 2H, CH», ), 5.03 —4.97 (2d, J* = 7.7Hz, J’ = 4.7 Hz, 1H, 1
CH, *),3.32-3.16 (m, 1H, 1 CH, 5), 3.05—2.93 (m, 2H, 1 CH», %), 2.35 - 2.17 (m, 4H,
2 CH, "), 1.57 - 1.17 (m, 49H, 23 CH>, 1 CH3, ®), 0.86 — 0.83 (t, 3H, 1 CH3, °).

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.71, 172.16, 172.08, 167.96, 167.78,
142.35, 142.22, 136.28, 128.37, 128.05, 127.99, 127.93, 127.87, 127.71, 127.64,
126.48, 126.39, 77.06, 76.82, 65.24, 40.90, 40.55, 38.24, 33.45, 33.39, 33.36, 31.27,
29.01,28.93, 28.88, 28.83, 28.80, 28.69, 28.65,28.61, 28.41, 28.27,28.19, 26.21, 26.19,
24.45,24.26,22.07, 17.90, 14.78, 13.91.

IR (ATR platinum diamond): v [em™'] =3309.6,2922.9,2852.9, 1738.1, 1657.8, 1536.5,
1454.2,1378.1, 1230.1, 1158.1, 1112.8, 1022.3, 911.2, 748.7, 697.3, 577.9, 536.8.
ESI-MS m/z: [M+H]" calculated for C46H73NOs = 720.5562, found: 720.5560.
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Deprotection (2a of P1)
9, \/@ PIC, H, 9,
o | o (0] | OH
(0] (0] 0] 0]
1a 2a

Product 2a was obtained in quantitative yield as a white solid (5.23g)

'"H NMR (400 MHz, DMSO-ds) & / ppm: 7.94 — 7.86 (m, 1H, NH, !), 7.29 — 7.16 (m,
5H, aromatic, ), 5.03 —4.96 (2d, 2 =7.7 Hz, J’=4.7 Hz, 1H, 1 CH, 3), 3.21 —=3.17 (m,
1H, 1 CH, %), 3.02 — 2.95 (m, 2H, 1 CHy, %), 2.33 — 2.16 (m, 4H, 2 CH>, ), 1.50 — 1.16
(m, 49H, 23 CH,, 1 CH3, "), 0.86 — 0.83 (t, 3H, 1 CH3, ¥).

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.15, 172.08, 167.97, 167.79, 142.35,
142.23, 128.05, 127.98, 127.73, 127.64, 126.47, 126.39, 77.06, 76.82, 40.91, 40.57,
38.27,33.66,33.41,33.38,31.30, 29.04, 28.96, 28.92, 28.88, 28.83, 28.78, 28.72, 28.67,
28.65, 28.58, 28.30, 28.22, 26.23, 24.50, 24.28, 17.90, 14.78, 13.91.

IR (ATR platinum diamond): v [em™'] = 3305.5,2920.8, 2852.9, 1738.1, 1709.3, 1649.6,
1540.6, 1454.2, 1378.1, 1230.1, 1160.1, 1112.8, 1022.3, 911.2, 763.1, 719.91, 699.3,
538.9.

ESI-MS m/z: [M+H]" calculated for C30Hg7NOs = 630.5092, found: 630.5083.
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Passerini reaction (3a of P1)

W%W YO+ N/\M”x&@

P 3CR

W%Wﬁwp

The target product 3a was obtained as a white solid in a yield of 89% (7.159)

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.92 — 7.83 (m, 2H, 2 NH, '), 7.38 — 7.16 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHy, 3), 5.03 — 4.96 (2d, *=7.7Hz, J° = 4.7Hz, 1H,
1CH, %), 4.66 (d, J=5.1 Hz, 1H, 1CH, ), 3.29 — 3.15 (m, 1H, 1CH, °), 3.06 — 2.98 (m,
4H,2 CHa,7),2.38 = 2.17 (m, 6H, 3 CHa, ®), 2.08 —2.03 (m, 1H, 1 CH, °), 1.54 — 1.14
(m, 65H, 31 CHz, 1 CHs, '°), 0.87 — 0.83 (m, 9H, 3 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.71, 172.44, 172.16, 172.08, 168.37,
167.98, 167.80, 142.35, 142.22, 136.29, 128.38, 128.05, 127.99, 127.94, 127.88,
127.72, 127.64, 126.48, 126.40, 77.39, 77.07, 76.82, 65.24, 40.91, 40.56, 38.25, 38.18,
33.46,33.41,31.29,29.87,29.02, 28.94, 28.91, 28.84, 28.79, 28.70, 28.65, 28.42, 28.29,
28.21,26.23, 24.46, 24.41, 24.27, 22.09, 18.58, 17.90, 17.10, 14.77, 13.91.

IR (ATR platinum diamond): v [em™']=3305.5,2922.9,2852.9, 1738.1, 1655.8, 1534.5,
1456.3,1376.1, 1230.1, 1158.1, 1110.7, 1003.8, 911.2, 721.9, 697.3, 577.9, 536.8.
ESI-MS m/z: [M+H]" calculated for Cs2H102N20g = 1003.7709, found: 1003.7700.
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Deprotection (4a of P1)
ol O
e tieptine
o) 0 o)

Pd/C, H, | it

o) o)
H H
o) o) 0
The target product 4a was obtained in quantitative yield as a white solid (4.81g).

"H NMR (400 MHz, DMSO-de) & / ppm: 7.93 — 7.83 (m, 2H, 2 NH, '), 7.27 — 7.15 (m,
5H, aromatic, ), 5.03 —4.97 (2d, *=7.7 Hz, J’=4.6 Hz, 1H, 1 CH, ?), 4.66 (d, J=5.1
Hz, 1H, 1 CH, %), 3.21 — 3.17 (m, 1H, 1 CH, °), 3.07 — 2.97 (m, 4H, 2 CH>, °), 2.39 —
2.15 (m, 6H, 3 CH,, 7), 2.08 — 2.04 (m, 1H, 1 CH, ®), 1.53 — 1.17 (m, 65H, 31 CHa, 1
CHs, %), 0.88 — 0.83 (m, 9H, 3 CH3, '9).

3C NMR (101 MHz, DMSO-ds) & / ppm: 174.43, 172.15, 168.36, 167.97, 167.78,
128.05, 127.98, 127.72, 127.64, 126.48, 126.39, 77.38, 77.06, 76.82, 40.90, 40.55,
38.25, 38.19, 33.65, 33.40, 31.28, 29.87,29.02, 28.94, 28.91, 28.84, 28.75, 28.70, 28.62,
28.56,28.43,28.28, 28.20, 26.25, 24.49, 24.40, 24.27,22.08, 18.58, 17.90, 17.09, 14.78,
13.91.

IR (ATR platinum diamond): v [cm™'] =3305.5,2922.9, 2852.9, 1740.1, 1651.7, 1538.6,
1462.5, 1369.9, 1230.0, 1164.2, 1110.7, 1020.2, 963.1, 763.1, 699.3, 649.9, 538.9.
ESI-MS m/z: [M+H]" calculated for CssHosN2Os = 913.7239, found: 913.7232.
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Passerini reaction (5a of P1)
o o
o) ! o) ! OH o
N N N +

4a
P-3CR
(0}

The target product 5a was obtained as a yellow oil in a yield of 88% (4.929).

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.94 — 7.83 (m, 3H, 3 NH, '), 7.38 — 7.16 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHa, %), 5.03 — 4.96 (2d, J* =7.7Hz, J° = 4.6Hz, 1H,
1CH, %), 4.65 (d, J=5.1 Hz, 2H, 2CH, ), 3.27 — 3.15 (m, 1H, 1CH, °), 3.06 — 2.98 (m,
6H, 3 CHa, "), 2.38 —2.17 (m, 8H, 4 CH>, ®), 2.10 — 2.03 (m, 2H, 2 CH, °), 1.54 — 1.17
(m, 81H, 39 CH», 1 CHs, '%), 0.87 — 0.78 (m, 15H, 5 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.71, 172.44, 172.15, 172.08, 168.36,
167.97, 142.35, 128.37, 128.05, 127.99, 127.93, 127.88, 127.72, 127.63, 126.47, 77.39,
77.07,76.82, 65.24, 40.90, 40.55, 38.25, 33.45, 33.40, 31.28, 29.86, 29.01, 28.93, 28.90,
28.83,28.79,28.69, 28.42, 28.28, 28.20, 26.23, 24.45, 24.40, 24.27, 18.58, 17.90, 17.09,
14.77.

IR (ATR platinum diamond): v [em™']=3305.5,2922.9,2852.9, 1738.1, 1653.8, 1536.5,
1456.3,1369.9, 1232.1, 1158.1, 1110.7, 1003.8, 917.4, 721.9, 697.3, 577.9, 536.8.
ESI-MS m/z: [M+H]" calculated for C7sH;31N301; = 1286.9856, found: 1286.9870.
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Experimental Section

Deprotection (6a of P1)
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The target product 6a was obtained in quantitative yield as a white solid. (4.239)

"H NMR (400 MHz, DMSO-de) & / ppm: 7.93 — 7.83 (m, 3H, 3 NH, '), 7.26 — 7.15 (m,
5H, aromatic, 2),5.03 —4.97 (2d, 2 =7.7Hz, J* = 4.6Hz, 1H, 1CH, ?), 4.66 (d, J=5.0
Hz, 2H, 2CH, %), 3.21 — 3.17 (m, 1H, 1CH, °), 3.07 — 2.97 (m, 6H, 3 CHa, ©), 2.38 —
2.15 (m, 8H, 4 CH, 7), 2.07 — 2.02 (m, 2H, 2 CH, ®), 1.53 — 1.17 (m, 81H, 39 CHa, 1
CHs, %), 0.88 — 0.83 (m, 15H, 5 CH3, '°).

3C NMR (101 MHz, DMSO-ds) & / ppm: 174.43, 172.42, 172.13, 172.05, 168.36,
167.96, 167.79, 142.34, 142.22,128.03, 127.97, 127.71, 127.63, 126.46, 126.38, 77.38,
77.06,76.81,40.91,40.55, 38.25, 38.19, 33.68, 33.41,31.29,29.87,29.03, 28.95, 28.85,
28.76,28.71,28.58,28.43,28.29, 28.21, 26.25, 24.50, 24.40, 24.27,22.09, 18.58, 17.88,
17.08, 14.76, 13.90.

IR (ATR platinum diamond): v [cm™'] =3305.5,2922.9, 2852.9, 1740.1, 1651.7, 1538.6,
1464.5, 1371.9, 1232.1, 1162.2, 1110.7, 1009.9, 921.5, 763.1, 721.9, 699.3, 577.9,
536.8.

ESI-MS m/z: [M+H]" calculated for C7:Hi2sN3011 = 1196.9387, found: 1196.9393.
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Experimental Section

Passerini reaction (7a of P1)
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The target product 7a was obtained as a yellow oil in a yield of 92% (5.059).

'H NMR (400 MHz, DMSO-ds) & / ppm: 7.91 — 7.83 (m, 4H, 4 NH, !), 7.38 — 7.17 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHa, %), 5.03 — 4.97 (2d, *=7.7Hz, J°=4.7 Hz, 1H,
1CH, %), 4.66 (d,J= 5.0 Hz, 3H, 3 CH, °), 3.27 - 3.17 (m, 1H, 1 CH, ), 3.06 — 2.97 (m,
8H, 4 CHz, 7), 2.38 —2.17 (m, 10H, 5 CHa, ®), 2.10 - 2.02 (m, 3H, 3 CH, %), 1.52 - 1.17
(m, 97H, 47 CH», 1 CHs, '%), 0.87 — 0,84 (m, 21H, 7 CH3, '1).

3C NMR (101 MHz, DMSO-ds) & / ppm: 172.69, 172.41, 172.12, 168.35, 167.96,
167.77, 142.33, 142.21, 136.27, 128.36, 128.03, 127.96, 127.86, 127.70, 127.62, 77.37,
77.05, 76.80, 65.23, 40.90, 40.54, 38.24, 38.17, 33.44, 33.39, 31.28, 29.85,29.01, 28.93,
28.90,28.78, 28.69, 28.42, 28.28, 28.20,26.24, 24.44,24.39, 24.26, 18.57,17.88, 17.07,
14.76, 13.90.

IR (ATR platinum diamond): v [cm™'] =3305.5,2922.9, 2852.9, 1738.1, 1653.7, 1534.5,
1464.5, 1369.9, 1236.2, 1162.2, 1110.7, 1003.8, 921.5, 721.9, 699.3, 647.9, 538.9,
409.3.

ESI-MS m/z: [M+H]" calculated for CosH160N4O14 = 1570.2204, found: 1570.2025.

e SN——— e e
o] 0 1 01 0 1
H H H 2
NG PN NWO 5 NMO NMO 5 E%o\/@}
045 1078 10%8 104 10% 3
5 O 3 o _5 o 5 o]
10 }2 1711 11711 1 1M1

65 6.0 55 50 45 40 3.5
S (ppm)

90



Experimental Section

Deprotection (8a of P1)
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The target product 8a was obtained in quantitative yield as a white solid. (3.859).

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.93 — 7.84 (m, 4H, 4 NH, '), 7.26 — 7.15 (m,

5H, aromatic, 2), 5.03 —4.97 (2d, J*=7.7Hz, J’=4.7Hz, 1H, 1 CH, ?), 4.66 (d, J= 5.0

Hz, 3H, 3 CH, %), 3.28 —3.17 (m, 1H, 1 CH, ), 3.08 — 2.97 (m, 8H, 4 CH,, %), 2.38 —
2.15 (m, 10H, 5 CHz, 7), 2.08 —2.02 (m, 3H, 3 CH, ®), 1.53 — 1.17 (m, 97H, 47 CH,, 1

CHs, %), 0.87 — 0.82 (m, 21H, 7 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 174.42, 172.42, 172.13, 172.05, 168.37,

167.97,167.79, 142.34, 142.22, 128.04, 127.97, 127.71, 127.63, 126.46, 126.38, 77.38,

77.06,76.81,40.91, 40.56, 38.25, 38.19, 33.66, 33.40, 31.29, 29.87, 29.03, 28.95, 28.85,
28.76,28.68,28.57,28.43,28.29, 28.21, 26.25,24.49, 24.40, 24.27,22.09, 18.58, 17.88,
17.08, 14.76, 13.90.

IR (ATR platinum diamond): v [em™']=3309.6, 3089.5,2922.9, 2852.9, 1740.1, 1651.7,
1536.5, 1462.5, 1369.9, 1234.1, 1160.1, 1110.7, 1007.9, 921.5, 761.1, 719.9, 699.3,

647.9, 540.9, 409.3.

ESI-MS m/z: [M+H]" calculated for Cs7Hi54N4O14 = 1480.1534, found: 1480.1534.
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Experimental Section

Passerini reaction to synthesize P1
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P1 was obtained as a yellow oil in a yield of 91% (4.05g).

'H NMR (400 MHz, DMSO-ds) & / ppm: 7.92 — 7.83 (m, 5H, 5 NH, !), 7.38 — 7.17 (m,

10H, aromatic, %), 5.07 (s, 2H, 1 CHz, 3), 5.03 — 4.96 (m, J* = 7.7Hz, J°= 4.6Hz, 1H, 1

CH, %), 4.65 (d,J=5.1 Hz, 4H, 4 CH, 5), 3.21 —3.17 (m, 1H, 1 CH, °), 3.06 — 2.97 (m,

10H, 5 CHy, 7), 2.38 — 2.17 (m, 12H, 6 CH>, ®), 2.10 — 2.02 (m, 4H, 4 CH, °), 1.54 —
1.18 (m, 115H, 56 CH», 1 CHs, '°), 0.89 — 0.73 (m, 27H, 9 CH3, ).

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.70, 172.42, 168.36, 142.22, 136.28,

128.37, 128.04, 127.93, 127.87, 127.71, 127.63, 77.38, 65.24, 59.73, 38.18, 33.40,

31.28,29.86,29.01,28.93, 28.90, 28.83, 28.79, 28.69, 28.67, 28.64, 28.42, 24.45,22.08,
17.89, 17.08, 14.77, 14.07, 13.91.

IR (ATR platinum diamond): v [em™]=3303.4,2922.9,2852.9, 1738.1, 1653.7, 1534.5,
1462.5, 1369.9, 1236.2, 1162.2, 1110.7, 1005.8, 923.6, 721.9, 699.3, 644.9, 538.9,

413.4.

ESI-MS m/z: [M+H]" calculated for C110His9N5O17 = 1853.4151, found: 1853.4168.
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Experimental Section

Passerini reaction (1b of P2)
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The target product 1b was obtained as a white solid in a yield of 95% (8.74g).

'"H NMR: (400 MHz, CDCls) & / ppm: 7.39 — 7.29 (m, 5H, aromatic, '), 5.92 (t, J =
5.9Hz, 1H, NH, ?), 5.11 (s, 2H, CHa, %), 5.07 — 5.06 (d, J= 4.4 Hz, 1H, CH, ), 3.30 —
3.18 (m, 2H, CH,, %), 2.42 — 2.26 (m, 5H, CH, 2 CH>, ©), 1.70 —1.25 (m, 46H, 23 CH,,
7), 0.95 — 0.86 (m, 9H, 3 CH3, ®).

3C NMR (101 MHz, CDCls3) § / ppm: 173.80, 172.67, 169.39, 136.28, 128.67, 128.29,
78.03, 66.20, 39.28, 34.46, 32.06, 30.65,29.84,29.82, 29.79, 29.74,29.72, 29.61, 29.57,
29.50,29.48,29.41,29.34,29.31,29.24, 26.98,25.19, 25.07, 22.83, 18.92, 17.06, 14.26.
IR (ATR platinum diamond): v [cm™]=3260.2, 2916.7, 2848.8, 1742.2, 1649.6, 1567 4,
1466.6, 1384.3, 1254.0, 1160.1, 1104.0, 993.5, 927.7, 721.7, 695.2, 580.0, 485.4.
ESI-MS m/z: [M+H]" calculated for C41H71NOs = 658.5405, found: 659.5404.
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Experimental Section

Deprotection (2b of P2)
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The target product 2b was obtained in quantitative yield as a white solid. (6.76 g)

'H NMR: (400 MHz, CDCl3) & / ppm: 6.01 - 5.99 (t, J= 5.9 Hz, 1H, NH, '), 5.06 —
5.05(d, J=4.4 Hz, 1H, CH, ?), 3.64— 3.20 (m, 2H, CHa, %), 2.42 —2.29 (m, 5H, 2 CHa,
CH, %), 1.68 — 1.25 (m, 46H, 23 CH>, %), 0.93 — 0.86 (m, 9H, 3 CH3, ).

3C NMR (101 MHz, CDCl3) & / ppm: 179.19, 172.75, 169.54, 78.04, 39.31, 34.45,
32.06,30.63,29.83,29.79, 29.74, 29.65, 29.60, 29.49, 29.41, 29.39, 29.30, 29.26, 29.25,
29.16,26.93, 25.18, 24.95, 22.82, 18.90, 17.07, 14.25.

IR (ATR platinum diamond): v [cm™]=3282.8,2916.7, 2848.8, 1742.2, 1703.1, 1651.7,
1542.7, 1466.6, 1369.9, 1293.8, 1234.1, 1213.6, 1190.9, 1162.2, 1112.8, 1011.9, 927.7,
721.9, 676.7, 475.1.

ESI-MS m/z: [M+H]" calculated for C3sHesNOs = 568.4936, found: 568.4938.
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Experimental Section

Passerini reaction (3b of P2)
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The target product 3b was obtained as a white solid in a yield of 89% (6.24 g)

'H NMR (400 MHz, DMSO-ds) & / ppm: 7.94 — 7.83 (m, 2H, 2 NH, !), 7.38 — 7.15 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHa, ®), 5.03 — 4.97 (2d, J*= 7.7 Hz, J°= 4.7 Hz, 1H,
1CH, %), 4.66 (d,J= 5.1 Hz, 1H, 1CH, %), 3.29 — 3.16 (m, 1H, 1CH, 9), 3.09 — 2.94 (m,
4H,2 CH,, "), 2.38 —2.17 (m, 6H, 3 CHa, ®), 2.09 — 2.05 (m, 1H, 1CH, °), 1.55 - 1.17
(m, 65H, 31 CH,, 1 CH3, '), 0.88 — 0.83 (m, 9H, 3 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.73, 172.46, 172.15, 168.39, 167.98,
167.81, 142.35, 142.22, 136.29, 128.38, 128.06, 127.99, 127.94, 127.88, 127.72,
127.64, 126.49, 126.41, 77.42, 77.07, 76.81, 65.25, 40.93, 40.56, 38.26, 38.19, 33.46,
33.40,31.30,29.87,29.02, 28.94, 28.88, 28.70, 28.42, 28.39, 28.34, 26.25,26.21, 24.47,
24.40, 24.29, 22.09, 18.59, 17.91, 17.12, 14.74, 13.92.

IR (ATR platinum diamond): v [em™]=3307.5,3031.8,2922.9, 2852.9, 1738.1, 1655.8,
1536.5, 1456.3, 1374.0, 1232.1, 1160.1, 1110.7, 1003.7, 913.3, 724.1, 697.3, 645.9,
538.9,411.4.

ESI-MS m/z: [M+H]" calculated for Cs2H102N20s = 1003.7709, found: 1003.7695.
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Experimental Section

Deprotection (4b of P2)
o H o H Q H 2 H
W%NwoﬁNWOVG "d’:’ ”zﬁwiﬁNw0§Nw°H
3b 4b

The target product 4b was obtained in quantitative yield. (3.97 g)

"H NMR (400 MHz, DMSO-dc) & / ppm: 7.94 —7.83 (m, 2H, 2 NH, !), 7.29 — 7.15 (m,

5H, aromatic, 2), 5.03 —4.97 (2d, *=7.6 Hz, J’=4.7 Hz, 1H, 1CH, %), 4.66 (d, J=5.1

Hz, 1H, ICH, %), 3.27-3.11 (m, 1H, 1CH, °), 3.07 —2.92 (m, 4H, 2 CH>, %), 2.38 - 2.16
(m, 6H, 3 CHaz, 7), 2.06 — 2.04 (m, 1H, 1 CH, ®), 1.54 — 1.08 (m, 65H, 31 CHa, 1 CHs,
%), 0.88 — 0.83 (m, 9H, 3 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 174.45, 172.46, 172.15, 172.08, 168.40,

167.99, 167.81, 142.35, 142.22, 128.06, 127.99, 127.73, 127.65, 126.50, 126.42, 77.42,
77.07,76.82,40.94,40.58, 38.28, 38.20, 33.67, 33.41, 31.31, 29.87, 29.04, 28.96, 28.89,
28.78,28.72,28.59, 28.40, 28.26,26.26,24.51, 24.41,24.30,22.11, 18.59, 17.91, 17.12,
14.75, 13.92.

IR (ATR platinum diamond): v [cm™'] =3299.3, 2922.9, 2852.9, 1740.1, 1651.7, 1538.6,
1464.5, 1369.9, 1232.1, 1160.1, 1110.7, 1020.2, 911.2, 763.1, 721.9, 699.3, 645.9,
538.9,413.4.

ESI-MS m/z: [M+H]" calculated for CssHosN2Os = 913.7239, found: 913.7224.
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Experimental Section

Passerini reaction (5b of P2)

The target product 5b was obtained as a white solid in a yield of 88% (4.52 g)

'"H NMR (400 MHz, DMSO-dc) & / ppm: 7.92 — 7.83 (m, 3H, 3 NH, !), 7.38 — 7.15 (m,
10H, aromatic, 2), 5.07 (s, 2H, 1 CHa, %), 5.03 — 4.97 (2d, 2= 7.6Hz, J°= 4.6Hz, 1H,
1CH, %), 4.65 (d,J=5.1Hz 2H, 2 CH, °), 3.27 - 3.17 (m, 1H, 1 CH, ), 3.05 - 2.93 (m,
6H, 3 CHy, 7), 2.38 — 2.17 (m, 8H, 4 CHa, ), 2.08 — 2.02 (m, 2H, 2 CH, °), 1.56 — 1.17
(m, 81H, 39 CH», 1 CHs, '%), 0.88 — 0.83 (m, 15H, 5 CH3, '!).

3C NMR (101 MHz, DMSO-ds) & / ppm: 172.70, 172.43, 172.12, 172.05, 168.36,
167.95, 167.78, 142.33, 142.21, 136.28, 128.36, 128.04, 127.87, 127.71, 127.62,
126.46, 77.39, 76.80, 65.24, 40.91, 40.55, 38.25, 38.18, 33.45, 33.39, 31.28, 29.86,
29.01, 28.90, 28.86, 28.79, 28.70, 28.64, 28.41, 28.38, 28.23, 26.23, 24.45, 24.39, 24.27,
22.08,18.57,17.89, 17.11, 14.72, 13.90.

IR (ATR platinum diamond): v [cm™'] =3305.5,2922.9, 2852.9, 1738.1, 1651.7, 1536.5,
1456.3, 1369.9, 1232.1, 1160.1, 1108.7, 1003.8, 915.3, 763.1, 721.9, 697.3, 647.9,
538.9, 409.3.

ESI-MS m/z: [M+H]" calculated for C78Hi31N3011 = 1286.9856, found: 1286.9856.
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Experimental Section

Deprotection (6b of P2)
0 u 7 H D u \/@
WOILNWOIEN 8 OJ\*&WO
o) o) 0 o)
5b
t

Pd/C, H, l rt.
(0] H (0] H (0] H
MTS\C[)I/O/\&LN/\MB/\[O]/O iﬁwfﬁwOH
6b

The target product 6b was obtained in quantitative yield as a white solid (2.949).

"H NMR (400 MHz, DMSO-de) & / ppm: 7.94 — 7.84 (m, 3H, 3 NH, '), 7.26 — 7.16 (m,
5H, aromatic, %), 5.03 —4.97 (2d, *=7.6 Hz, J’=4.7 Hz 1H, 1 CH, %), 4.66 (d, J= 5.0
Hz, 2H, 2 CH, %), 3.27 - 3.21 (m, 1H, 1 CH, °), 3.05 — 2.96 (m, 6H, 3 CH>, °), 2.39 —
2.16 (m, 8H, 4 CH,, 7), 2.11 — 2.04 (m, 2H, 2 CH, ®), 1.55 — 1.17 (m, 81H, 39 CHa, 1
CHs, %), 0.88 — 0.83 (m, 15H, 5 CH3, '%).

3C NMR (101 MHz, DMSO-ds) & / ppm: 174.43, 172.44, 172.13, 172.05, 168.37,
167.96, 167.78, 142.34, 142.21, 128.04, 127.98, 127.72, 127.63, 126.48, 77.39, 77.05,
76.80,40.92,40.56, 38.26, 38.18, 33.65, 33.40, 31.29, 29.86, 29.02, 28.94, 28.87, 28.70,
28.57,28.43,28.23,26.25, 24.49, 24.39, 24.28, 22.08, 18.58, 17.89, 17.11, 17.09, 14.73,
13.91.

IR (ATR platinum diamond): v [em™']=3301.3,2922.9,2852.9, 1740.1, 1651.7, 1538.6,
1464.5, 1369.9, 1232.1, 1162.2, 1110.7, 1011.9, 921.5, 763.1, 721.9, 699.3, 649.9,
538.9,411.4.

ESI-MS m/z: [M+H]" calculated for C71Hi2sN3011 = 1196.9387, found: 1196.9365.
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Experimental Section

Passerini reaction (7b of P2)
o 0 0
e ® 0 ) *o 7 WAO ¥ gaﬁAMjLOA()

6b i

P-3CR
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(o) I (0} I 0 I (0] I (0]
7b

The target product 7b was obtained as a yellow oil in a yield of 92% (2.88g).

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.94 — 7.83 (m, 4H, 4 NH, '), 7.38 = 7.17 (m,
10H, aromatic, %), 5.06 (s, 2H, 1 CHa, %), 5.03 —4.97 (2d, *="7.7 Hz, J’= 4.8 Hz, 1H,
1CH, %), 4.66 (d, J= 5.0 Hz, 3H, 3 CH, °), 3.27—-3.17 (m, 1H, 1 CH, °), 3.08 —2.97 (m,
8H, 4 CH,, "), 2.38 —2.17 (m, 10H, 5 CHa, ®), 2.08 —2.03 (m, 3H, 3 CH, ), 1.54 - 1.17
(m, 97H, 47 CHz, 1 CHs, '°), 0.87 — 0,84 (m, 21H, 7 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.72, 172.43, 172.12, 172.05, 168.37,
167.96, 167.78, 136.28, 128.37, 128.04, 127.93, 127.87, 127.70, 127.62, 126.40, 77.38,
65.24,40.79, 38.18, 33.45, 33.40, 31.28, 29.86, 29.00, 28.93, 28.82, 28.78, 28.69, 28.69,
28.45,28.23, 26.24, 24.45,24.39,24.27,21.71, 18.57, 17.89, 17.09, 14.73, 13.91.

IR (ATR platinum diamond): v [em™']=3303.4, 2922.9,2852.9, 1738.1, 1651.7, 1534.5,
1462.5, 1369.9, 1232.1, 1160.1, 1110.7, 1003.8, 923.5, 721.9, 699.3, 647.9, 538.9,
411.4.

ESI-MS m/z: [M+H]" calculated for CosHi60N4O14 = 1570.2024, found: 1570.2002.
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Experimental Section

Deprotection (8b of P2)

21 2 H 24 2 H \/@
7b

PdIC, H, l .
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8b
The target product 8b was obtained in quantitative yield as a white solid (2.02 g).

'"H NMR (400 MHz, DMSO-dc) & / ppm: 7.93 — 7.83 (m, 4H, 4 NH, 1), 7.26 — 7.15 (m,

5H, aromatic, 2), 5.03 —4.97 (2d, *=7.6 Hz, J’=4.7Hz, 1H, 1 CH, %), 4.66 (d, J= 5.0

Hz, 3H, 3 CH, %), 3.21 — 3.17 (m, 1H, 1 CH, °), 3.05 — 2.97 (m, 8H, 4 CH>, °), 2.38 —
2.15 (m, 10H, 5 CH, 7), 2.08 — 2.02 (m, 3H, 3 CH, ®), 1.53 — 1.17 (m, 97H, 47 CH>, 1

CHs, %), 0.87 — 0.81 (m, 21H, 7 CH3, '°).

3C NMR (101 MHz, DMSO-ds) & / ppm: 174.42, 172.43, 172.12, 172.04, 168.36,
167.96, 167.78, 142.33, 142.21, 128.04, 127.97, 127.71, 127.62, 126.39, 77.38, 77.06,

76.75,40.91, 40.55, 38.25, 38.18, 33.65, 33.40, 31.28, 29.86, 28.93, 28.83, 28.69, 28.56,
28.42,28.23,26.24,24.49,24.39,24.27,22.08, 18.58,17.09, 17.89, 17.09, 14.73, 13.91.
IR (ATR platinum diamond): v [cm™'] =3307.5,2922.9, 2852.9, 1740.1, 1651.7, 1538.6,
1464.5, 1369.9, 1232.1, 1162.1, 1110.7, 1009.9, 917.4, 763.1, 721.9, 699.3, 652.0,
538.9, 405.2.

ESI-MS m/z: [M+H]" calculated for Cs7H;s4N4O14 = 1480.1534, found: 1480.1532.
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Experimental Section

Passerini reaction to synthesize P2
(0]
WJ\*WILWIWILW tY o cﬂﬂﬁﬁ“(j
P-3CR l
(@] (0] o o (0]
o (0] [¢] o (¢] [¢]
P2

P2 was obtained as a yellow oil in a yield of 85% (1.919).

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.93 — 7.83 (m, 5H, 5 NH, '), 7.34 — 7.19 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHa, %), 5.03 —4.97 (2d, *=4.4 Hz, J’= 4.7 Hz, 1H,
1 CH, %), 4.65 (d, J= 5.1 Hz, 4H, 4 CH, ®), 3.21 —3.17 (m, 1H, 1 CH, °), 3.05 — 2.98
(m, 10H, 5 CHa, 7), 2.38 —2.17 (m, 12H, 6 CHa, ®), 2.05 —2.02 (m, 4H, 4 CH, %), 1.52
—1.16 (m, 115H, 56 CHa, 1 CH3, 19), 0.87 — 0.84 (m, 27H, 9 CH3, ).

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.70, 172.43, 172.12, 172.05, 168.37,
167.96, 167.78, 136.28, 128.37, 128.04, 127.93, 127.87, 127.70, 127.62, 126.40, 77.38,
65.24,40.79, 38.18, 33.45, 33.40, 31.28, 29.86, 29.00, 28.93, 28.82, 28.78, 28.69, 28.42,
28.23,26.24, 24.45,24.39,24.27,21.71, 18.57, 17.89, 17.09, 14.73, 13.91.

IR (ATR platinum diamond): v [cm™'] =3305.5, 2922.9, 2852.9, 1740.1, 1651.7, 1534.5,
1462.5, 1369.9, 1234.1, 1162.2, 1110.7, 1005.8, 923.6, 721.9, 699.3, 647.9, 538.9,
411.4.

ESI-MS m/z: [M+H]" calculated for C110His9N5O17 = 1853.4151, found: 1853.4191.
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Experimental Section

Passerini reaction (3¢ of P3)
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3c

The product 3¢ was obtained as a white solid in a yield of 82% (7.70 g).

'H NMR: (400 MHz, CDCls) & / ppm: 7.38 — 7.31 (m, 5H, aromatic, '), 5.95 — 5.94 (m,
2H, 2 NH, ?), 5.11 (s, 2H, CH», ), 5.06 -5.05(d, J= 6.3 Hz, 2H, 2 CH, %), 3.33 - 3.17
(m, 4H, 2 CHy, °), 2.42 — 2.24 (m, 8H, 2 CH, 3 CH_, %), 1.69 — 1.25 (m, 62H, 31 CH,,
7),0.95 - 0.86 (m, 15H, 5 CHjs, ®).

3C NMR (101 MHz, CDCl3) § / ppm: 173.80, 172.68, 172.66, 169.40, 169.37, 136.27,
128.67, 128.28, 78.05, 78.03, 66.19, 39.28, 39.26, 34.45, 34.42, 32.05, 30.64, 29.83,
29.80,29.78,29.72,29.60, 29.56, 29.49, 29.47, 29.40, 29.33, 29.30, 29.25, 29.23, 26.96,
25.18, 25.14, 25.06, 22.82, 18.91, 17.08, 17.07, 14.25.

IR (ATR platinum diamond): v [em™']=3307.5,2922.9, 2852.9, 1736.0, 1653.8, 1534.5,
1462.5, 1369.9, 1232.1, 1160.1, 1110.7, 1003.8, 927.7, 724.0, 697.3, 580.0, 501.9.
ESI-MS m/z: [M+H]" calculated for Cs7Hi00N20Og = 941.7552, found: 941.7548.
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Experimental Section

Deprotection (4c of P3)
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The target product 4c was obtained in quantitative yield as a white solid. (5.92 g).

'H NMR (400 MHz, CDCl3) & / ppm: 6.02 — 5.96 (m, 2H, NH, '), 5.06 — 5.05 (d,
J=4.5Hz 2H, 2 CH, ?), 3.32 — 3.20 (m, 4H, 2 CHy, %), 2.42 — 2.26 (m, 8H, 2 CH, 3
CHa, %), 1.69 — 1.25 (m, 62H, 31 CHa, °), 0.94 — 0.85 (m, 15H, 5 CH3, ©).

3C NMR (101 MHz, CDCI3) § / ppm: 178.09, 172.78, 172.69, 169.59, 169.49, 78.07,
78.05,39.34,39.27, 34.45, 34.43, 34.02, 32.06, 30.62,29.83,29.81, 29.78, 29.74, 29.70,
29.60, 29.58,29.49, 29.45, 29.40, 29.35, 29.30, 29.27,29.22,29.10, 26.97,26.90, 25.16,
24.85,22.82,18.90, 17.08, 14.25.

IR (ATR platinum diamond): v [cm™'] =3307.5, 2922.8, 2852.9, 1740.1, 1651.7, 1538.6,
1464.5, 1369.9, 1234.1, 1162.2, 1112.8, 1007.9, 927.7, 721.9, 649.9, 411 4.

ESI-MS m/z: [M+H]" calculated for CsoHosN>Os = 851.7083, found: 851.7079.
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Experimental Section

Passerini reaction (5c of P3)
o 0
o] H o] H OH , Oy + i
0 0 0 °
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15 8 8 8
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5¢c

The target product 5¢ was obtained as a yellow oil in a yield of 92% (5.99g).

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.94 — 7.84 (m, 3H, 3 NH, '), 7.38 = 7.17 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHa, %), 5.03 —4.97 (2d, *= 7.6 Hz, J’= 4.6 Hz, 1H,
1 CH, %), 4.65 (d, J=5.1 Hz, 2H, 2 CH, °), 3.21 — 3.17 (m, 1H, 1 CH, ©), 3.05 — 2.98
(m, 6H, 3 CHz,7), 2.38 —2.17 (m, 8H, 4 CHg, ®), 2.10 —2.03 (m, 2H, 2 CH, ?), 1.54 —
1.17 (m, 81H, 39 CH», 1 CH3, '9), 0.87 — 0.84 (m, 15H, 5 CH3, ).

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.71, 172.45, 172.43, 172.15, 172.07,
168.38, 167.98, 167.81, 142.35, 142.22, 136.29, 128.38, 128.05, 127.99, 127.94,
127.88, 127.72, 127.64, 126.49, 77.42, 77.39, 77.07, 76.82, 65.25, 38.26, 38.18, 33.46,
33.39,31.29,29.87,29.02, 28.94, 28.88, 28.82, 28.70, 28.43, 28.38, 28.24, 26.24, 24.46,
24.40,24.29, 22.09, 18.58, 17.90, 17.11, 17.09, 14.74, 13.91.

IR (ATR platinum diamond): v/ cm™ = 3309.6, 3093.6, 2922.9, 2852.9, 1738.1, 1653.7,
1534.5, 1456.3, 1369.9, 1232.1, 1160.1, 1110.7, 1003.8, 917.4, 763.1, 721.9, 697.3,
538.9, 409.3.

ESI-MS m/z: [M+H]" calculated for C7sH131N3011 = 1286.9856, found: 1286.9844.
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Experimental Section

Deprotection (6¢ of P3)

Pd/C, H2

The target product 6¢ was obtained in quantitative yield as a white solid. (4.74Q)

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.94 — 7.84 (m, 3H, 3 NH, '), 7.26 — 7.15 (m,
5H, aromatic, 2), 5.03 —4.97 (2d, J*=7.7Hz, J’=4.7 Hz,1H, 1 CH, ?), 4.66 (d, J=5.0
Hz, 2H, 2 CH, %), 3.23 —3.17 (m, 1H, 1 CH, %), 3.08 — 2.97 (m, 6H, 3 CHa, %), 2.38 —
2.15 (m, 8H, 4 CHa, 7), 2.09 — 2.04 (m, 2H, 2 CH, ®), 1.53 — 1.17 (m, 81H, 39 CHa, 1
CHs, %), 0.88 — 0.84 (m, 15H, 5 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 174.43, 172.43, 172.14, 172.06, 168.37,
167.97, 167.79, 142.33, 142.21, 128.05, 127.98, 127.72, 127.63, 126.40, 77.41, 77.38,
77.05,76.81, 40.92, 40.56, 38.27, 38.18, 33.66, 33.41, 31.29, 29.86, 29.02, 28.93, 28.86,
28.76, 28.70, 28.578, 28.43, 28.38, 28.23, 26.24, 24.50, 24.39, 24.28, 22.08, 18.58,
17.90, 17.11, 17.08, 14.75, 13.91.

IR (ATR platinum diamond): v/ cm' =3297.2,3087.4,2922.9,2852.9, 1740.1, 1651.7,
1538.6, 1464.5, 1369.9, 1232.1, 1160.1, 1108.7, 1009.9, 923.6, 763.1, 721.9, 699.3,
536.9, 405.2.

ESI-MS m/z: [M+H]" calculated for C71Hi2sN3011 = 1196.9387, found: 1196.9379.
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Experimental Section

Passerini reaction (7c of P3)
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7c

The target product 7c was obtained as a yellow oil in a yield of 90% (5.0g).

"H NMR (400 MHz, DMSO-de) & / ppm: 7.92 — 7.84 (m, 4H, 4 NH, '), 7.36 — 7.17 (m,
10H, aromatic, 2), 5.07 (s, 2H, 1 CHa, ?), 5.03 —4.96 (2d, *'=7.7Hz, J°’= 4.8 Hz, 1H, 1
CH, %), 4.66 (d,J=5.0 Hz, 3H, 3 CH, °), 3.27 - 3.17 (m, 1H, 1 CH, °), 3.07 — 2.98 (m,
8H, 4 CHz,”), 2.38 —2.17 (m, 10H, 5 CHa, ®), 2.08 — 2.02 (m, 3H, 3 CH, %), 1.52 - 1.16
(m, 97H, 47 CHz, 1 CHs, '%), 0.87 — 0,84 (m, 21H, 7 CH3, '1).

3C NMR (101 MHz, DMSO-ds) & / ppm: 172.70, 172.43, 172.13, 172.05, 168.36,
167.96, 167.78, 142.33, 142.21, 136.28, 128.37, 128.04, 127.97, 127.92, 127.87,
127.71, 127.62, 126.41, 77.38, 77.05, 76.80, 65.24, 59.73, 40.92, 40.56, 38.25, 38.18,
33.45,33.40,31.28,29.86,29.01, 28.93, 28.86, 28.79, 28.69, 28.42, 28.32, 28.23, 26.23,
24.45,24.39, 24.27, 22.08, 20.74, 18.57, 17.89, 17.11, 17.08, 14.73, 14.07, 13.90.

IR (ATR platinum diamond): v/ cm™ =3305.5,3091.5,2922.9,2852.9, 1738.1, 1653.8,
1534.5, 1462.5, 1369.9, 1232.1, 1162.2, 1112.8, 1005.8, 917.4, 763.1, 721.9, 699.3,
536.9, 409.3.

ESI-MS m/z: [M+H]" calculated for CosH160N4O14 = 1570.2004, found: 1570.2019.
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Experimental Section

Deprotection (8c of P3)
o o o o, \/@
(0} l (o) l (o) l (0} l (0]
7c

Pd/C,Hy | rt.

(0] H 0] H O H (0] H
W%NWYNWOIENWOﬁNWOH
8c

The target product 8c was obtained in quantitative yield as a white solid. (2.569)

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.92 — 7.84 (m, 4H, 4 NH, '), 7.26 — 7.17 (m,

5H, aromatic, 2), 5.03 —4.96 (2d, *=7.7 Hz, J’=4.6 Hz, 1H, 1 CH, %), 4.66 (d, J=5.0

Hz, 3H, 3 CH, %), 3.21 — 3.17 (m, 1H, 1 CH, ), 3.07 — 2.98 (m, 8H, 4 CH>, %), 2.38 —
2.15 (m, 10H, 5 CHa, 7), 2.10 — 2.04 (m, 3H, 3 CH, ¥), 1.53 —1.17 (m, 97H, 47 CHa, 1

CHs, %), 0.86 — 0.84 (m, 21H, 7 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 174.44, 172.44, 172.42, 172.13, 172.05,

168.39, 167.99, 167.81, 142.33, 142.21, 128.04, 127.98, 127.72, 127.63, 126.48,

126.40, 77.39, 77.06, 76.81, 40.94, 40.57, 40.43, 38.27, 38.20, 33.67, 33.40, 31.31,

29.87,29.02,28.96, 28.86,28.77,28.72, 28.70, 28.45, 28.40, 28.25, 26.35, 26.26, 24.51,
24.42,24.29,22.10, 18.58, 17.89, 17.09, 14.73, 13.90.

IR (ATR platinum diamond): v/ cm™ = 3305.5, 3089.5, 2922.9, 2852.9, 1740.1, 1651.7,
1536.5, 1464.5, 1369.9, 1234.1, 1162.2, 1108.7, 1007.9, 923.6, 763.1, 721.9, 699.3,
647.9, 536.9, 411.4.

ESI-MS m/z: [M+H]" calculated for Cg7H154N4O14 = 1480.1534, found: 1480.1537.
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Experimental Section

Passerini reaction to synthesize P3
o H o H H o H 0}
o ! o} ! o} ! o} | OH N _h
8c
P-3CR l

o, o o, o o, V@
P3

P3 was obtained as a yellow oil in a yield of 91% (2.529).

'H NMR (400 MHz, DMSO-ds) & / ppm: 7.94 — 7.85 (m, 5H, 5NH, 1), 7.38 — 7.15 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHa, %), 5.03 —4.97 (2d, *'=7.6 Hz, J’= 4.8 Hz, 1H,
1CH, %), 4.65 (d,J= 5.1 Hz, 4H, 4CH, %), 3.21 —3.17 (m, 1H, 1 CH, ¢), 3.10 — 2.97 (m,
10H, 5 CHy, 7), 2.38 — 2.17 (m, 12H, 6 CHa, ®), 2.08 — 2.03 (m, 4H, 4 CH, %), 1.52 —
1.16 (m, 115H, 56 CH», 1 CHs, '), 0.87 — 0.84 (m, 27H, 9 CH3, ).

3C NMR (101 MHz, DMSO-ds) & / ppm: 172.71, 172.43, 168.36, 136.28, 128.37,
128.04,127.93,127.87,127.71,127.62,77.38, 65.24,38.18, 33.45,33.40, 31.28, 29.86,
29.00, 28.93, 28.86, 28.82, 28.69, 28.42,28.37,26.23, 24.45,24.39,24.27,22.08, 18.57,
17.09, 14.78, 13.91.

IR (ATR platinum diamond): v/ cm™ =3303.4,3091.5,2922.9,2852.9, 1738.1, 1651.7,
1534.5, 1462.5, 1369.9, 1232.1, 1160.1, 1110.7, 1009.9, 923.6, 724.1, 697.3, 645.9,
543.1, 409.3.

ESI-MS m/z: [M+H]" calculate for C110HisoNsO17 = 1853.4151, found: 1853.4155.
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Experimental Section

Passerini reaction (5d of P4)

OH OH O
YRR e )
4c i
P-3CR
TINUS IS TR >

R SSARS A S SRS

0}
5d

The target product 5d as a white solid in a yield of 96% (7.41g).

'"H NMR (400 MHz, CDCl3) § / ppm: 7.38 — 7.30 (m, 5H, aromatic, ), 5.95 (s, 3H,
NH, 2), 5.11 (s, 2H, CHa, ®), 5.06 — 5.04 (m, 3H, 3 CH, %), 3.32 — 3.17 (m, 6H, 3 CH>,
%), 2.42 —2.24 (m, 11H, 4 CHa, 3 CH, ®), 1.67 — 1.25 (m, 78H, 39 CHa, 7), 0.94 — 0.86
(m, 21H, 7 CH3, ®).

BC NMR (101 MHz, CDCl3) § / ppm: 173.80, 172.70, 172.67, 169.41, 169.39, 169.37,
136.27, 128.67, 128.28, 78.06, 78.03, 66.19, 39.29, 39.27, 34.45, 34.42, 32.05, 30.65,
29.83,29.81,29.78, 29.73, 29.60, 29.56, 29.47, 29.40, 29.33, 29.30, 29.26, 29.23, 26.97,
25.18,25.14, 25.07, 22.82, 18.91, 17.09, 17.07, 14.25.

IR (ATR platinum diamond): v/ cm™ =3315.7,3091.5,2922.9, 2852.9, 1740.1, 1651.7,
1534.5, 1464.5, 1369.9, 1234.1, 1160.1, 1112.8, 1005.8, 927.7, 722.0, 697.3, 641.7,
493.7,411.4.

ESI-MS m/z: [M+H]" calculated for C73Hi20N3011 = 1224.9700, found: 1224.9699.
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Experimental Section

Deprotection (6d of P4)
i ! i ! i ! \/@
(o) I (o) I o) I (0]
Sy N NN N
O (6] o O
5d

Pd/C, Hy rt.

(@) H O H (@) H
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O (@) (@] (@)
6d

The target product 6d was obtained in quantitative yield as a white solid. (5.22g)

'"H NMR (400 MHz, CDCl3) & / ppm: 6.08 — 5.96 (m, 3H, NH, !), 5.06 - 5.04 (m, 3H,
3 CH, ?),3.32 - 3.18 (m, 6H, 2 CHa, ?), 2.42 —2.24 (m, 11H, 3 CH, 4 CHa, %), 1.68 —
1.25 (m, 80H, 40 CHa, °), 0.95 —0.86 (m, 21H, 7 CHj3, ©).

13C NMR (101 MHz, CDCls) § / ppm: 172.80, 172.73, 169.58, 169.50, 78.09, 78.04,
39.35,39.31, 39.26, 34.46, 34.43, 34.34, 32.06, 30.64, 29.83, 29.79, 29.74, 29.59, 29.50,
29.41,29.33,29.28,29.22,29.13,26.97,26.89, 25.18,25.13, 25.01,22.83, 18.91, 17.11,
17.08, 14.26.

IR (ATR platinum diamond): v/ cm™ =3303.4, 3089.5,2922.9, 2852.9, 1740.1, 1651.7,
1536.5, 1462.5, 1369.9, 1234.1, 1162.2, 1110.7, 1009.9, 931.7, 721.9, 645.9, 413 .4.
ESI-MS m/z: [M+H]" calculated for CssHi123N3011 = 1134.9230, found: 1134.9225.
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Experimental Section

Passerini reaction (7d of P4)
(6] O (0]
(0] lﬂ O 'T' o) h' OH o (o]
N X +
6d i
P-3CR
(0] o O o
(¢] (¢] (¢] O o
7d

The target product 7d as a white solid in a yield of 94% (6.65g).

'"H NMR (400 MHz, DMSO-ds) & / ppm: 7.93 — 7.83 (m, 4H, 4 NH, 1), 7.36 — 7.17 (m,
10H, aromatic, %), 5.07 (s, 2H, 1 CHa, %), 5.03 —4.96 (2d, *'=7.7 Hz, J°= 4.7 Hz, 1H,
1 CH, %), 4.66 (d, J=5.1 Hz, 3H, 3 CH, °), 3.21 — 3.17 (m, 1H, 1 CH, %), 3.05 — 2.98
(m, 8H, 4 CHz, 7), 2.38 —2.17 (m, 10H, 5 CHz, ®), 2.10 — 2.02 (m, 3H, 3 CH, %), 1.52 —
1.16 (m, 97H, 47 CHa, 1 CH3, '%), 0.87 — 0,84 (m, 21H, 7 CH3s, '").

3C NMR (101 MHz, DMSO-ds) & / ppm: 172.91, 172.63, 172.34, 172.26, 168.57,
168.17, 167.99, 142.42, 136.49, 128.57, 128.25, 128.18, 128.13, 128.07, 127.92,
127.83, 126.60, 77.61, 65.44, 55.93, 55.09, 40.76, 38.46, 38.38, 33.66, 33.60, 31.49,
30.07,29.21,29.14, 29.02, 28.88, 28.63, 28.53, 28.43, 26.44, 24.66, 24.60, 24.48, 22.29,
20.94, 18.78, 18.10, 17.31, 14.94, 14.27, 14.11

IR (ATR platinum diamond): v/ cm™ =3305.5, 3089.5,2922.9, 2852.9, 1738.1, 1653.7,
1536.5, 1462.5, 1369.9, 1232.1, 1158.1, 1110.7, 1003.8, 927.7, 724.1, 699.3, 645.9,
538.9,411.4.

ESI-MS m/z: [M+H]" calculated for CosH160N4O14 = 1570.2004, found: 1570.2014.
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Experimental Section

Deprotection (8d of P4)
O H 2 H 7 H D H \)@
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8d

The target product 8d was obtained as a yellow oil in a quantitative yield (4.48g).

'"H NMR (400 MHz, DMSO-de) & / ppm: 7.93 — 7.84 (m, 4H, 4 NH, '), 7.26 — 7.15 (m,

5H, aromatic, 2), 5.03 —4.96 (2d, *=7.7 Hz, J’=4.7 Hz, 1H, 1 CH, %), 4.66 (d, J=5.0

Hz, 3H, 3 CH, %), 3.21 —3.17 (m, 1H, 1 CH, ), 3.08 — 2.97 (m, 8H, 4 CH>, °), 2.38 —
2.15 (m, 10H, 5 CHa, 7), 2.08 — 2.02 (m, 3H, 3 CH, ¥), 1.53 — 1.17 (m, 97H, 47 CHa, 1

CHs, %), 0.87 — 0.84 (m, 21H, 7 CH3, ').

13C NMR (101 MHz, DMSO-ds) & / ppm: 174.44, 172.42, 172.14, 172.06, 168.38,

167.98, 167.80, 142.33, 142.21, 128.05, 127.98, 127.72, 127.74, 126.48, 126.40, 77.38,

77.06,76.81, 40.93, 40.57, 38.27, 38.19, 33.66, 33.41, 31.30, 29.87, 29.03, 28.95, 28.88,
28.83,28.71,28.58,28.44,28.39, 28.25,26.25,24.29, 22.09, 18.57, 17.90, 17.10, 14.74,
13.90.

IR (ATR platinum diamond): v/ cm' =3305.5,3093.6,2922.9,2852.9, 1740.1, 1651.7,

1536.5, 1464.5, 1369.9, 1232.1, 1162.2, 1110.7, 1009.9, 923.6, 763.1, 721.9, 699.3,

649.9, 536.8, 411.4.

ESI-MS m/z: [M+H]" calculated for Cg7H154N4O14 = 1480.1534, found: 1480.1529.
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Experimental Section

Passerini reaction to synthesize P4
ijﬁwrwféw " Yo CM%“Q
P-3CR i
(@] (0] (0] (0] O
o o} [¢] (6] o O
P4

P4 was obtained as a yellow oil in a yield of 90% (4.35g).

'H NMR (400 MHz, DMSO-ds) & / ppm: 7.94 — 7.84 (m, SH, NH, ), 7.36 — 7.17 (m,
10H, aromatic, %), 5.07 (s, 2H, CHa, *), 5.03 — 4.96 (2d, *=7.7 Hz, J’= 4.7 Hz, 1H, 1
CH, %), 4.66 —4.65 (d, J=5.1 Hz, 4H, 4 CH, °), 3.21 = 3.17 (d, J=7.3 Hz, 1H, 1 CH,
%), 3.07 —2.98 (m, 10H, 4 CHa, 7), 2.38 — 2.17 (m, 12H, 6 CHa, ®), 2.08 — 2.03 (m, 4H,
4 CH,®), 1.52—1.16 (m, 113H, 55 CHa, 1 CH3, '°), 0.87 — 0.84 (m, 27H, 9 CH3, '").
13C NMR (101 MHz, DMSO-ds) & / ppm: 172.73, 172.45, 168.38, 136.29, 128.38,
128.05, 127.89, 127.64, 77.40, 65.25, 38.19, 33.46, 33.41, 31.29, 29.87, 29.01, 28.93,
28.86,28.81, 28.70, 28.43, 26.24, 24.26, 24.40, 24.48, 22.09, 18.58, 17.10, 14.76, 13.92.
IR (ATR platinum diamond): v/ cm™ = 3305.5, 3089.5, 2922.9, 2852.9, 1738.1, 1651.7,
1534.5, 1462.5, 1369.9, 1232.1, 1160.1, 1110.7, 1005.8, 921.5, 763.1, 721.9, 699.3,
645.9, 536.8, 411 4.

ESI-MS m/z: [M+H]" calculated for C110HisoNsO17 = 1853.4151, found: 1853.4178.
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Experimental Section

Passerini reaction (7e of P5)
o o o
o ! o) ! o | OH o
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O (0] O (@] O
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The target product 7e as a white solid in a yield of 85% (5.28g).

'H NMR (400 MHz, CDCl3) & / ppm: 7.36 — 7.31 (m, 5H, aromatic, !), 5.97 — 5.94 (t,
J=5.7Hz, 4 H,NH, %), 5.11 (s, 2 H, CHa, %), 5.06 — 5.04 (m, 4H, 4 CH, %), 3.32 - 3.20
(m, 8H, 4 CHy, °), 2.42 —2.26 (m, 14H, 5 CH», 4 CH, ), 1.69 — 1.25 (m, 94H, 47 CH,,
7), 0.95 — 0.86 (m, 27H, 9 CH3, ®).

BC NMR (101 MHz, CDCl3) § / ppm: 173.82, 172.70, 169.41, 169.39, 128.68, 128.29,
78.07,78.04, 66.20, 39.29, 34.46, 34.43, 32.06, 30.65, 29.83,29.79, 29.74,29.61, 29.57,
29.48,29.41,29.34,29.31,29.27,29.24,26.97, 25.19, 25.14, 25.08, 22.83, 18.92, 17.11.
IR (ATR platinum diamond): v/ cm™ =3305.5,3091.5,2922.9,2852.9, 1740.1, 1651.7,
1534.5, 1462.5, 1369.9, 1234.1, 1162.2, 1110.7, 1005.8, 925.6, 721.9, 697.3, 645.9,
409.3.

ESI-MS m/z: [M+H]" calculated for CsoH;ssN4O14 = 1508.1847, found: 1508.1854.
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Experimental Section

Deprotected reaction (8e of P5)

7 H ? 4 ? H 2 H \/@
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The target product 8¢ was obtained in quantitative yield as a yellow oil. (3.66g)

"H NMR (400 MHz, CDCl3) & / ppm: 6.05 — 5.98 (m, 4H, NH, 1), 5.06 - 5.04 (d,
J=3.5Hz, 4H, 4 CH, ?), 3.32 — 3.18 (m, 8H, 4 CH», ), 2.42 — 2.15 (m, 14H, 4 CH, 5
CHa, %), 1.67 — 1.25 (m, 94H, 47 CHa, °), 0.94 — 0.85 (m, 27H, 9 CH3, ©).

3C NMR (101 MHz, CDCl3) & / ppm: 172.79, 172.72, 169.58, 169.49, 78.07, 78.02,
39.33,39.30,39.26, 34.44, 34.41, 33.99, 32.05, 30.63, 29.77, 29.56, 29.33, 29.25, 29.09,
26.89,25.17, 24.89, 22.81, 18.90, 17.11, 14.24.

IR (ATR platinum diamond): v/ cm™ =3305.5,3091.5,2922.9, 2852.9, 1740.1, 1651.7,
1536.5, 1464.5, 1369.9, 1234.1, 1160.1, 1110.7, 1007.9, 925.6, 721.9, 645.9, 413 4.
ESI-MS m/z: [M+H]" calculated for Cs2H;5:N4O14 = 1418.1378, found: 1418.1382.
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Experimental Section

Passerini reaction to synthesize P5
2 H o H H 2 H 1
o} ! o ! o ! o ! OH O N
w ﬁNw ILNW I\Nw ﬁNw + MK@ + C,N/M}Q/\C
8b
P-3CR l

o, o, o, o o, V@
[¢] [¢] o
PS5

P5 was obtained as a yellow oil in a yield of 92% (3.409).

'"H NMR (400 MHz, DMSO-ds) & / ppm: 7.94 — 7.83 (m, 5H, NH, '), 7.35 — 7.17 (m,
10H, aromatic, %), 5.07 (s, 2H, CHa, *), 5.03 — 4.96 (2d, J*= 7.6 Hz, J°= 4.5Hz, 1H,
1CH, %), 4.66 — 4.65 (d, J=5.1 Hz, 4H, 4 CH, °), 3.21 = 3.18 (d, J= 7.3 Hz, 1H, 1 CH,
%), 3.07 —2.98 (m, 10H, 4 CHa, 7), 2.38 — 2.17 (m, 12H, 6 CHa, ®), 2.08 — 2.04 (m, 4H,
4 CH,°), 1.54—1.22 (m, 113H, 55 CHa, 1 CH3, '°), 0.87 — 0.84 (m, 27H, 9 CH3, '").
13C NMR (101 MHz, DMSO-ds) & / ppm: 172.71, 172.43, 170.31, 168.37, 142.34,
136.29, 128.37, 128.05, 127.93, 127.88, 127.71, 127.63, 77.38, 33.40, 31.29, 29.86,
29.01,28.93, 28.87,28.82, 28.70, 28.67, 28.43, 28.38, 26.24, 24.39, 22.08, 20.74, 18.57,
17.11, 14.07, 13.91.

IR (ATR platinum diamond): v/ cm™ = 3303.4, 3095.6, 2922.9, 2852.9, 1738.1, 1651.7,
1534.5, 1462.5, 1369.9, 1232.1, 1160.1, 1110.7, 1003.8, 925.6, 734.3, 699.3, 411 4.
ESI-MS m/z: [M+H]" calculated for C110HisoNsO17 = 1853.4151, found: 1853.4163.
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Experimental Section

Passerini reaction to synthesize PO

D H T H H 2 H . i
8e

P-3CR l
o o, o, o o, V@
wﬁfwmﬁfwwfwwoﬁwwaw"
o (0] (¢] (@) e} ¢}
PO

PO was obtained as a yellow oil in a yield of 87% (1.02g).

'"H NMR (400 MHz, DMSO-ds) & / ppm: 7.85 (s, 5H, 5 NH, 1), 7.35 (s, 5H, aromatic,

%), 5.08 (s, 2H, 1 CHy, %), 4.66 (d, J=5.1 Hz, 5H, 5 CH, %), 3.09 — 2.97 (m, 10H, 5 CHa,

%), 2.36 (m, J= 6.7, 6.1 Hz, 12H, 6 CHa, ©), 2.10 — 2.02 (m, 5H, 5 CH, 7), 1.54 — 1.18

(m, 115H, 56 CHa, 1 CH3, ¥), 0.86 (t,J=7.0 Hz, 33H, 11 CH3, °).

13C NMR (101 MHz, DMSO-ds) & / ppm: 172.73, 172.45, 168.38, 128.39, 127.95,

77.40, 33.40, 31.29,29.87,29.01, 28.93, 28.82, 28.70, 28.67, 28.43, 26.24, 24.40, 22.09,
18.59, 17.71, 13.93.

IR (ATR platinum diamond): v/ cm™ = 3303.4,2922.9, 2852.9, 1738.1, 1653.7, 1534.5,
1462.5, 1369.9, 1236.2, 1162.2, 1110.7, 1005.8, 923.6, 721.9, 699.3, 644.9, 538.9,

413.4.
ESI-MS m/z: [M+H]" calculated for CiosH137N5017 = 1791.3995, found: 1791.4003
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Supplementary Figure 1: a) 'H - NMR spectra of pentamers PO-P5 in the whole range. b) 'H - NMR
signals between 8.0 - 7.7 ppm. ¢) 'H - NMR signals between 7.4 - 7.1 ppm. d) 'H - NMR signals between
5.5-4.9 ppm. €) 'H - NMR signals between 2.42 - 2.12 ppm. f) '"H - NMR signals between 1.0 - 0.6 ppm.
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— PQ — P1— P2 — P3— P4 —P5
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Supplementary Figure 2: 3C-NMR spectra of pentamers P0-P5.
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Supplementary Figure 3: Comparison of the SEC curves after each Passerini reaction step
for the synthesis of pentamer PO.
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Supplementary Figure 4: Comparison of the SEC curves after each Passerini reaction step

for the synthesis of pentamer P1.
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Supplementary Figure 5: Comparison of the SEC curves after each Passerini reaction step

for the synthesis of pentamer P2.
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Supplementary Figure 6: Comparison of the SEC curves after each Passerini reaction step

for the synthesis of pentamer P3.
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Supplementary Figure 7: Comparison of the SEC curves after each Passerini reaction step

for the synthesis of pentamer P4.
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Supplementary Figure 8: Comparison of the SEC curves after each Passerini reaction step
for the synthesis of pentamer PS.
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PO

15.0 16.0 17.0 18.0 19.0
Retention time / min

Supplementary Figure 9: SEC traces of the pentamers PO — P5 and the corresponding precursor oligomers.
The a-methylphenyl side chain could be installed in every possible position of the pentamer, as depicted
as orange spheres. The isopropyl moiety is shown in gray and the spheres represent the order of addition

of the repeating units.
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Supplementary Figure 10: ESI-MS/MS fragmentation of P1 ion from a-cleavage of the (C=0)-O bond
at m/z = 1853.4205 Da recorded in positive mode. (with an NCE of 19)

P1 a-cleavage
Calc./ Da Detected / Da Calc./ Da Detected / Da

a 267.2282 267.2114 ys' | 1586.2069 1586.2091
b1* 612.4986 612.4985 ya" | 1240.9165 1240.9221
bo* 895.7134 895.7132 ys' | 957.7017 957.7073
bs* 1178.9281 1178.9345 y2" | 674.4870 674.4861
bs* 1462.1429 1462.1474 yit| 391.2723 391.2732
bs* 1745.3637 / ) 108.0572 /

Supplementary Table 1: In combination with Supplementary Figure 10, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 11: ESI-MS/MS fragmentation of P1 ion from cleavage via McLafferty
rearrangement at m/z = 1853.4205 Da recorded in positive mode. (with an NCE of 20)

P1 Cleavage via McLafferty rearrangement
Calc./ Da Detected / Da Calc./ Da Detected / Da

a 284.2715 284.2220 ys* | 1569.1436 1569.1432
b1* 629.5019 629.4526 ya" | 1223.9132 1223.9130
bo* 912.7167 912.6666 ys3" | 940.6985 940.6982
bs* 1195.9314 1195.8823 y2" | 657.4837 657.4837
bs* 1479.1462 1479.1389 yit| 374.2690 374.2692
bs* 1762.3609 / ® 91.0542 /

Supplementary Table 2: In combination with Supplementary Figure 11, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 12: ESI-MS/MS fragmentation of P2 ion from a-cleavage of the (C=0)-O bond
at m/z = 1853.4202 Da recorded in positive mode. (with an NCE of 19)

P2 a-Cleavage
Calc. / Da Detected / Da Calc. / Da Detected / Da

a 267.2282 267.2117 ys' | 1586.1469 1586.1522
by 550.4830 550.4836 ya" | 1302.9321 1302.9281
bo* 895.7134 895.7132 y3* 957.7017 957.7092
bs* 1178.9281 1178.9293 y2" 674.4870 674.4948
by 1462.1429 1462.1425 y1 391.2723 391.2735
bs* 1745.3637 / o 108.0575 /

Supplementary Table 3: In combination with Supplementary Figure 12, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 13: ESI-MS/MS fragmentation of P2 ion from cleavage via McLafferty

rearrangement at m/z = 1853.4202 Da recorded in positive mode. (with an NCE of 20)

P2 Cleavage via McLafferty rearrangement
Calc. / Da Detected / Da Calc. / Da Detected / Da

a 284.2715 284.2222 ys' | 1569.1436 1569.1458
by 567.4863 567.4373 ysa" | 1285.9289 1285.9302
b2* 912.7167 912.6676 y3* 940.6985 940.6981
bs* 1195.9314 1195.8829 y2" 657.4837 657.4841
by 1479.1462 1479.1341 y1 374.2690 374.2529
bs* 1762.3609 / o 91.0542 /

Supplementary Table 4: In combination with Supplementary Figure 13, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 14: ESI-MS/MS fragmentation of P3 ion from a-cleavage of the (C=0)-O bond
at m/z = 1853.4178 Da recorded in positive mode. (with an NCE of 19).

P3 a-Cleavage
Calc. / Da Detected / Da Calc. / Da Detected / Da

a 267.2282 267.2109 ys' | 1586.2069 1586.2079
by 550.4830 550.4823 ya" | 1302.9321 1302.9371
b2* 833.6977 833.6959 y3' | 1019.7174 1019.7238
bs* 1178.9281 1178.9263 y2" 674.4870 674.4932
by 1462.1429 1462.1406 y1 391.2723 391.2622
bs* 1745.3637 / o 108.0572 /

Supplementary Table 5: In combination with Supplementary Figure 14, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 15: ESI-MS/MS fragmentation of P3 ion from cleavage via McLafferty
rearrangement at m/z = 1853.4178 Da recorded in positive mode. (with an NCE of 20)

P3 Cleavage via McLafferty rearrangement
Calc. / Da Detected / Da Calc. / Da Detected / Da

a 284.2715 284.2784 ys' | 1569.1436 1569.1440
by 567.4863 567.4856 ysa" | 1285.9289 1285.9278
b2* 850.7010 850.6994 y3"| 1002.7141 1002.7230
bs* 1195.9314 1195.9269 y2" 657.4837 657.4827
by 1479.1462 1479.1335 y1 374.2690 374.2689
bs* 1762.3609 / o 91.0542 /

Supplementary Table 6: In combination with Supplementary Figure 15, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 16: ESI-MS/MS fragmentation of P4 ion from a-cleavage of the (C=0)-O bond

at m/z = 1853.4207 Da recorded in positive mode. (with an NCE of 19)

P4 a-Cleavage
Calc. / Da Detected / Da Calc. / Da Detected / Da

a 267.2282 267.2104 ys' | 1586.2069 1586.1988
by 550.4830 550.4811 ya" | 1302.9321 1302.9354
b2* 833.6977 833.6946 y3' | 1019.7174 1019.7089
bs* 1116.9125 1116.9083 y2" 736.5027 736.5071
by 1462.1429 1462.1429 y1 391.2723 391.2732
bs* 1745.3576 / o 108.0572 /

Supplementary Table 7: In combination with Supplementary Figure 16, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 17: ESI-MS/MS fragmentation of P4 ion from cleavage via McLafferty
rearrangement at m/z = 1853.4207 Da recorded in positive mode. (with an NCE of 20)

P4 Cleavage via McLafferty rearrangement
Calc./ Da Detected / Da Calc./ Da Detected / Da

a 284.2715 284.2610 ys' | 1569.1436 1569.1397
b1* 567.4863 567.4874 ys"| 1285.9289 1285.9245
bo* 850.7010 850.6981 ys' | 1002.7141 1002.7088
bs* 1133.9158 1133.9085 y2© 719.4994 719.4985
bs* 1479.1462 1479.1424 y1* 374.2690 374.2683
bs* 1762.3609 / ) 91.0542 /

Supplementary Table 8: In combination with Supplementary Figure 17, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 18: ESI-MS/MS fragmentation of P5 ion from a-cleavage of the (C=0)-O bond
at m/z = 1853.4165 Da recorded in positive mode. (with an NCE of 19)

P5 a-cleavage
Calc./ Da Detected / Da Calc./ Da Detected / Da

a 267.2282 267.2211 ys' | 1586.2069 1586.2154
b1* 550.4830 550.4832 ys" | 1302.9321 1302.9397
b2* 833.6977 833.6978 y3' | 1019.7174 1019.7211
bs* 1116.9125 1116.9125 y2© 736.5027 736.5110
bs* 1400.1272 1400.1278 y1"| 453.2879 453.3501
bs* 1745.3576 / ) 108.0572 /

Supplementary Table 9: In combination with Supplementary Figure 18, the calculated masses and

detected masses of fragments are summarized.
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Supplementary Figure 19: ESI-MS/MS fragmentation of PS5 ion from cleavage via McLafferty
rearrangement at m/z = 1853.4165 Da recorded in positive mode. (with an NCE of 20)

P5 Cleavage via McLafferty rearrangement
Calc./ Da Detected / Da Calc./ Da Detected / Da

a 284.2715 284.2692 ys' | 1569.1436 1569.1428
b1* 567.4863 567.4838 ys"| 1285.9289 1285.9297
b2* 850.7010 850.6994 ys' | 1002.7141 1002.7138
bs* 1133.9158 1133.9066 y2© 719.4994 719.4995
bs* 1417.1305 1417.1372 y1* 436.2846 436.2845
bs* 1762.3609 / ) 91.0542 /

Supplementary Table 10: In combination with Supplementary Figure 19, the calculated masses and

detected masses of fragments are summarized.
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6.3.2 Effects of component structure on macrocyclization via the Passerini

reaction

3,6-dinitro-9-N-ethyl-carbazole

o Nkl - o2NNNoz
~

'H-NMR (400 MHz, DMSO-ds) 8 9.50 (d, J = 2.3 Hz, 2H, '), 8.45 (dd, J* = 9.1Hz, J*
=2.4Hz, 2H,?%),7.95(d,J=9.1 Hz, 2H, %), 4.62 (q,J=7.2 Hz, 2H, %), 1.37 (t, J=7.2
Hz, 3H, ).

BC-NMR (101 MHz, DMSO-ds) & 144.20, 141.26, 122.66, 122.12, 118.77, 110.70,
38.29, 13.74.

IR (ATR platinum diamond): v [cm™'] = 3313.6, 3085.4, 2980.6, 2963.7, 1628.7, 1600,
1581.7,1505.1, 1478.5,1467.9, 1330.6, 1307.9, 1270.7, 1233.6, 1149.6, 1132.3,1094.1,
1019.1, 950.4, 908.3, 898.2, 848.1, 825.6, 817.6, 787.1, 752.0, 719.8, 664.6, 640.2,
602.6, 593.3, 561.0, 532.9, 417.0.

ESI-MS m/z: [M+H] * calculate for [C14H11N304] © = 286.0822, found: 286.0818.
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3,6-diamino-9- N-methyl-carbazole

H,N

- .

'H-NMR (400 MHz, DMSO-ds) § 7.19 — 7.07 (m, 4H, ), 6.75 (dd, J = 8.5, 2.2 Hz, 2H,
%) 4.68 (s, 4H, %), 4.19 (q, J = 7.0 Hz, 2H, %), 1.19 (t, /= 7.1 Hz, 3H, 5.

BC-NMR (101 MHz, DMSO-ds) & 140.52, 133.46, 122.53, 114.71, 108.95, 104.10,
36.77, 13.69.

IR (ATR platinum diamond): v [cm™'] =3401.7, 3383.3, 3297.5, 3182.3, 3016.2, 2961.9,
1636.8,1577.7,1494.0, 1475.5, 1454.2,1327.0,1314.4,1215.9, 1177.5, 1144.7, 1084.1,
871.1,799.7,779.7, 619.5, 587.7, 566.7, 493.9, 456.6, 421.8, 406.8.

ESI-MS m/z: [M+H] * calculate for [C14HisN3] " =226.1339, found: 226.1337.
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3,6-diisocyano-9-ethyl-carbazole

. {

Y

o

o — g O
I N

'H-NMR (400 MHz, DMSO-de) 5 8.46 (d, J = 1.9 Hz, 2H), 7.74 (d, J = 8.7 Hz, 2H),
7.65 (dd, J = 8.7, 2.0 Hz, 2H), 4.47 (q, J = 7.1 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H).
BC-NMR (101 MHz, DMSO-ds) & 162.51, 139.85, 124.79, 121.51, 119.52, 117.77,
110.86, 37.59, 13.68.

IR (ATR platinum diamond): v[cm™'] = 2982.7, 2933.4, 2121.6, 1631.0, 1594.1, 1486.1,
1458.0,1384.9, 1350.1, 1330.1, 1304.0, 1239.5, 1148.1, 1085.1, 1056.9, 1020.4, 946 .4,
879.8, 865.2, 802.3, 747.1, 733.2, 653.4, 584.3, 562.0, 482.4, 423.5.

ESI-MS m/z: [M+H] * calculate for [C16H1i1N3] " = 246.1026, found: 246.1025.
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9-ethyl-3,6-diisocyano-9H-carbazole, isobutyraldehyde reacted with suberic acid (C3)

'"H-NMR (400 MHz, DMSO) § 9.86 (d, J = 16.5 Hz, 4H, '), 8.15 — 7.27 (m, 12H, ?),
4.68 —4.61 (m, 4H, 3), 4.47 — 4.36 (m, 4H, #), 2.20 — 2.15(m, 12H, *), 1.52 — 1.43 (m,
6H, ), 1.34—1.11 (m, 16H, 7), 1.08 — 1.01 (m, 24H, ®).

13C-NMR (101 MHz, DMSO0) § 173.40, 168.13, 159.16, 129.51, 121.63, 120.39, 113.57,
110.71, 109.36, 108.99, 79.58, 37.25, 33.81, 29.32, 25.52, 18.53, 18.44, 18.07, 17.93,
13.72.

IR: 3408.9, 3258.3, 3077.5, 2964.3, 2926.1, 2854.8, 1736.8, 1658.4, 1590.8, 1517.4,
1482.8, 1422.2, 1375.3, 1309.8, 1220.4, 1148.5, 1121.9, 1089.7, 991.6, 873.3, 859.5,
802.5, 730.9, 690.3, 645.6, 618.1, 587.2, 542.4, 507.7, 468.6, 422.9.

ESI-MS m/z: [M+H] * calculate for [CesHg2N6O12] " = 1127.6063, found: 1127.6036.
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Experimental Section

9-ethyl-3,6-diisocyano-9H-carbazole, isobutyraldehyde reacted with azelaic acid (C4)

)
+ ) * \(o ¥ HOWOH
& " |
o 0
OJLO)K/\/\/\)%J\;O
NH HN
e O

NH HN
o (e}
o) M /o)
(e} o

'"H-NMR (400 MHz, DMSO0) 6 10.03 — 9.98 (m, 4H, '), 8.49 — 7.14 (m, 12H, ?), 4.78 —
4.58 (m, 4H, %), 4.41 — 4.32 (m, 4H, %), 2.43 —2.11 (m, 12H, ), 1.68 — 1.50 (m, 6H, ©),
1.46 — 1.20 (m, 20H, 7), 1.06 — 0.97 (m, 24H, ®).

3C-NMR (101 MHz, DMSO0) § 173.51, 168.10, 158.96, 137.59, 130.01, 122.13, 120.58,
116.92, 114.06, 111.00, 109.62, 78.91, 34.09, 30.00, 29.73, 25.96, 19.24, 17.88, 14.26.
IR: 3387.1, 3324.3, 2962.5, 2924.5, 2872.9, 2854.9, 1743.1, 1664.1, 1524.1, 1483.8,
1463.8, 1415.6, 1373.3, 1347.3, 1311.7, 1235.4, 1160.7, 1139.8, 1100.9, 1010.2, 911.8,
880.3, 863.8, 802.9, 787.2, 719.7, 622.5, 580.8, 506.1, 472.7, 448.9, 422.5.

ESI-MS m/z: [M+H] * calculate for [CesHgsN6O12] " = 1155.6376, found: 1155.6357.
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Experimental Section

9-ethyl-3,6-diisocyano-9H-carbazole, isobutyraldehyde reacted with sebacic acid (C5)

7N O NH o)
o T Ir

Ol
Z+

'"H-NMR (400 MHz, DMSO) § 9.92 (d, J = 24.5 Hz, 4H, '), 8.47 — 7.35 (m, 12H, ?),
476 (d, J=5.8 Hz, 4H, ), 4.39 (d, J= 7.4 Hz, 4H, %), 2.38 — 2.16 (m, 12H, %), 1.77 —
1.54 (m, 6H, ©), 1.50 — 1.19 (m, 24H, 7), 1.02 — 0.79 (m, 24H, ®).

13C-NMR (101 MHz, DMSO0) § 173.63, 167.73, 158.96, 137.24, 130.75, 122.19, 119.35,
112.25, 111.92, 109.62, 78.91, 34.15, 30.17, 29.87, 29.18, 25.84, 19.10, 18.10, 14.17.
IR: 3338.4, 3260.4, 3089.7, 2958.4, 2923.9, 2853.3, 1728.0, 1673.8, 1656.6, 1595.9,
1520.8, 1493.8, 1481.7, 1445.1, 1421.8, 1404.2, 1374.7,1312.7,1291.0, 1222.4, 1181.2,
1138.1, 1122.0, 1083.2, 1027.4, 880.3, 864.5, 798.0, 785.8, 730.3, 688.0, 635.8, 620.8,
602.6, 582.3, 542.6,459.1, 414.2.

ESI-MS m/z: [M+H] * calculate for [CegHooN6O12] " = 1183.6689, found: 1183.6657.
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Supplementary Figure 20: Peak deconvolution of SEC diagrams from crude products C1.
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Supplementary Figure 21: Peak deconvolution of SEC diagrams from crude products C2.
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Supplementary Figure 22: Peak deconvolution of SEC diagrams from crude products C3.
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Supplementary Figure 23: Peak deconvolution of SEC diagrams from crude products C4.
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Supplementary Figure 24: Peak deconvolution of SEC diagrams from crude products C5.
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Supplementary Figure 25: IR spectra of purified products C1-C5
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2,13-diisopropyl-1,14-dioxa-4,11-diazacycloicosane-3,12,15,20-tetraone
(1,6-diisocyanohexan, isobutyraldehyde reacted with adipic acid) (C6)

)

o M\l o
omo

"H-NMR (400 MHz, Chloroform-d) & 6.04 (dt, J=52.4, 6.0 Hz, 2H, ), 4.87 — 4.84 (m,
2H, ?), 3.45-3.10 (m, 4H, %), 2.57 —2.36 (m, 4H, %), 2.30 — 2.20 (m, 2H, %), 1.83 — 1.21
(m, 12H, ¢), 0.98 — 0.81 (m, 12H, 7).

BC-NMR (101 MHz, CDCls) & 172.84, 172.55, 169.62, 169.47, 79.11, 78.95, 38.39,
38.22,33.86, 33.74, 30.39, 30.26, 29.31, 28.99, 25.26, 25.14, 24.49, 24.25, 18.96, 18.89,
17.42, 17.38.

IR: 3307.1, 3082.4, 2959.1, 2928.5, 2871.3, 2854.7, 1728.4, 1656.3, 1542.7, 1461.1,

1406.9, 1372.1, 1274.5, 1165.1, 1137.3, 1082.4, 1003.3, 925.1, 735.1, 686.2, 512.2,
ESI-MS m/z: [M+H] " calculate for [C22H3sN20¢] © = 427.2803, found: 427.2800.
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2,13-diisopropyl-1,14-dioxa-4,11-diazacyclohenicosane-3,12,15,21-tetraon
(1,6-diisocyanohexan, isobutyraldehyde reacted with pimelic acid) (C7)

Cs, + O (0]
+ \N\/\/\/\ + +
NS N\\ -
@) <C HO OH

'"H-NMR (400 MHz, Chloroform-d) § 5.98 (dt, J = 26.8, 6.1 Hz, 2H, '), 4.97 (dd, J =
32.3, 4.9 Hz, 2H, 2), 3.52 — 3.02 (m, 4H, %), 2.51 — 2.33 (m, 3H, *), 2.30 — 2.20(m, 2H,
5),1.83 — 1.21 (m, 14H, %), 0.94 — 0.91 (m, 12H, 7).

BC-NMR (101 MHz, CDCls) & 172.45, 172.36, 169.52, 169.47, 78.57, 78.53, 38.56,
34.04,33.76,30.35,30.22,29.30,29.13, 28.33, 28.12,26.01, 25.84, 24.87, 24.70, 24.49,
18.85, 18.82,17.31, 17.18.

IR: 3278.3, 3077.2, 2962.2, 2933.3, 2874.9, 2857.8, 1741.6, 1648.6, 1539.8, 1460.7,
1438.5, 1412.9, 1371.1, 1286.6, 1232.7, 1162.5, 1126.4, 1094.1, 1003.9, 897.7, 705.8,
649.8, 453.5.

ESI-MS m/z: [M+H] * calculate for [C23Ha0N20¢] © = 441.2959, found: 441.2957.
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2,13-diisopropyl-1,14-dioxa-4,11-diazacyclodocosane-3,12,15,22-tetraone
(1,6-diisocyanohexan, isobutyraldehyde reacted with suberic acid) (C8)

HNJ_\_¥
NH
(0] (0] (0]
(0]
(0]
(0]
'"H-NMR (400 MHz, Chloroform-d) & 5.92 (q, J = 6.0 Hz, 2H, ), 4.96 (dd, J = 14.3,
4.9 Hz, 2H, ?), 3.47 — 3.05 (m, 4H, 3), 2.43 — 2.39 (m, 4H, ), 2.30 — 2.08 (m, 2H, ),
1.73—1.20 (m, 16H, °), 0.97 — 0.89 (m, 12H, 7).
BC-NMR (101 MHz, CDCls) & 172.61, 172.57, 169.40, 169.36, 78.61, 78.55, 38.75,
34.28,30.29, 30.15,29.45,29.37,29.05, 29.02, 26.33, 26.23, 25.19, 25.17, 18.87, 18.83,
17.27,17.18.
IR: 3267.3, 3087.5, 2959.9, 2930.6, 2872.8, 2858.1, 1739.2, 1649.5, 1538.8, 1465.7,
1370.8, 1300.2, 1254.8, 1225.7, 1156.2, 1125.6, 1092.5, 997.9, 927.4, 725.2, 665.4,

406.3,
ESI-MS m/z: [M+H] * calculate for [C24H42N>O¢] © = 455.3116, found: 455.3113.
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2,13-diisopropyl-1,14-dioxa-4,11-diazacyclotricosane-3,12,15,23-tetraone
(1,6-diisocyanohexan, isobutyraldehyde reacted with azelaic acid) (C9)

Cs + o) o)
+ \N\/\/\/\N * )J\/\/\/\/U\
N c  HO OH

o

‘y+

o ﬁ/_\j
>_?—NH HN._O
0 02/
(0]
jﬁ_\_/_/—&

'"H-NMR (400 MHz, Chloroform-d) & 5.93 (m, 2H, !), 5.04 (dd, J=27.7, 4.6 Hz, 2H,
%), 3.54 —3.00 (m, 4H, %), 2.54 —2.24 (m, 4H, #), 2.34 —2.20 (m, 2H, %), 1.79 - 1.19
(m, 18H, ©), 1.00 — 0.87 (m, 12H, 7).
BC-NMR (101 MHz, CDCls) & 172.55, 169.52, 169.40, 78.37, 78.30, 38.89, 34.07,
30.43, 30.24, 29.34, 28.92, 26.58, 26.41, 25.00, 18.88, 17.17, 17.05.
IR: 3278.1, 3068.6, 2963.3, 2932.7, 2874.6, 2856.6, 1741.8, 1645.6, 1537.5, 1466.7,

1372.5,1164.4, 1125.9,1001.1, 725.1, 642.7, 404.5,
ESI-MS m/z: [M+H] " calculate for [C25H44N2O¢] © = 469.3272, found: 469.3270.
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2,13-diisopropyl-1,14-dioxa-4,11-diazacyclotetracosane-3,12,15,24-tetraone
(1,6-diisocyanohexan, isobutyraldehyde reacted with sebacic acid) (C10)

o o

St
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'"H-NMR (400 MHz, Chloroform-d) & 5.96 (q, J = 5.4 Hz, 2H, ), 5.08 (dd, J = 12.3,
4.3 Hz, 2H, ?), 3.56 — 3.05 (m, 4H, ?), 2.49 — 2.35 (m, 4H, ), 2.33 — 2.25 (m, 2H, °),
1.81 — 1.13 (m, 20H, %), 1.04 — 0.77 (m, 12H, 7).
BC-NMR (101 MHz, CDCls) & 172.41, 169.43, 169.36, 78.11, 39.00, 38.98, 34.38,
30.54,30.43,29.54,29.52,29.06,29.04, 29.02, 26.84, 26.81,25.27,25.25, 18.87, 18.86,
17.04, 16.98.
IR: 3288.1, 3077.3, 2962.2, 2929.3, 2872.5, 2856.1, 1740.9, 1646.4, 1531.3, 1463.6,

1370.7,1161.9, 1125.4, 1089.3, 1005.3, 721.6, 639.3, 489.1, 409.2
ESI-MS m/z: [M+H] * calculate for [C26HasN2O¢] © = 483.3429, found: 483.3425.

j5t)
©]
[a]
o
QO OUIT—OMNOMOMNOONT-TOITANTOULONOMNMTOMTOONMNMOLWO®MTWW— I N
N QQOYYTNMMOMNNNT e m o XIIINOANNANNOYINNRNR DR
NOLOLLOLLLLLLOOODOOHONOOONOOMHOONHOOHOOOHOANNNNNNNNT ™~ F — O OO
—— e o S B M S S ) — / i
6

(@)
N
cnx\
N

]

o (30} [} < ™ © N

e e v ©Q ) N
\ \ \ \ o \ o \ \ —F— OO o = \
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5

S (ppm)

150



Experimental Section

1.04 —¢C6

—— Polymeric species ”

—— Cycle species i
- Cumulative Fit Peak

RI response (a.u.)
o
o

0.0 4

18 20

14 16
Retention time/ min

Supplementary Figure 26: Peak deconvolution of SEC diagrams from crude products C6.
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Supplementary Figure 27: Peak deconvolution of SEC diagrams from crude products C7.
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Supplementary Figure 28: Peak deconvolution of SEC diagrams from crude products C8.
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Supplementary Figure 29: Peak deconvolution of SEC diagrams from crude products C9.
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Supplementary Figure 30: Peak deconvolution of SEC diagrams from crude products C10.

1,6-Diisocyanohexane 8 reacted in P-3CR

Diacid / Product Theoretical value(H')  Experimental value(H") yield
Adipic acid (C6) 427.2803 427.2801 27%
Pimelic acid (C7) 441.2959 4412957 30%
Suberic acid (C8) 455.3116 455.3127 34%
Azelaic acid (C9) 469.3272 469.3271 24%
Sebacic acid (C10) 483.3429 483.3425 21%

Supplementary Table 11: Theoretical values for the molecular weights of the cyclic macromolecules and

the values found in ESI-MS, as well as the final yield.

Peak deconvolution.

Product Polymer species Cycle species
C6 69% 31%
C7 65% 35%
Cc8 61% 39%
C9 63% 27%
C10 76% 24%

Supplementary Table 12: Determination of signal areas of polymeric products and macrocycles for

products C6-C10 using a peak deconvolution.

153



Experimental Section

154



Appendix

7 Appendix

7.1 List of Abbreviation

ADMET
ASCII
COSY
CuAAC
Cy
DCM
DMSO
DMSO-ds
DNA
DOSY
DSC

EA

ESI
ESI-MS

ESI-MS/MS

EWG
GPC
HBTU
HMBC
HSQC
IEG
IMCR
Inorm
IR
IUPAC
LC-MS

Acyclic diene metathesis

American Standard Coder for Information Interchange
Correlation spectroscopy

Copper-catalyzed azide/alkyne cycloaddition
Cyclohexane

Dichloromethane

Dimethyl sulfoxide

Deuturated dimethyl sulfoxide

Deoxyribonucleic acid

Diffusion ordered spectroscopy

Differential scanning calorimetry

Ethyl acetate

Electrospray ionization

Electrospray ionization - mass spectrometry
Electrospray ionization tandem mass spectrometry
Electron withdrawing group

Gel permeation chromatography
Hexafluorophosphate benzotriazole tetramethyl uronium
Heteronuclear multiple bond correlation
Heteronuclear single quantum coherence spectroscopy
Iterative exponential growth

Isocyanide-based multicomponent reaction
Normalized intensity

Infrared

International Union of Pure and Applied Chemistry

Liquid chromatography — mass spectrometry
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LC-MS/MS

m

M

m/z

MALDI-MS
MALDI-MS/MS

MCR
Mg
Min

NCE
nm
NMR
OEG
OPE
P-3CR
PEG

ppm

SEC
SPPS
TAD
TBAF
TEA
TFA
TGA
THF

Liquid chromatography — tandem mass spectrometry
Mass

Molar mass

Mass-to-charge ratio

matrix assisted laser desorption ionization — mass spectrometry
matrix assisted laser desorption ionization — tandem mass
spectrometry

Multicomponent reaction

Milligram

Minute

Number of average molar mass

Mass spectrometry

Mass average molar mass

Normalized collision energy

Nanometer

Nuclear magnetic resonance

Oligo(ethylene glycol)

oligo(phenylene ethynylene)
Passerini-three-component reaction

Poly(ethylene glycol)

Parts per million

Room temperature

Size exclusion chromatography

Solid phase peptide synthesis
1,2,4-Triazoline-3,5-diones
N,N,N-Tributylbutan-1-aminium fluoride
Triethylamine

Trifluoroacetic acid

Thermogravimetric analysis

Tetrahydrofuran
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THP
TLC
p-TsCl
U-4CR
puL

wt%

Tetrahydropyran

Thin-layer chromatography
para-toluenesulfonylchloride
Ugi-four-component reaction
Mikroliter

Weight percent
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7.2 List of Schemes
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Scheme 10: General reaction scheme of the SPPS by Merrifield. "7, ... 19
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Scheme 13: Schematic diagram of dimer generation using IEG by Whiting.'™..................... 27

Scheme 14: Overview of the synthesis of e-caprolactone oligomers. The monomer 6-
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Sonogashira reaction in solid phase. '™7..........coiiiiiirrr s 30
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Scheme 17: Overview of the synthesis of sequence-defined macromolecules via
multicomponent reactions by Meier group. The reaction cycle on the left describes the P-3CR
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Scheme 19: Macromolecules defined by a synthetic sequence via the Biginelli and P-3CR. In
the Biginelli reaction, urea, an aromatic aldehyde and an acetoacetate react to form Biginelli
acid, which then reacts with an aldehyde and diisocyanides to form isocyanate monomer
(monomer-NC). The monomer is polymerized repeatedly via the following Passerini reaction,
with the addition of aldehydes and carboxylic acids. After hydrolytic benzyl deprotection, the
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next monomer-NC in the next Passerini step.2!%.........cooiiiirisssese e 36

Scheme 20: A two-step iterative reaction cycle consisting of a P-3CR and a TAD Diels-Alder
reaction can be used to synthesize sequence-defined macromolecules in the solid phase and in
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Scheme 21: Iterative step approach with a P-3CR and deprotection. Synthesis strategy towards
sequence-defined macromolecules using the monoprotected AB building block (left).
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$1de ChaINS (TIZRL). ..veieiiiiie e ne s 44
Scheme 22: Flow chart for the synthesis of 9-ethyl-3,6-diisocyano-9H-carbazole (5) from 9-
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