JGlu

joHannes GUTENBERG
) MAX PLANCK INSTITUTE
UNIVERSITAT MAINz FOR POLYMER RESEARCH

Anionic polymerization of aziridines:
Tuning block- and gradient-copolymer architectures

and applications of linear polyaziridines

Dissertation zur Erlangung des akademischen Grades eines

Doctor rerum naturalium

vorgelegt von
TASSILO GLEEDE

geboren in Wiesbaden



Dekan: [
erster Gutachter. |
Zweiter Gutachter: _



Die vorliegende Arbeit wurde in der Zeit vom Mai 2016 bis zum Oktober 2019 am Max Planck-

Institut fiir Polymerforschung sowie dem Institut fiir Organische Chemie der Johannes Gutenberg-

Universitat Mainz unter Anleitung von (S i Arbeitskreis von (EEGEGD
G- c-fertigt.

Hiermit versichere ich, die vorliegende Arbeit selbststandig und ohne Benutzung anderer als der
angegebenen Hilfsmittel angefertigt zu haben. Alle Stellen, die wortlich oder sinngemal aus.
Veroffentlichungen oder anderen Quellen entnommen sind, wurden als solche eindeutig

kenntlich gemacht. Diese Arbeit ist in gleicher oder dhnlicher Form noch nicht veréffentlicht und

auch keiner anderen Prifungsbehoérde vorgelegt worden.

Tassilo Gleede  Mainz, 18.01.2020


bariehl
Hervorheben

bariehl
Hervorheben





Danksagung

Danksagung



Danksagung

>



Table of Contents

Table of Contents

DDANKSAGUNG cevt2erseesee5ee550558550551550558850551550550855 5055850558550 v
TABLE OF CONTENTS w.evverseveseeseessssssessssssssssssssssessssssessssssesessssssesssssseessssssssessssssesssses vII
MOTIVATION AND OBJECTIVES covverssrssersersssssssssssssssssssssssssssssssssssssssssssssssssssssssssesees 1
GRAPHICAL ABSTRACT evseveseesesssessesssesssesessssesossssessessssssessssseesessseesessssssessssssesssssseeses 4
AABSTRACT -erevt2erte055055055015505508108505518505588505 515105505818 50581 85055885551 7
ZUSAMMENFASSUN G cevr-erevtseessessesseeseeessessesssssesessssesessssesssssssesesssesssssssssess s 11

1 AZIRIDINES AND AZETIDINES: BUILDING BLOCKS FOR POLYAMINES BY ANIONIC

AND CATIONIC RING-OPENING POLYMERIZATION ....ccocmmmmssmsmmsmssssssssssssssssssssssssssssssnssnssssnssnsss 15
11 TNTRODUCTION tovveveeeeeeeeeeeseseeesssssessesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssseees 17
1.2 CATIONIC RING-OPENING POLYMERIZATION OF AZIRIDINES AND AZETIDINES .....vvvvvssssssssssssssseeees 20
1.3 ANIONIC POLYMERIZATION OF AZIRIDINES .vvvvvvveeeeeeeeeeessesseseeseseesesseeseseesseseessessessessessesssssessssssssssssssssees 30
1.4 ANIONIC POLYMERIZATION OF AZETIDINES .vvvvvveeeeseeeeeseeeseeseesesseseessesessessessessessssssssssssssssssssssssssssssssseses 43
1.5  ORGANOCATALYTIC RING-OPENING POLYMERIZATION (OROP) OF ACTIVATED AZIRIDINES ... 46
1.6 DESULFONYLATION REACTIONS vovvvvveeeeeeeeeeeeessessesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssseses 48

1.7 COMBINATION OF AZIRIDINES AND AZETIDINES WITH OTHER POLYMERI-ZATION TECHNIQUES:

COPOLYMERS AND POLYMER ARCHITECTURES ....covttusisrsesesssresssssessssssssssssesssssssassssssasssssssssssssssssssssssssssssssassens 50
RS T 010 )03 11613 (6] 58
1.9  REFERENCES CHAPTER T .oooisiiieeiereseseseseccssssssssssssesesesssssssssssssssssesesessssassssssssssssssssssasasasasssssssssssssees 59

2 ALCOHOL- AND WATER-TOLERANT LIVING ANIONIC POLYMERIZATION OF

WL W7/ 0 30 D 11 D 65
0 B SN 3 U 2 VO N 67
2.2 INTRODUCTION ..cuteereuseseeseasessssessessesessessssessessssessessssesssssssesssssssesssssssesssssssesssssssessssssssussssssessssssssassssesassans 68
2.3 RESULTS AND DISCUSSION ...cucucureeureresssesesssesessssesessssessssssessssssessssssesssssssssssssssssssssssssssssssessssssssssssssssanes 70
2.4 REFERENCES CHAPER 2 ..citsitreresseresessssessessssessessssesssssssesssssssesssssssssssssssessssssssssssssssssssssssasssssssasssssssassns 79

2.5 SUPPORTING INFORMATION FOR ALCOHOL- AND WATER-TOLERANT LIVING ANIONIC

POLYMERIZATION OF AZIRIDINES ...o.ccuuertueruessnssnssssesssssssssssssssssssssssesssnsssnssasssssssssssssssansssssssssnssnsssnssssssssssansens 81
2.6 MATERIALS AND METHODS ...cosevueeseesseessessssssssnsssssssssssssssssssssssassssssssnssnsssssssssssssssanssanssassssnsssnsssnees 81
2.7  SECTION A: MECHANISTIC EXPLANATION OF AAROP WITH PROTIC ADDITIVES. ..vcreveerernerreens 83
2.8 SECTION B. KINETICS .ourvueetnerresseeseesssssssssssssssnssssssssssssessssssssssassssssssnsssssssssssssssssssanssasssasssssnsssnsssnees 83
2.9  SECTION C. 133C-NMRS AND 2D-NMRS OF THE KINETICS ..ocovurerrersererressssessensssessessssessssssessssssssssenses 88
2.10 SECTION D. POLYMERIZATION IN OPEN VIALS w.ouvvueeueetessaesasssssssnsssssssssssssssssssssssnsssssssnsssnsssnees 98

Vil



Table of Contents

2.11  SECTION E. MALDI-TOF SPECTRA w...oesmmrrrmmrsrsmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasens 109
2.12 SECTION F. CHAIN EXTENSION EXPERIMENTS ..uuvuvuumessssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 111
2.13  SECTION G: COMPUTATIONAL DETAIL cuuevuursesersssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 115

2.14 SECTION H. POLYMERIZATION OF UNPROTECTED HYDROXYL-FUNCTIONALIZED SULFONYL
AZIRIDINE i a R E AR E SRR E AR SRR SRR AR RS RS R AR R 119

2.15 ADDITIONAL REFERENCES CHAPTER 2 ...cvvitreseersesessssessessssessessssessessssessssssesssssssessssssssssssssssssssns 122

3 FAST ACCESS TO AMPHIPHILIC MULTIBLOCK ARCHITECTURES BY THE ANIONIC

COPOLYMERIZATION OF AZIRIDINES AND ETHYLENE OXIDE ......cccocussmsmmmsemsmsassassessnsasas 123
3.1 ABSTRACT weueeeressesesessessesessessssessessssessessssessessssessessssessessssesssssssesssssssesssssssesssssssesssssssesssansssasssssssnssssssenssnes 124
3.2 INTRODUCTION ceteeeueeseessessessessessessessessessessessessssssssssssssssssssssssessessessessessessesssssssssssssssssssssssssssessessessessessens 125
3.3 RESULTS AND DISCUSSION wuuurveuumresssmmesssseesssnmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 126
3.4 SUMMARY cecutrtressessssessesssessessssesssssssessssssesss st sesss st sesss st sesssssssesssssssesssssssesssssssesssssssessssnssssssnsssnsssnsasasssns 133
3.5  REFERENCES CHAPTER 3 ...ouieccereeusereesseeeessesssessssssssssessesssesssssssssssssssssssss st sssessssssssssssssssssssssasesses 134

3.6 SUPPORTING INFORMATION FOR FAST ACCESS TO AMPHIPHILIC MULTI-BLOCK ARCHITECTURES
BY ANIONIC COPOLYMERIZATION OF AZIRIDINES AND ETHYLENE OXIDE ....cccocoiiininiininisnnnnnnninnnnnns 137

3.7  ADDITIONAL REFERENCES CHAPTER 3 ....covvoiisetrenenerressessssesessssessessssesssssssessssssssssssssssssssssssssssssssssesns 165

4 COMPETITIVE COPOLYMERIZATION: ACCESS TO AZIRIDINE COPOLYMERS WITH

ADJUSTABLE GRADIENT STRENGTHS .....cccoccsmsmmmsensmssmsenssssmsesssssssssssssssssssssssssssssssssssssssssssssssnssns 167
4.1 ABSTRACT wueereurerrereusesesesssssesisssssssesssssssesssssssesssssssssssssssesssasssssssasssssssessssassssasssssssssssssesasssssssssssssssssasassasses 168
4.2 INTRODUCTION..csueressrressssessseessssssssessssssssssessssessssessssessssessssasssssssssnssssessssnsssssesssnssssassssessssnsssssssssnssasnses 169
4.3 EXPERIMENTAL SECTION ..uvvvuureessmrsssssessssmsesssssssssssssssesssssssssssssssssssssssssssssssssssssssssesssssssssssssssssnns 172
4.4 RESULTS AND DISCUSSION ..uvuueressresseessmesssssssssssssssssssssssssssssssssssssssessssmssssssssssssssssssssessssssssssssssssssasnees 177
4.5 CONCLUSION couteueuueeuseeseessesssesseessessesssessesssesssessesssessssssessesssessesssessssssesssessesssessssssesssssesasessesssessssasessesssssans 190
4.6 REFERENCES CHAPTER 4 ..cccouureesssssssssesssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssnns 191

4.7 SUPPORTING INFORMATION FOR: COMPETITIVE COPOLYMERIZATION: ACCESS TO AZIRIDINE

COPOLYMERS WITH ADJUSTABLE GRADIENT STRENGTHS ....ccouuumeessesmsssssssssssssssssssssssssssssssssssssssesssssenns 195

5 LINEAR WELL-DEFINED POLYAMINES VIA ANIONIC RING-OPENING
POLYMERIZATION OF ACTIVATED AZIRIDINES: FROM MILD DESULFONYLATION TO

CELL TRANSFECTION...cccistsurssmsmsasssssssasssssssssssssssasssssssssssssssnsssssssnssnsssssssssssssssssssssssssssssssssssssssnssssnssnsss 217
5.1 ABSTRACT wvteeeritesssessessssssssesssssssssassssssssssssssssssssssssssssssssssssssssssssasesssssssssssssssssssssssssssssssasssssssnsssssanesanes 218
5.2 IINDRODUCTION ..uccuuieueereesresssesseessessesssessesssessesssessssssesssessssssessasssesasessssssessasssssssessssssessassssssssssesassssssasessnes 219
5.3 RESULTS AND DISSCUSSION ..uccvuureeueesssesssssssesssssssssssssssssssssssssesssssssssessssssssssssssssssssssssssssasssssssssssssanes 221
5.4 SUMMARY c.otieuriiseuseesreeseesse s ssss s sessse e sss et s s s s s s R AR bbbt 227
5.5  REFERENCES CHAPTER 5 ..ouiiicurienetneesseeecssessesse s ssssssesssesss st ssssss s ssss s s sanes 228

Vil



Table of Contents

5.6  SUPPORTING INFORMATION FOR LINEAR WELL-DEFINED POLYAMINES VIA ANIONIC RING-

OPENING POLYMERIZATION OF ACTIVATED AZIRIDINES: FROM MILD DESULFONYLATION TO CELL

TRANSFECTION w.vuurvuueeeseeeseesseessesssssssnssssesssesssassssssasssssssssesssnssssesssesssnsssessasesasssssessnssanssssesssesssnssasssanssasssssnssnssanees 230
5.7  MATERIALS AND ANALYTIC METHODS ..cuvvumesreeseesmssssssssssssssessmssssssssssssssssssssssssssssssssssssssssssssnsens 230
5.8 SYNTHESIS PROCEDERES ...cosstueetectusesssssssssnssssssssssssssssssssssssssssessnsssssssssssssssssssanssassssssssnsssssssssssnsens 232
5.9  ADDITIONAL REFERENCES CHAPTER 5..coviiiinneinennssnssssssnsssmssnsssssssssssssssssssssssssssssssssssssssssssssssssssssas 242

6 4-STYRENESULFONYL-(2-METHYL)AZIRIDINE: THE FIRST BIVALENT AZIRIDINE-

MONOMER FOR ANIONIC AND RADICAL POLYMERIZATION .....cccocusmsemsmssmsessnssssassnsssssssesses 243
6.1 ABSTRACT .ereurerrereuseseesessessesesssssssesssssssesssssssesssssssessssessesssssssssssssassssssessssssstasssssesssssssssasssssssssssssessssnssessses 244
6.2 INTRODUCTION..cuseureureureusessessessessessessesssssssssssssssesssssessessessessessessessessessessssssssssssssssssssssssssssssessessessessessenes 245
6.3 EXPERIMENTAL SECTION...iuuuureessrsssssessssmssssssssssssssssssssssssssssssssssssssssssmsssssssssssssssssssssssssassssssssssnnns 246
6.4 RESULTS AND DISCUSSION .uuvvuuresseessmeesseessseessssssssmssssssssssssssssssssssessssssssssssssssssssessssessssassssssssssssasnses 249
6.5  REFERENCES CHAPER 6.....curumeeeenrereeseesessessessesssessssssessssssessssssesssessesssssssssssssssssssasessssssessasasesssssssnns 258

6.6  SUPPORTING INFORMATION FOR 4-STYRENESULFONYL-(2-METHYL)AZIRIDINE: THE FIRST

BIVALENT AZIRIDINE-MONOMER FOR ANIONIC AND RADICAL POLYMERIZATION ...cooveureereenessesseeseenns 259
6.7  ANALYTICAL DATA OF STMAZ c..covvrrriireinsrnsissessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssanes 259
6.8  ANALYTICAL DATA OF HOMO AND CO-POLYMERS ..veretrmeurermesresssessssessssssssssssssssesssssssssssssssssssans 261
6.9  ANALYTIC OF THIOL-ENE FUNCTIONALIZATION ....vvvuesumersresssesseessssssssssssssssssssssmsssssssnssssssssssanssanes 264

7 TACTICITY CONTROL IN POLY(SULFONYL AZIRIDINE)S: TOWARDS TUNING

CRYSTALLINITY AND SUPRAMOLECULAR INTERACTIONS ....coocvmimmmessmmsmessssssssssnsssssssnssns 273
7.1 INTRODUCTION eevetuureessseessssesssssssssssssssssssssssssssssssessssssssssessssssmsssssssssssesssssssssssssssssssssssssssssssesssssssssssnns 274
7.2 EXPERIMENTAL SECTION evutuveuueeessnessseessssssssmssssssssssmsssssssssssssssssssssssssssssssssssssssessssessssmssssmsssssssssssssnees 277
7.3 RESULTS AND DISCUSSION wceuureessmreessseesssmssssssesssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssnnes 281
T4 SUMMARY woeureieressessesessessesessessssesssssssessssssstsssssssesssssssssssssssesssssssesssssssesssasssessssssnsssssssnsasssssnsssssesssasssssssanes 284
7.5  REFERENCES CHAPTER 7 oocurtireunsererssesssssssssssssssssssssssssssssssssss s sasesssssssssssssssassssesssssssssssssssssssssssnssas 285

7.6  SUPPORTING INFORMATION FOR TACTICITY CONTROL IN POLY(SULFONYL AZIRIDINE)S:

TOWARDS TUNING CRYSTALLINITY AND SUPRAMOLECULAR INTERACTIONS w..ccoveemreeeeseesesssssesessssseseenes 287
8  APPENDIX ..o icciierrsrssrmsnsssssssssssssssssssssssssssssssssssmsssmssssssssssssssssssasssassssssssssssssnsssmsssnsssnsssnsssnssasssanssn 295
8.1  PUBLICATIONS OF COOPERATION PROJECTS ...coereesesmesessssssssssssmsssssssesssssssmsssssssesssssssesssssssnnes 295






Motivation and Objectives

Motivation and Objectives

Using a sulfonyl group to substitute the N-proton of aziridines activates the aziridine and
allows anionic ring-opening reactions. Sulfonyl groups act as both an activation and protecting
group. Sulfonyl activated aziridines are a compatibly new class of monomers that have been
explored in 2005. To determine their properties and application in anionic ring-opening
polymerization (AROP) more novel monomers carrying functionalities should be designed to
expand the existing scope of activated aziridines. Currently, most monomers functionalities are
introduced in the aziridine side group instead of the N-activation group itself. The inclusion of
different functionalities enables a greater range of potential applications of polyaziridines to be
achieved. This functionality can be used to give adjustable solubility or thermal properties of the
polysulfonamides. New functional aziridine monomers have been developed, and the properties
of the resulting polymers have been studied. Polymers formed from activated aziridines are
polysulfonamides which belong to a class of polyamines, due to the presence of nitrogen in the
polymer backbone.

The most popular strategy to access linear polyamines is the cationic ring-opening
polymerization (CROP) of 2-oxazolines. The CROP methodology has been developed several years
ago and is applied in industry and performs very well. Nevertheless, AROP does not suffer of
increased chain transfer, termination or recombination reactions, and is by this superior to CROP.
One major goal of this thesis was the deprotection of polysulfonamides to show a mild synthetic
alternative to the L-PEIl strategy via CROP from 2-oxazolines. Several methods to desulfonylate
these polymers have already been reported. Due to the strength of the sulfonyl-amine bond most
of them suffer from low yields or require very toxic chemicals and harsh conditions. This makes
further application in biological studies challenging. The monomer, which was developed in this
work, allows a mild nucleophilic desulfonylation mechanism. Moreover, the ring is sufficiently
activated to enable efficient initiation and controllable polymerization.

In addition, the electron withdrawing (EWD) nature of activating groups pull electron
density from the active chain end of the polymers. This effects the nucleophilicity as well as the
basicity of the active species. In previous studies, only the effect of the EWD groups on the
monomer activity was partly analyzed and discussed. Investigating the effect EWD groups have
on the active polymer chain-end during polymerization gives us a better understanding of the
role of the activating group. A strong nucleophilicity of the chain-end is required to ensure
propagation. While conversely, strong nucleophilicity increases the probability of termination by

electrophiles or protons.



Motivation and Objectives

Using a systematic library of different electron withdrawing substituents, allows tuning of
monomer reactivities. This enables the production of different gradient polymer microstructures
in copolymerization mixtures. As part of this thesis, the concept of tuning polymer gradient will
be revealed and correlations between the monomer activation and propagation rates will be
discussed. The precise control of the polymer structure enables a gradual distribution of
functionalities in the polymer microstructure to be obtained. We see adjustable gradient strength
in copolymers as a central goal in polymer synthesis according to adjust polymer properties.
Tuning the gradient over this enormous range from statistical to block copolymers with
copolymerizations is a synthetic challenge. The conventional strategy to access gradient
copolymers uses monomer-dosing apertures. Detailed understanding of the copolymerization
behavior and the correlations to monomer properties allows the access this polymer structures
by single-step and one-pot reactions. Building on the concept of copolymerizing different
activated aziridines and single-step polymerization set-ups, the copolymerization of aziridines
with ethylene oxide (EO), as representative of the oxyanionic polymerization, was a major goal,
which was tested, but not achieved before this thesis.

Chapter 1: The first chapter introduces the anionic polymerization of activated aziridines.
It further gives an overview of the state of the art research and how polyaziridines are obtained
by anionic and other polymerization methods. Copolymerization techniques to novel
polysulfonamides and various monomers are introduced.

Chapter2: The impact of the electron withdrawing activation groups on the active chain-
end is studied in this chapter. Different EWD groups are used to study the influence of
homopolymerization kinetics according to the presents of additives such as protic solvents
(alcohols and water). Furthermore, the influence on polymerization kinetic, polymer dispersities
and secondary initiation should be explored to understand the AROP of activated aziridines with
focus on the active chain-end in detail.

Chapter 3: To achieve a copolymerization of activated aziridines ethylene oxide is the
priority in the third chapter. As monomers appear to be very similar, both are three membered
rings with a heteroatom, both polymerize via AROP, both have a similar ring tension, the
copolymerization and analysis of the microstructure a major importance of this chapter. EO and
the tested aziridines showed to have highly different monomer reactivities; therefore the
copolymerization could be used to generate amphiphilic multiblock systems. Additionally, routes
and applications of novel water-soluble polymers with diverse architectures should be explores

in this chapter.
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Chapter 4: The intention of the fourth chapter was to further expand the scope of the
different activation groups to understand and practically observe the detailed effect of the
reactivity difference and gradient strength of the copolymer microstructure. The co-monomers
library and the correlations between the reactivity differences could be used to prepare more
different gradient structures. Gradient systems are used as functional polyamines after removal
of the sulfonyl group or directly as compatibilizer for polysulfonamides.

Chapter 5: The fifth chapter is dedicated to the desulfonylation reaction of the
polysulfonamides. Developing novel activation groups, which are covalent attached on the
nitrogen of the aziridine rings, can be used to fine-tune the propagation rates, like in chapter 4
and 3. Seeing the sulfonyl group as a protecting group and not as a simple activating group should
be in the focus of this chapter. Depending also on the EWD behavior of the sulfonyl group of the
monomers, the polymer is deprotectable. A method should be designed to use the
polysulfonamides as a precursor for linear, functionalized polyamines. PEl derivatives synthesized
via AROP should be tested as cell transfection agent.

Chapter6: The last chapter is about the great variety of functional activated aziridine
monomers. The activation group of the aziridines cannot only be used to trigger the reactivity.
Here, the activation group should also act a functional group allowing further post modification,
which were previously only introduced via the 2-possition. Bearing a styrene moiety the
anionically synthesized polysulfonamides should be further functionalized and simultaneously
the vinyl moiety should act as a polymerizable group for radical polymerization, which makes this

activated aziridine become an orthogonal bivalent monomer for both, radical and AROP.



Graphical Abstract

Graphical Abstract

TOC 1: Table of content, symbolizing the wide spectra of polymerizing activated aziridines and azetidines
to novel linear polyethyleneimines by anionic ring-opening polymerization (from the flask to the right,
and the polymerization of aziridine and azetidine by cationic ring-opening polymerization (left side)

TOC 2: Table of content, symbolizing the robust polymerization of activated aziridines, resistant against
protic additives (alcohols and water)

TOC 3: Table of content, symbolizing fast an easy synthesis of amphiphilic multiblock architectures from
EO (blue) and Aziridines (orange)
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TOC 4: Table of content, symbolizing the combination different monomers for a copolymerization:
Depending on the activation difference between two copolymers the microstructure is adjustable from
statistical over gradient to block-copolymers.
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TOC 5: The TOC illustrates the desulfonylation of the polysulfonylamine, which was polymerized by
anionic ring-opening polymerization.
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TOC 6: Table of content, symbolizing the combination of two different monomers (Styrene and tosyl
activated 2-methylaziridine) to access bivalent monomer with orthogonal moieties for radical (red) and
anionic (green) polymerization.






Abstract

Abstract

14 Years after anionic ring-opening polymerization was applied to activated aziridines for
the first time, this rather novel monomer class became interesting for more and more research
groups. The polymer class originated from activated aziridines offers several hidden potentials to
be further explored e.g. their unique properties concerning the polymerization behavior and
expanding the scope of new aziridine monomers to study functional polyamine derivatives. In
contrast to cationic polymerization, anionic polymerization requires proton-free conditions, why
the N-terminal hydrogen is substituted with a sulfonyl group which withdraws electrons from the
aziridine ring and thereby allows nucleophilic attacks and consequently, living anionic
polymerization. The polymers from activated aziridines represent functionalizable, linear
polyamine derivatives or polysulfonamides.

This PhD thesis focuses primarily on a deeper understanding of synthesizing gradient and
block copolymers with aziridines as well as further explain the nature of aza-anionic
polymerization to classify it next to other anionic polymerizations. In addition, this novel class of
linear polyamine derivatives were investigated in fundamental studies on potential applications
as cell transfection agents or as amphiphilic surfactants. The thesis itself is divided in six main
chapters of published results, an outlook and appendix. The first Chapter is an introduction on
polyamines synthesized from aziridines and azetidines. It provides an overview of different routes
to access polyamines with various structures and refer to applications of those polyamine classes,
introduces the different routes to synthesize the activated aziridines and summarizes the
different polymerization techniques to access the polysulfonamides.

The second chapter focus on the unique finding that anionic polymerization of aziridines
appears to be tolerant and robust towards protic impurities. Further, this polymerization
technique does not require inert atmosphere and stays living in the presence of large amounts of
water or alcohols. Different activated aziridines were polymerized with up to 100-fold excess of
an added protic impurity (like water or alcohols), proven to be active and fulfilling the
requirements of a living polymerization. The electron withdrawing effect of the activating groups
causes this unique tolerance towards protic additives. This effect decreases the basicity of the
propagating species, while maintaining a strong nucleophilic character. Alcohol or water is only
slightly involved in the polymerization, which further allows the direct preparation of polyols by

anionic polymerization without protective groups.



Abstract

The third chapter demonstrates the first single step one pot copolymerization of activated
aziridines with ethylene oxide (EO). Copolymerization of these two highly strained three-
membered heterocycles results by a one-pot copolymerization to well-defined amphiphilic block
copolymers with a single step. The polymerization was followed by real-time H NMR
spectroscopy, finding the biggest reactivity difference of r; = 265 and r, = 0.004 for 2-methyl-N-
tosylaziridine/EO and r; = 151 and r, = 0.013 for 2-methyl-N-mesylaziridine/EO ever reported for
anionic copolymerizations. The obtained amphiphilic diblock copolymers were used to stabilize
emulsions and to prepare polymeric nanoparticles by mini-emulsion polymerization. Synthesis
strategies towards amphiphilic penta- and tetrablock copolymers in one or two steps are
presented additionally in this section. These example of epoxide and aziridine copolymerizations
represent a novel strategy to produce sophisticated macromolecular architectures. They are an
ideal system to study stimuli-responsive and amphiphilic (block) polymers consisting of
polyamines and water soluble polyglycols.

The fourth chapter is dedicated to the individual copolymerizations of activated aziridines
with two different activation groups. Due to the beneficial living nature of anionic polymerization,
gradient copolymers can be obtained with low dispersities and adjustable molar mass. The great
variety of the activation groups allows tuning the electron withdrawing behavior precisely and
thereby the degree of the monomer activation. The combination of different activating groups
allows further fine-tuning the gradient strength of copolymers. Sulfonyl activated aziridines are
to date the only monomer class providing access to gradient copolymers with microstructures
ranging from statistical to block-copolymers solely by adjusting the activation groups. This
detailed study allowed correlations between the monomer activation given by Hammett
parameters and the propagation parameters of the individual homo polymerizations. This is used
to predict polymerization rates (k,) for aziridines, not synthesized so far. For the first time
correlation of copolymerization ratios for ring-opening polymerization with the EWD nature of
the monomers was possible. This knowledge allows accessing various tailored gradient
copolymers with controlled monomer sequence in a single step and predicting copolymer
structures of not synthesized monomers.

The last two chapters (chapter 5 & 6) represent the synthesis of lately developed functional
activated aziridines. In both chapters the obtained polysulfonamides were further used for post
modification. As the anionic polymerization of sulfonamide-activated aziridines leads to polymers
with a linear polyamine backbone, this pathway is after a successful desulfonylation an
alternative to the 2-oxazoline route. Poly (2-oxazoline)s are usually used to access linear

polyethyleneimine (L-PEI) after acidic hydrolysis from. The 1-(4-cyanobenzenesulfonyl) 2-methyl-
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aziridine, an aziridine containing a highly electron withdrawing activation group was found to
polymerize as good as the other monomers of the aziridine family. Additionally, the 4-
cyanobenzenesulfonyl allows mild reaction conditions to cleave the nitrogen — sulfur bond to
convert the polysulfonamine into linear polypropyleneimine (L-PPl). The high control over
molecular weight and weight dispersities achieved by living anionic polymerization are the key
advantages of this strategy, especially if used for biomedical applications, as molecular weight
correlates with toxicity. The synthesized polypropylene-imine showed further to be an adequate
cell transfection agent.

4-Styrenesulfonyl-(2-methyl)aziridine (StMAz) is a monomer containing a functional
activation group. This makes is the first orthogonal aziridine monomer, applicable for both anionic
ring-opening and radical polymerization. Both polymerization pathways are accessible without
using protective groups. While azaanionic ring-opening polymerization (AAROP) of StMAz and
other methyl-aziridine derivatives provides multifunctional polyaziridines, radical polymerization
of the vinyl group gives access to polyalkylenes with aziridine side groups, which are known to be
efficiently addressable via nucleophiles.

Chapter 7 contains unpublished results on the synthesis and polymerization of
enantiomerically pure aziridines. These and discussed applications correspond to an outlook on

further research with activated aziridines.
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Zusammenfassung

14 Jahre nach dem die anionische Ringoffnungspolymerisation erstmals an aktivierten
Aziridinen angewandt wurde, gewinnt diese Monomerklasse der aktivierten Aziridine immer
mehr an Bedeutung. Die aus aktivierten Aziridinen stammende Polymerklasse bietet weiterhin
verborgenes Potential, um die einzigartigen Eigenschaften hinsichtlich der Polymerisation und
des Anwendungsbereichs neuer Aziridinmonomere weiter zu erforschen. Im Gegensatz zur
kationischen Polymerisation erfordert die anionische Polymerisation in der Regel strikt aprotische
Bedingungen, weshalb der N-terminale Wasserstoff durch eine Sulfonylgruppe substituiert ist.
Diese Schutzgruppe entzieht dem Aziridinring Elektronen und ermdéglicht nukleophile Angriffe.
Somit wird eine lebende anionische Polymerisation an Aziridinen ermdglicht. Bei den Polymeren
von aktivierten Aziridinen handelt es sich um lineare funktionalisierbare Polyaminderivate, hier
auch als Polysulfonamide und Polyaziridine bezeichnet.

Diese Doktorarbeit beschéftigt sich in erster Linie damit, ein tieferes Verstandnis fiir die
Synthese von Gradienten- und Blockcopolymeren mit Aziridinen zu erhalten, sowie die
azaanionische Polymerisation zwischen den anderen anionischen Polymerisationsklassen
einzuordnen. Dariliber hinaus wurde diese neue Klasse von linearen Polyaminderivaten
grundlegenden Studien unterzogen, um die Anwendungen als Zelltransfektionsmittel oder den
Nutzen als amphiphile Tenside zu zeigen. Die Arbeit selbst ist in sechs Kapitel mit publizierten
Ergebnissen gegliedert und enthalt ein Ausblick mit unpublizierten Ergebnissen, sowie ein
Appendix. Das erste Kapitel dient zur Einflihrung in Polyamine, welche aus Aziridinen und
Azetidinen synthetisiert werden kénnen. Es bietet zudem einen Uberblick iiber diverse Wege zu
Polyaminen mit verschiedenen Strukturen und bezieht sich auch auf Anwendungen von
Polyaminen. Es werden verschiedene Wege zur Synthese von aktivierten Aziridinen erldutert und
die verschiedenen Polymerisationstechniken, welche die Synthese von Polysulfonamiden
ermoglichen, zusammengefasst.

Das zweite Kapitel befasst sich mit der einzigartigen Erkenntnis, dass die anionische
Polymerisation von Aziridinen robust gegeniber protischen Verunreinigungen ist und Wasser
sowie Alkohole toleriert werden. Zusatzlich verlangt diese Polymerisationstechnik keine inerte
Atmosphare und bleibt in Gegenwart groRer Mengen von Wasser oder Alkoholen nachweislich
lebend. Verschiedene aktivierte Aziridine wurden mit einem bis zu 100-fachen Uberschuss einer
zugesetzten protischen Verunreinigung (wie Wasser oder Alkohole) polymerisiert. Die
Kettenenden blieben dabei aktiv und die Polymerisationen erfiillten die Anforderungen einer

lebenden Polymerisation. Der elektronenziehende Effekt der Aktivierungsgruppen ist
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verantwortlich fir die einzigartige Toleranz gegeniber protischen Additiven. Er verringert die
Basizitdt des aktiven Kettenendes, wahrend der stark nukleophile Charakter erhalten bleibt.
Alkohole oder Wasser sind nur geringfligig an der Polymerisation beteiligt, was die direkte
Herstellung von Polyolen durch anionische Polymerisation ohne Schutzgruppen ermdoglicht.

Das dritte Kapitel zeigt die erste Einschritt-Eintopfcopolymerisation von aktivierten
Aziridinen und Ethylenoxid (EO). Die Copolymerisation dieser beiden hochgespannten
dreigliedrigen Heterozyklen fiihrt auf schnellem und einfachem Weg zu definierten amphiphilen
Blockcopolymeren. Die Polymerisation wurde durch Echtzeit 'H NMR-Spektroskopie verfolgt,
wobei der, flr anionische Copolymerisationen, groRte Reaktivitdatsunterschied von r; = 265 und
r, = 0,004 fir 2-Methyl-N-tosylaziridin / EO, sowie r; = 151 und r> = 0,013 fir 2-Methyl-N-
mesylaziridin / EO gefunden wurde. Die erhaltenen amphiphilen Diblockcopolymere wurden
verwendet, um Emulsionen Zu stabilisieren und Nanopartikel durch
Miniemulsionspolymerisation  herzustellen. In  diesem Kapitel werden zusétzlich
Synthesestrategien fiir amphiphile Penta- und Tetrablockcopolymere in wenigen
Syntheseschritten vorgestellt. Diese Copolymerisation von EO und Aziridinen ermdoglicht neue
Strategien zur Herstellung komplexer makromolekularer Architekturen. Diese sind ein ideales
System zur weiteren Erforschung von responsiven und amphiphilen Blockcopolymeren, welche
aus Polyaminen und wasserldslichen Polyethern bestehen.

Das vierte Kapitel behandelt die Copolymerisationen von aktivierten Aziridinen mit zwei
verschiedenen Aktivierungsgruppen. Aufgrund des lebenden Charakters der anionischen
Polymerisation kdnnen Gradientencopolymere mit geringen Dispersitaten und einstellbaren
Molmassen erhalten werden. Die grolRe Vielfalt der Aktivierungsgruppen ermdglicht es das
elektronenziehende Verhalten und damit die Monomeraktivitdit exakt einzustellen. Die
Kombination von verschiedenen aktivierenden Gruppen ermdglicht es, die Gradientenstarke der
Copolymere zu beieinflussen. Die Klasse der sulfonamidaktivierten Aziridine ist bis heute die
einzige Monomerklasse, welche es erlaubt, durch Wahl der Aktivierungsgruppen,
Gradientencopolymeren mit unterschiedlichen Mikrostrukturen von statistisch bis zu blockartig
zu synthetisieren. Diese detaillierte Studie ermdglichte Korrelationen zwischen dem durch den
Hammett-Parameter beschriebenen Elektronenzug und der Monomeraktivitat, wiedergespiegelt
durch die Propargationsparameter (k,) der einzelnen Homopolymerisationen zu erkennen. Die
gefundenen GesetzmaRigkeiten lassen sich nutzen, um die Polymerisationsgeschwindigkeiten fiir
Aziridine vorherzusagen, welche bislang noch nicht synthetisiert wurden. Dieses Wissen erlaubt

den Zugriff auf verschiedene malRgeschneiderte Gradientencopolymere mit einstellbarer
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Monomersequenz, welche in einem Schritt synthetisiert werden kénnen. Darliber hinaus kénnen

auch Copolymerstrukturen von noch nicht synthetisierten Monomeren vorhergesagt werden.

Die letzten beiden Kapitel (Kapitel 5 und 6) beschreiben die Synthese kiirzlich entwickelter
funktionalisierter Aziridine. In beiden Kapiteln wurden die erhaltenen Polysulfonamide
modifiziert. Da die anionische Polymerisation aktivierter Aziridine zu Polymeren mit linearen
Polyamingrundgeriist fihrt, ist dieser Weg nach einer erfolgreichen Desulfonylierung eine
mogliche Alternative zu dem Weg (iber 2-Oxazoline. Poly-(2-oxazoline) werden Ublicherweise
verwendet, um lineares Polyethylenimin (L-PEl) nach saurer Hydrolyse zu erhalten. 1-(4-
Cyanobenzolsulfonyl)-2-methylaziridin, ein neues Aziridinmonomer, welches eine stark
elektronenziehende Aktivierungsgruppe enthalt, polymerisiert dhnlich gut wie die anderen
Monomere der Aziridinfamilie. Zusatzlich ermdglicht die 4-Cyanobenzolsulfonylgruppe die
Spaltung der Stickstoff-Schwefel-Bindung unter milden Reaktionsbedingungen. Somit kann
lineares Polypropylenimin (L-PPI) aus Polysulfonamiden erhalten werden. Die gute Kontrolle des
Molekulargewichts und der Molmassendispersitaten, welche durch lebende anionische
Polymerisation ermoglicht werden, sind die Hauptvorteile dieser Strategie. Insbesondere wenn
L-PPI  fiir  biomedizinische = Anwendungen  verwendet wird, ist eine gute
Molekulargewichtseinstellung erforderlich, da die Molmasse von L-PEl mit der Toxizitat korreliert.

Das synthetisierte Polypropylenimin erwies sich als addquates Zelltransfektionsmittel.

4-Styrolsulfonyl-(2-methyl)aziridin  (StMAz) ist ein Monomer mit einer funktionellen
Aktivierungsgruppe. Damit ist es das erste orthogonale Aziridinmonomer, das sowohl fir die
anionische Ringoffnungspolymerisation als auch fiir die radikalische Polymerisation geeignet ist.
Beide Polymerisationsmethoden sind ohne Verwendung von zusatzlichen Schutzgruppen
moglich. Wahrend die azaanionische Co- und Homoringdffnungspolymerisation von StMAz
werden funktionalisierbare Polyaziridine erhalten. Die radikalische Polymerisation der
Vinylgruppe ermoglicht wiederrum den Zugang zu Polyalkylenen mit Aziridinseitengruppen,
welche bekanntermaRen effizient Gber Nucleophile modifizierbar sind.

Kapitel 7 enthalt unpublizierte Ergebnisse zu der Syntese und der Polymerisation von
enantiomerenreinen Aziridinen. Diese und diskutierte Anwendungen entsprechen einem

Ausblick auf weitere Forschung mit diesen Monomeren.
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Canisius Mbarushimana, Paul A. Rupar, Frederik R. Wurm and me (Tassilo Gleede). The Review is
divided in nine Parts.
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Canisius Mbarushimana, Paul A. Rupar and Frederik R. Wurm Aziridines and azetidines: building
blocks for polyamines by anionic and cationic ring-opening polymerization Polym. Chem., 2019,

10, 3257-3283.

Content: Despite the difficulties associated with controlling the polymerization of ring-strained
nitrogen containing monomers, the resulting polymers have many important applications, such
as antibacterial and antimicrobial coatings, CO, adsorption, chelation and materials templating,
and non-viral gene transfection. This review highlights the recent advances on the
polymerizations of aziridine and azetidine. It provides an overview of the different routes to
produce polyamines, from aziridine and azetidine, with various structures (i.e. branched vs.
linear) and degrees of control. We summarize monomer preparation for cationic, anionic and
other polymerization mechanisms. This comprehensive review on the polymerization of aziridine
and azetidine monomers will provide a basis for the development of future macromolecular

architectures using these relatively exotic monomers.
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1.1 Introduction

Despite being structural analogs with comparable ring strain (Figure 1.1), aziridine and
oxirane have very different polymerization chemistries. Oxirane can be polymerized via a variety
of mechanisms, including cationic ring-opening polymerization (CROP)! and anionic ring-opening
polymerization (AROP)?? to form linear poly(ethylene oxide) (PEO) with high degrees of control.
In contrast, aziridine can only polymerize via CROP to produce (hyper)branched polyethylenimine
(hbPEI) with little control over molecular weight, dispersity, and microstructure.*® The situation
is similar with azetidine (Figure 1.1), the nitrogen analog of oxetane, which also only forms

hyperbranched poly(trimethylenimine) (hbPTMI) via CROP.°

N 0
FAN AN
aziridine oxirane
26.7 kcal mol 26.3 kcal mol
)™ B
azetidine oxetane
25.2 kcal mol 24.7 kcal mol

Figure 1.1: Chemical structures of aziridine, azetidine, oxirane, and oxetane and their ring-strains.1%!
Even with the challenges in controlling its polymerization, the high amine density of hbPEI
lends its use in a wide range of applications including non-viral gene-transfection,”'*** anti-
microbial and anti-viral coatings,3*7°% CO, capture,® flocculation of negatively charged fibers

6466 metal chelation in waste water treatments,®’ as additives for

in paper-making industries,
inkjet paper production,® as electron injection layers in organic light-emitting diodes,®® and
materials templating.”® As such, hbPEl is made industrially, initially under the commercial name
Polymin, and today is marketed under the trade name Lupasol® by BASF.”* Aziridine is produced
at a rate of ~9000 t/a (2006),”*> where, due to its toxicity, it is usually converted directly into its
nontoxic intermediates and branched polymers.

The lack of control over aziridine polymerizations has significantly limited the research of
linear PEIl (L-PEl), especially when compared to PEO and related polymers.>’® Polyethers,
especially PEO, are produced on the scale of several million tons per year and found in many
everyday applications,”* while linear polyaziridines are barely used today (Figure 2.2).”> This is
unfortunate as the potential structural diversity of aziridines is notably greater than oxygen-

containing analogs as substitution on aziridines can occur both at the carbon and nitrogen atoms

of aziridine.
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Figure 2.2: Epoxides vs. aziridines. General polymerization scheme and important facts about both
material classes.

Use in non-viral gene-transfection has sparked renewed academic and pharmaceutical
interest in PEI, especially L-PEI. L-PEl is attractive compared to hbPEl as it can have a well-defined
architecture with narrow molecular weight distributions. This makes it ideal for structure—
property relationship studies and its incorporation into polymer—drug conjugates. However, since
L-PEI cannot be made from aziridine, it is instead synthesized indirectly via polyoxazolines.'*
Typically, 2-oxazoline-based monomers, such as 2-ethyl-2-oxazoline, in the presence of cationic
initiators, such as stannic chloride and boron trifluoride etherate, undergo a controlled CROP.”®~
8 Conversion of poly(2-oxazoline)s to L-PEl can occur under acidic or alkaline conditions
(Scheme 1.1).7°® However, this route to L-PEl has drawbacks in that the polymerization is
difficult to control when targeting high degrees of polymerization and it is challenging to achieve

quantitative removal of the acyl groups.’

18



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization
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Scheme 1.1: (1) Synthesis of linear polyethylenimine (L-PEI) from 2-oxazoline by cationic ring-opening
polymerization in comparison to (2) anionic ring-opening polymerization of sulfonyl aziridines as an
alternative pathway to linear PEI derivatives.5%%3

The new appreciation for the applications of L-PEl and unresolved challenges associated
with azirdine polymerization means that it remains an active area of research. Since there have
been no recent reviews on aziridine polymerizations (Kobayashi® was published in 1990), we feel
that such areview is warranted. This is especially true given the recent breakthroughs in the AROP
of activated aziridines, which have yet to be summarized in the literature.

This review gives a comprehensive overview on the synthesis of polymers based on both
aziridines and azetidines. We have chosen to include azetidines in this review as their
polymerization chemistry closely mirrors that of aziridines and the resulting polymers are
structurally similar to that of aziridine derived polymers. We first discuss the early literature on
the CROP of aziridines and azetidines. Next, we highlight recent work on the AROP and
organocatalytic ring-opening polymerization (OROP) of N-sulfonyl aziridines and azetidines and
strategies to produce linear polyamines from these monomers. We conclude with routes to
aziridine and azetidine copolymers and highlight the possibilities for functionalization or
preparation of various polyamine structures. Spaced through the review are summaries of the
synthetic methods to synthesize the aziridine and azetidine monomers. Detailed analysis of the
literature on gene-transfection can be found elsewhere.®* This review will also not cover
oxazoline polymerization chemistry; the interested reader is encouraged to consult recent

reviews.® %7
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1.2 Cationic ring-opening polymerization of aziridines and

azetidines

The differences in polymerization chemistry between nitrogen and oxygen containing
strained heterocycles arise due to the reduced electronegativity of nitrogen, the presence of an
acidic hydrogen atom on the nitrogen atom, and the increased nucleophilicity of the lone-pair of
electrons on nitrogen. The decreased electronegativity of nitrogen prevents the nucleophilic ring-
opening of aziridine and azetidine in AROP and increases the nucleophilicity of the lone pair
electrons on nitrogen, leading to branching and loss of control in CROP. In addition, use of very
basic nucleophiles simply deprotonates the secondary amine in aziridine and azetidine rather
than inducing ring-opening. Therefore, the majority of aziridine and azetidine polymerizations

proceed through a cationic mechanism.

1.2.1 Cationic ring-opening polymerization of aziridine

The cationic polymerization of aziridine and related cyclic amines were recorded in the
patent literature as early as 1937.%8 However, the nature of the polymerization and the structure
of the resulting polymer was first thoroughly explored by Jones and coworkers in 1944.%°
Numerous studies have been performed, elaborating on this work, resulting in the mechanism,
depicted in Scheme 1.2.° Polymerization is initiated by electrophilic addition of an acidic catalyst
to aziridine to form an aziridinium cation. An additional aziridine monomer, acting as a
nucleophile, ring opens the active aziridinium ion resulting in the formation of a primary amine
and a new aziridinium moiety. Subsequent aziridines attack the propagating aziridinium terminus,
resulting in the linear propagation of the polymer chain. However, as the secondary amine groups
in the developing polymer chain are also nucleophilic, they also ring open aziridinium species
leading to branching and results in hbPEI. For hbPEI synthesized in solution, this leads to a ratio
of primary : secondary : tertiary amines of 1 : 2 : 1 (determined by *C NMR).% This ratio can be
varied depending upon the reaction conditions and the molar mass of the polymer (i.e. lower
molar mass hbPEl has more primary amines).’® The polymerization of aziridine is likely more

complex than that depicted in Scheme 1.2.
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Scheme 1.2 Mechanism of the cationic ring-opening polymerization of aziridine, leading to hbPEI.

Barb and coworkers®! studied the kinetics and mechanism of the polymerization of
ethylenimine in the presence of different catalysts, such as p-toluenesulfonic acid, benzoic acid
and others. They noted that the polymerization proceeds much like a step-growth
polymerization, and that aziridine dimer is the dominate species early in the polymerization. A
recent study on the polymerization of azetidine reached similar conclusion (cf. section 2.5).2
Furthermore, they noted an increase in molar masses in polymerization mixtures containing no
monomeric species. This suggests that both monomer and polymer molecules are capable of
activation and deactivation, thus making it more difficult to control the molecular weight and

architecture of the resulting hbPEI.

1.2.2 Cationic ring-opening polymerization of 2-substituted
aziridines

In general, the CROP of 2-substituted aziridines proceeds similarly to the parent aziridine.
2-Methylaziridine, or propylene imine, was reported to undergo polymerization initiated by
BFsEt,0.%2 The resulting polypropylenimine appeared as a viscous oil insoluble in water but
soluble in CHCls and DMSO. The structure of polypropylenimine formed from the cationic
polymerization of 2-methylaziridine has been determined to be highly branched, similarly to
hbPEl formed from the CROP of aziridine. A photoinitiated cationic polymerization of 2-
methylaziridine has also been reported.>® Regardless of the initiator used, the polymerization of

2-methylaziridine suffers from termination. This is due to nucleophilic addition of a tertiary amine
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within the polymer to an aziridinium, resulting in the formation of an unreactive quaternary
amine.

CROP of 2-phenylaziridine, initiated by methyl triflate, perchloric acid, BFsEt.O, dimethyl
sulfate or hydrochloric acid, was found to form only low molecular weight polymers of <3000 g
mol .9 These polymerizations did not result in full monomer consumption due to high rates of
termination. Although the polymerization occurred at a much slower rate, Bakloutl and
coworkers found that employing methyl triflate as initiator led to the formation of the highest
molecular weight polymers of 2500—-3000 g mol=. Further investigation by studying the kinetics
revealed this was due to an increase in the ratio of the propagation rate constant to the
termination rate constant. It was proposed that this was due to the triflate counter ion stabilizing

the aziridinium ion better than the counter ions of the other initiators.

1.2.3 Monomer preparation for cationic polymerization of 2-
substituted aziridines

A pioneering approach to aziridines is the “B-chloroethylamine process”, which uses vicinal
chloro amine hydrochloride salts and sodium hydroxide. As corrosive hydrochloric acid (HCI) is
released during the reaction, which could also lead to a CROP of aziridine, this process lost
industrial relevance in 1963 (Scheme 1.3i).”> The “Dow Process” (Scheme 1.3ii) was used on the
industrial scale beginning in 1978, but was stopped due to the drawbacks of high corrosion rates
to reactors and waste stream disposal. Per one equivalent starting material, three equivalents of
ammonia are necessary, which gives the Dow Process a low atom economy.’? Today, aziridine is
prepared via the “Wenker synthesis” (Scheme 1.3iii). This two-step process starts with the
reaction of 2-aminoethanol, or other vicinal amino alcohols, with sulfuric or chlorosulfuric acid.
The sulfates are treated with 5 eq. sodium hydroxide or saturated sodium carbonate solution to
give the aziridine after a nucleophilic cyclization with 2-step yields of ~90%."? Significant waste
disposal problems are avoided through high atom economy and nontoxic side products.% For
laboratory scales, sulfates can be purified by filtration and washing with excess ether. Low
molecular weight aziridines such as 2-methyl aziridine can be further purified by steam
distillation. If stored longer, alkali hydroxide stabilizes aziridine against spontaneous cationic
polymerization. N-Substituted aziridines can also be obtained if secondary amines are used as

starting material >’
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NH, iii
R)\/OH R: H, Me

Scheme 1.3: Synthesis of aziridines with and without a ring substituent (R) by i: the B-chloroethylamine
process, ii: the Dow Process, iii: the Wenker synthesis.

1.2.4 The cationic ring-opening polymerization of N-substituted
aziridines

The ring-opening polymerization of N-substituted aziridines typically proceeds via a
cationic mechanism. The details of the polymerization of N-substituted aziridines is like that of
aziridine, with one important distinction: the possibility of an irreversible termination reaction.’
Termination occurs due to the (inter and intramolecular) nucleophilic attack of tertiary amines
on aziridinium moieties, which results in the formation of unreactive, non-strained quaternary

ammonium salts (Scheme 1.4).
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Scheme 1.4: Competition between propagation and termination reactions during the CROP of N-
substituted aziridines.
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As such, the polymerizations of simple N-substituted aziridines, often proceed only to low
conversions (<55%).> This is exemplified by the fact that in acetone the reaction of allyl bromide

with 9-fold excess of N-(n-butyl)aziridine produces the piperazinium cation in a 96% yield with

excess aziridine being recovered (Scheme 1.5).%8
9 B Nﬂ 1 B —— 3 Bu—N E,Bu+ ted aziridi
u= + = unreactied azirdine
~ acetone —/ \l\
o

Scheme 1.5: Reaction of N-(n-butyl)aziridine to form a piperazinium with no detectable
polymerization.

Goethals performed a series of detailed studies on the polymerization of N-alkylaziridines
primarily focusing on the kinetics of the polymerization.® A key focus of this study was to measure
the propagation rate constants (k) vs. the rates of termination (k:). Employing EtsOBFs4 as a Lewis
acid, due to its rapid initiation, Goethals found that alkyl substituents with low steric bulk tended
to have low k,/k: ratios, which leads to the polymerizations proceeding to only low conversion.
For instance, N-ethylaziridine has a ky/k: of 6 while the k,/k: for N-isopropylaziridine was 21. In
contrast, N-tert-butylaziridine polymerized with essentially no termination (k./k: = =) and no
transfer reactions, thus allowing the polymerization to be living-like. The introduction of a methyl
group in the 2-position of N-alkylaziridines was found to greatly reduce the rate of termination
relative to propagation. For example, the polymerization of N-benzyl aziridine stops at very low
conversion due to termination (kp/k: = 85), while N-benzyl-2-methylaziridine polymerizes with

almost no termination (k,/k: = 1100) (Figure 1.3).
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Figure 1.3 N-Alkyl aziridines that undergo CROP.>
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While substitution in the 2-position greatly increases the kp/k: ratio, geminal substitution
at the 2-position completely inhibits the polymerization. Specifically, N-benzyl-2,2-
dimethylaziridine was only found to form N-benzyl-N-ethyl-2,2-dimethylaziridinium when
reacted with Ets0BF..” Interestingly, N-benzyl-N-ethyl-2,2-dimethylaziridinium could initiate the

polymerization of N-benzylaziridine (Scheme 1.6).

rPh
Ph Ph n N
AN

r e
N Et,OBF, BF,

t.®J
A — ﬁN! r —— polymer

isolated

Scheme 1.6: Formation of N-benzyl-N-ethyl-2,2-dimethylaziridinium and polymerization according to
ref. 5.

Goethals also reported on the CROP of neat N-(2-tetrahydropyranyl)aziridine initiated by
Lewis acids (Scheme 1.7).%° This polymerization also appears to proceed without termination due
to the bulky tetrahydropyranyl substituent. Hydrolysis of the polymer produced from N-(2-
tetrahydropyranyl)aziridine in dilute HCI, followed by neutralization with NaOH, resulted in the
formation of high molecular weight linear PEI (L-PEI). M., for the L-PEl, as determined by LALLS,
was as high as 19.6 kg mol=, which is the highest molecular weight L-PEl produced from an

aziridine to date.

(o) 0]
Lewis Acid 1) HCI

N —— /f\,N+ — /i-\,H.L
YA n 2) NaOH n
Scheme 1.7: Polymerization of N-(2-tetrahydropyranyl)aziridine in route to L-PEl according to ref. 99.

Polymerization of N-(2-hydroxyethyl)aziridine has also been reported to occur via
traditional Lewis acid catalysts and also through electroinitated polymerization.® The resulting
poly(N-(2-hydroxyethyl)aziridine) (PHEA) has been shown to be an excellent chelator of metal
cations. By simple adjustment of pH, PHEA can selectively remove various metals.'%! At pH = 3,
PHEA can remove Cu(ll) from solution with as high as 99.5% retention. With neutral pH, Co(ll),
Cr(I1), Fe(ll1), Ni(ll), Zn(1), and Cd(ll) can be removed from solution at as high as 99.5%. These
results are similar to those of hbPEI, with the exception of Cr(lll) at neutral pH, when PHEA is a

much stronger chelator.
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CROP of aziridines have also been employed in the synthesis of copolymers. Utilizing N-(2-
hydroxyethyl)aziridine, Pooley and coworkers synthesized a copolymer with 1,2,3,6-
tetrahydropthalic anhydride (THPhA) (Scheme 1.8).1°2 This polymerization was accomplished in
the absence of an initiator. These polymers are formed by employing a nucleophilic monomer
with an electrophilic comonomer. These monomers form a zwitterion which leads to initiation
and propagation in the polymerization. Pooley extended this work with N-(2-
hydroxyethyl)aziridine to produce copolymers with a library of other electrophilic monomers.1%%-
109

Although not present in the open literature, there are reports in the patent literature on
the CROP of sulfonylaziridines.'® These polymerizations were performed neat by melting the
monomers and were performed in the presence of Lewis acids such as AICls, FeCls, and ZnCl..
Employing different monomer : catalyst feeds from 200:1 to 10000:1 polymers were

obtained, but no further characterization details were given.!*°

.o
S 8_'4«/1%\@ H/\H\f"nL

00o
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Scheme 1.8: Copolymerization of N-(2-hydroxyethyl)aziridine with THPhA according to ref. 102.
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1.2.5 Cationic ring-opening polymerization of azetidines

While the polymerization of aziridines has been studied, there are significantly fewer
examples of the four-membered ring, azetidine, in the literature. Unsurprisingly, most of this
work on the polymerization of azetidines focuses on the polymerization of N-substituted
azetidines.*1711> While the first polymerization of an azetidine ring was reported by Kornfeld, in
1960, regarding the polymerization of conidine,'!* Goethals provided the greatest contributions
to the field due to his studies of multiple azetidines.*>9%115-118

In 1974, Goethals reported of the polymerization of unsubstituted azetidine (Scheme 1.9).%
The polymerization proceeded via a cationic mechanism, similar to the CROP of aziridine, to form
hyperbranched poly(trimethylenimine) (hbPTMI).>® This study found that after 8 h at 70 °C in
methanol nearly all monomer had been consumed. Interestingly, it was found that when all the
monomer had been consumed, 70% of the reaction mixture consisted of dimer. This is explained
by the pKz difference of azetidine and N-methylazetidine. The pKs of azetidine is 11.29 (ref. 115)
and 10.40 (ref. 119) for N-methylazetidine. Due to the differences in basicity, and the similarity
in structure of the azetidine dimer to N-methylazetidine, it is expected that a proton would
transfer from the protonated tertiary amine to the more basic monomer. Because of preferential
formation of dimer to propagation it was hypothesized that the resulting polymer should contain
many primary and tertiary amines, rather than exclusively producing secondary amines. This can
be explained by two possible reaction pathways. Propagation only occurs once the tertiary amine
inthe dimer is protonated. The cyclicammonium salt can then be opened by nucleophilic addition
of either a primary amine or a tertiary amine. If propagation occurred by only addition of primary
amines the expected polymer would contain only secondary amines. If propagation occurred by
only addition of tertiary amines the expected polymer would contain equal numbers of primary
and tertiary amines but no secondary amines. *H NMR spectroscopy revealed that the PTMI
produced contained 20% primary, 60% secondary, and 20% tertiary amines, suggesting that both
mechanisms are occurring. However, tertiary amines may also be formed by the addition of
secondary amines along the backbone of the polymer to the cyclic ammonium salt. Similarly, a
tertiary amine along the backbone of the polymer could add to a cyclicammonium salt. However,

this is less probable due to the lower basicity of a tertiary amine to a secondary amine.'?
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Scheme 1.9: The cationic ring-opening polymerization of azetidine to produce hyperbranched PTMI
(hbPTMI).

Additionally, this reaction would lead to chain termination. Goethals determined in this
work, by monitoring the increase in molecular weight over time, that this termination must be
very slow, if occurring at all. In 2017, Goethals’ initial work on the polymerization of unsubstituted
azetidine was confirmed by Sarazen and Jones.® They provided a report of the cationic
polymerization of azetidine, which was impregnated onto a silica scaffold. These porous materials

were then employed in the capturing of CO;, which is a promising preliminary application of PTMI.
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1.2.6 Cationic ring-opening polymerization of substituted
azetidines

Goethal's work was not limited to unsubstituted azetidines. He also reported the
polymerization of 1,3,3-trimethylazetidine.*!> In this work, Goethals studied the CROP of 1,3,3-
trimethylazetidine. After initially screening multiple solvents and initiators, the kinetics of the
polymerization were studied in nitrobenzene employing Ets0BF, as the initiator at temperatures
>60 °C.

The CROP of 1,3,3-trimethylazetidine is first-order with respect to monomer concentration
and the number of active chain ends remains constant throughout the polymerization with a
propagation rate constant, k,, of 1.2 x 10™ L/(mol s)™ at 78 °C in nitrobenzene, making the
polymerization notably slow. Additionally, molecular weights increased linearly with increase in
the monomer to initiator ratio when studied using vapor pressure osmometry. This data, coupled
with studies showing that initiation is significantly faster than propagation, suggests that the
polymerization displays living character. Indeed, upon a second addition of monomer, following
complete consumption of the initial monomer concentration, molecular weight increased
following the same rate as the initial polymerization, confirming this hypothesis. This contrasts

122 3nd selenetanes!?® in which the

from other heterocyclic CROP, such as oxetanes,'?! thietanes,
polymerizations either slowed or stopped at low conversions. This is attributed to the reaction of
the heteroatoms in the polymer backbone to the growing chain end, producing unstrained,
unreactive cations. It is suggested that the polymerization of 1,3,3-trimethylazetidine is living due
to the increased basicity of 1,3,3-trimethylazetidine compared to the tertiary amines contained
in the polymer backbone.?

Goethals further studied the polymerization kinetics of 1,3,3-trimethylazetidine in
nitrobenzene employing Ets0BF, as the initiator by varying the polymerization temperature and
monomer to initiator ratio. In varying the temperature, an Arrhenius plot was also constructed
and the activation energy of 1,3,3-trimethylazetidine was found to be 19 kcal mol™. Additionally,

in varying the monomer to initiator ratio, little deviation was found in the value of k,, suggesting

the reaction is first order with respect to initiator, Et;0BF,.
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1.3 Anionic polymerization of aziridines

Recently, a number of researchers have been interested in the newly established anionic
polymerization of N-activated aziridines to prepare linear polyaziridines. In contrast to cationic
polymerization, anionic polymerization uses nucleophilic initiators and propagates through an
anionic chain end. Anionic polymerizations are attractive due to the high degree of control over
molecular weight and dispersity of the resulting polymers compared to other polymerization
methods.

The first anionic polymerization of an aziridine, via an azaanion was reported by Bergman
and Toste in 2005.22* When investigating the reactivity of a nucleophilic transition metal complex,
Bergman, Toste, and coworkers unexpectedly observed ring-opening polymerization of
enantiopure (+)-2-benzyl-N-tosylaziridine to form a poly(sulfonylazirdine).'* This molecule is
activated at the ring-nitrogen by an electron-withdrawing sulfonyl group, enabling nucleophilic
attack at the aziridine ring in the 3-position. The electron withdrawing effect of the sulfonyl group
further stabilizes the evolving azaanion at the growing chain end by delocalization, and
propagation continues via sulfonamide anions (Scheme 1.10). Different activating groups have
also been investigated for the anionic polymerization of aziridines. Examples include
diphenylphosphinyl, acetyl, and ethylcarbamoyl substituents, but exclusively the sulfonamide-

aziridines were suitable for azaanionic polymerization to date.*

anionic anionic
o ROP H ROP
S olymer + no
Q\ PO u\ polymer
R R
RI
R’ I
N ozizo N 0=38°
a, — |\ _"‘uu/\r” ——>_ Ppolymer
R activation Q\ initiation R propagation
R

Scheme 1.10: Top: Established anionic ring-opening polymerization of epoxides vs. no anionic ring-
opening polymerization of aziridines. Bottom: Activation strategy of aziridines to sulfonyl-aziridines,
allowing for anionic ring-opening polymerization.
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1.3.1 Preparation of sulfonyl aziridines for anionic
polymerizations

Since anionic polymerization does not tolerate acidic protons, the aziridine N-H needs to be
substituted with electron-withdrawing sulfonyl groups, i.e. “activation groups” (Scheme 1.11). In
analogy to the Hinsberg reaction,'® secondary amines react with sulfonyl chlorides to produce
the respective sulfonyl aziridines. Xu et al..?*® presented an efficient microwave-assisted one-pot
reaction of valinol, L-phenylalaninol, L-leucinol, L-alaninol and L-serine methylester, along with
methyl-, phenyl-, and 4-methoxyphenyl-sulfonic chlorides to yield sulfonyl aziridines. Potential
solvents for this strategy were diethyl ether, THF, acetonitrile, and dichloromethane. Bases such
as alkali carbonates and hydroxides are used with DMAP as catalyst. In 30 minutes Xu et al.. were

able to prepare different sulfonyl aziridines with high yields of 84%—-93%.

OH
NH, R” “COOH

R

Scheme 1.11: Synthesis of aziridine monomers for the azaanionic polymerization: i: Wenker synthesis
of aziridine: (1) vicinal amino alcohol derivate, sulfuric acid or sulfuric acid chloride (2) NaOH (aq.); ii:
sulfonyl chloride, TEA, DCM; iii: sulfonic chloride, DCM, DMAP or K2COs (Microwave, 400 W); iv: (1)
amino acid, NaOH (aq.), 0 °C, TsCl. (2) THF dry, BHs—SMe, reflux. (3) DCM, TsCl, DMAP, Py; v: RSO2NH,
K2CO03, BnEtsN*Cl-, dioxane, 90 °C, MsCl, DCM, 0 °C to reflux; vi: (1) chloramine salts, ACN, PTAB, 12 h;
(2) IPrCu(DBM), Phi=0, RSO2—-NH>, chlorobenzene, r.t., 25 h; (3) Rhz(cap)s, TsNHz, NBS, K2COs.

Amino acids have also been used to produce N-tosylaziridines in a three-step process
(Scheme 1.12).127 This was achieved by the N-tosylation of the amino acid, followed by reduction
of the carboxylic acid to yield N-tosyl-2-amino alcohols and finally O-tosylation with an in situ
ring-closing. Particularly interesting is that this method does not require any purification of
intermediates.

'

NH,

COOH

: RYCOOH . RYCHon o ~7
> NHTs —>  NHTs
R= HOCH2, Me, iPr, iBu, PhCH2, MeS(CH2)2

Scheme 1.12: i: Preparation of N-tosyl-2-aminoacids via N-tosylation with TsCl; ii: preparation of N-tosyl-
2-aminoalcohols reduction of the carbonyl group; iii: preparation of 2-substituted N-tosylaziridines.
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Aziridination of olefins (route (vi) in Scheme 1.11) was also utilized to produce sulfonyl
aziridines. Sulfonyl aziridines with varying lengths of alkyl chains were produced in a single step
that is tolerant to functional side groups, such as alcohols and acetals. An important advantage
of this strategy is that toxic aziridine is avoided and the activated sulfonyl aziridines are obtained
directly. This route employing non-functionalized alkenes to produce sulfonyl aziridines has high
yields of 95% with rhodium catalysts and up to 93% with PTAB as catalyst, however, the yields
vary depending on the pendant groups. Increasing the viability of this method, the catalysts are
either commercially available or can be prepared with ease.’?®130 Sharpless and coworkers
proposed a mechanism for bromine-catalyzed aziridination (Scheme 1.13). In the first step, the
olefin reacts with a Br* source, given by PTAB. The brominium ion is then ring-opened by TsNCI,
to form the a-bromo-N-chloro-N-toluenesulfonamide (Step 2). Attack of the bromide anion (Br-)
(or TsNCI") on the N—Cl group of the intermediate generates the anion and a Br—X species (Step
3). Expulsion of Br~ from the anion finally yields the aziridine and the regenerated Br—X species
(Step 4) initiates another turn of the catalytic cycle.’° This synthesis route has been successfully
used for monomer synthesis by the Wurm group by using chloramine-T and chloramine-M to
synthesize MsDAz (49%) and TsDAz (47%)**! and acetal functionalized aziridine monomers (17%—
30%).1%

Ph/=\Me
methylstyrene

0
A

Ph
(Br-X, X=CI, TsNCI, Br, etc)

®

Me

Phd  Br
JJH
TsN@ Me
0 O
H H H Br
Re =Me Phs E
N + 8 NTs Mo
Ts ci- s e

Scheme 1.13: Catalytic cycle of the PTAB catalyzed aziridination of olefins, adopted from previous
work of Sharpless. Copyright@1998 The American Chemical Society. Reprinted with permission from
Journal of the American Chemical Society.*3°
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Epoxides were also used as attractive starting materials for the sulfonyl aziridine synthesis
(Scheme 1.14).124133 2_Benzyl-1-(2,4,6-triisopropylbenzene-sulfonyl)aziridine was synthesized in
two-steps: the first step was the nucleophilic ring-opening of 2-benzyloxirane with the primary
sulfonamide (2,4,6-PrsCsH.SO:NH.). This reaction requires 0.1 eq. of potassium carbonate and
BnNEts*Cl- as catalyst in dioxane (73% vyield). The subsequent mesylation—cyclization of the
hydroxyl-sulfonamide was achieved by the addition of mesyl chloride to activate the hydroxy
group under basic conditions (86% yield). This route might be extended to other N-sulfonyl

groups.t3

1.2 eq. RSO,;NH,

1.5 eq. Py, 5eq MsClI

0 0.1eq. K,COs oH DCM, refux, 16 h

> NHSO,R —— ' 7o Os¢
0.1 eq. BnNEt;*CI 2.4 eq. Ky,COg3, N' N
dioxane, 90 °C, 72 h MeCN, 456 °C, 16 h

Scheme 1.14: Synthesis of 2-benzyl-1-(2,4,6-triisopropylbenzenesulfonyl)aziridine from 2-
benzyloxirane, R = 2,4,6-Pr3CsH>.

Another route, starting from epoxides, was used by Bergman and Toste!?* to synthesize 2-
n-decyl-N-methanesulfonyl aziridine (MsDAz). Thomi and Wurm?*3? followed this procedure to
synthesize 2-(oct-7-en-1-yl)-N-mesylaziridine. This procedure involves three steps; first the
epoxide is ring-opened with sodium azide to give the azido-hydroxyalkane as intermediate, which
is converted in the second step, by a Staudinger reaction, to the corresponding alkyl aziridine. To
activate the obtained aziridine for anionic polymerization mesylchloride is used to replace the N-
terminal hydrogen in the third step. Table 1.1 summarizes activated aziridines and azetidines

which were successfully polymerized via azaanionic polymerization to date.
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Table 1.1: Activated aziridines which were successfully tested for AAROP

Monomer Ref. Monomer Ref. Monomer Ref.
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1.3.2 Initiators for the anionic polymerization of activated
aziridines

The anionic ROP of sulfonyl aziridines is typically initiated by secondary N-sulfonamide-
initiators, such as the alkali salts of N-benzyl-4-methylbenzenesulfonamide,’*® N-pyrene-
methanesulfonamide,?*13213¢ or butyl lithium (Table 1.2).143144 Also a bifunctional initiator N,N'-
(1,4-phenylenebis(methylene))dimethane-sulfonamide was introduced in 2017.1* To date, the
standard protocol uses alkali bis(trimethylsilyllamide salts to deprotonate the sulfonamide-
initiators.1*3 KHMDS alone was also proven to be able to ring-open sulfonyl aziridines, but bimodal
molecular weight distributions were obtained.’3*1° With these initiators, functional
poly(sulfonylaziridine)s are available. Recently, Reisman et al.®23 showed that the terminal group
can be used to prepare telechelic polymers by terminating AROPs with propargyl bromide, which

allows further modifications by click chemistry.

Table 1.2: Different initiators for the ring-opening polymerization of sulfonyl aziridines reported to date

Initiator Ref. Initiator Ref. Initiator Ref.
|
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1.3.3 Anionic polymerization of activated aziridines
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Scheme 1.15: Anionic ring-opening polymerization of sulfonyl aziridines and subsequent
desulfonylation (with 2-methyl-mesylaziridine as an example).

When initiated with a suitable nucleophile (Table 1.1), the anionic polymerization of
sulfonyl aziridines follows living conditions (Scheme 1.15).}¥* The solubility of
poly(sulfonylazirdine)s is highly dependent on the substituents on the sulfonyl group and the
tacticity of the polymer. If (+)-2-benzyl-N-tosylaziridine was used as monomer, only insoluble
oligomers were produced.’? In contrast, racemic monomers produce linear polymers with
degrees of polymerization (DP) of up to 200 (with M, = 20 000 g mol™) and narrow molecular
weight distributions, < 1.10.1%%1% Furthermore, the polymerization follows first order kinetics
with respect to monomer, suggesting a living polymerization (Figure 1.4). In addition, chain
extension experiments proved that the polymerization of N-sulfonylaziridines is living. The
sulfonyl groups of the obtained poly(sulfonylaziridine)s can be removed after the polymerization
with different strategies, e.g. using alkali metal naphthalides or acidic conditions to yield the

corresponding polyamines (Scheme 1.15).%2

37



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

A

Counter ion (TsMAz)

4.0- :
® Cs S
5 - .
D e Li m ®
-
3.0+ A Na‘ m »
+ »
2s] * e
= 251 K e
< e g
=20 P
s 2.0 P A
£ 15 . ® -
S ® A —
1.0 & A * -
A * I: BhNMs M
. >
0.5 - e " TsMAz
L " DMF, 50 °C
00 'I‘ T T T T 1
0 1000 2000 3000 4000 5000
time/s

T
28 29 30 31 32

33 34 35

elution volume / mL

Figure 1.4: (A) Kinetic plots of In([M]o/[M]:) vs. time for the azaanionic polymerization of TsMAz with
BnNHMs (initiator) in DMF-d7 at 50 °C with different bis(trimethlsilyllamide-salts. (B) SEC-kinetics of
MsMAz, BnNKMs at 50 °C in DMF (RI-signal), reproduced from ref. 143 with permission from Royal

Chemical Society, copyright 2017.

The low solubility of poly(sulfonylaziridine)s was also a challenge for the polymerization of

unsubstituted sulfonyl aziridines. In general, poly(sulfonylaziridine)s that lack substitution along

the polymer backbone, or that have backbone substituents but are tactic, are generally insoluble

in all solvents. For example, Thomi et al.}*

attempted to polymerize tosylaziridine and found that

only insoluble oligomers were obtained. Later, Rupar and coworkers® were able to produce

soluble polymers by copolymerizing mesylaziridine and sec-busylaziridine up to DP = 200. Such

copolymers produced well-defined linear polyamines after desulfonylation by lithium metal

(Scheme 1.16).
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Scheme 1.16: Azaanionic copolymerization of unsubstituted sulfonyl aziridines as precursors for L-PEI.
High degree of polymerization was only obtained when the monomers were used ina 1 : 1 ratio (n = m).
Other ratios produced only insoluble oligomers.%3

Recently, Rupar and coworkers*! reported the first example of a poly(sulfonylaziridine)
homopolymer which lacked substitution on the backbone. They studied the AROP of
nitrophenylsulfonyl-activated aziridine monomers, namely N-((p-nitrophenyl)sulfonyl)aziridine
(pPNsAz) and N-((o-nitrophenyl)sulfonyl)aziridine (oNsAz) (Scheme 1.17). pNsAz formed an
insoluble white powder upon heating in all attempts at polymerization. With oNsAz, on the other
hand, the resulting poly(oNsAz) was soluble in both DMF and DMSO at all molecular weights,
making it the first example of a soluble poly(N-sulfonylaziridine) homopolymer. The obtained
homopolymer was subsequently deprotected using sodium thiomethoxide in DMF at 50 °C to
yield an off-white residue. Although evidence was found for the formation of L-PEI from the
deprotection of poly(oNsAz), satisfactory purification of the residue was not achievable. Control
over the molecular weight of poly(oNsAz) was also attempted by initiating the anionic
polymerization of oNsAz with BnN(Li)Ms. However, the resulting poly(oNsAz) was a mixture of
the BnN(Li)Ms initiated polymer chains and hydroxyl initiated chains. This was attributed to the
fact that oNsAz readily undergoes spontaneous polymerization, and thus could not be

satisfactorily purified and dried.
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Scheme 1.17: Azaaonionc polymerization of nitrophenylsulfonyl-activated aziridines.!*!
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Copolymerizations of different sulfonyl aziridines give access to random or gradient
copolymers, depending on the nature of the sulfonyl group.?*® The reactivity ratios of 2-methyl
tosyl aziridine (TsMAz) and 2-decyl tosyl aziridine (TsDAz) were determined via real-time *H NMR
spectroscopy and proven to be an ideal random copolymerization with r(TsMAz) = 1.08 and
r(TsDAz) = 0.98 and r(TsMAz)-r(TsDAz) = 1.05. In contrast, combining monomers with different
sulfonyl groups, resulted in (multi)gradient copolymers.’3! Sulfonyl groups with stronger electron
withdrawing effects increase the rate of polymerization, which led to gradient incorporation.
Figure 1.5 shows the real-time 'H NMR kinetics of a statistical terpolymerization of 2-methyl
brosylaziridine (BsMAz), 2-methyl tosyl aziridine (TsMAz), and 2-methyl mesylaziridine (MsMAz),
which form a copolymer with distinct domins along the polymer chain, due to the individual
reactivity ratios of each monomer.*3! DFT-calculations of the electrophilicity indices (w*) support
these empirically determined comonomer reactivities, with BsMAz (2.22 eV) > TsMAz (1.98 eV) >
MsMAz (1.25 eV).1* Contrarily, the nucleophilicity (w~) of the azaanion at the growing chain end
changes only ca. 0.14 eV, proving that the crucial factor which determines the incorporation rate

is the monomer reactivity, and not the azaanion nucleophilicity.***
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Figure 1.5: Simultaneous copolymerization of BsMAz, TsMAz, and MsMAz. (A) Real-time 'H NMR
spectra of the terpolymerization of BsMAz (yellow), TsMAz (green), MsMAz (red) showing the
consumption of the monomers. (B) Normalized monomer concentrations in the reaction vs. total
conversion. (C) Assembly of each monomer in the polymer vs. reaction time. (D) Visualization of a
single chain for poly(BsMAz-co-TsMAz-co-MsMAz) — each sphere stands for 10% conversion.
(Reproduced from ref. 131 with permission from Wiley, copyright 2016).
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Gradient copolymers were also prepared by copolymerization of tosylated aziridines in
emulsion.>* The comonomer pair TsDAz and TsMAz produce random copolymers in solution, but
when separated from each other by an emulsion consisting of DMSO-droplets and cyclohexane
as the continuous phase, variable gradients can be obtained by partitioning of both monomers,
when the continuous phase is diluted.’3%1431% This is represented in the apparent reactivity
ratios, which are ragp(TsMAz) = 4.98 and rapp(TsDAz) = 0.20 in case of a 1 : 20-DMSO/cyclohexane

emulsion, revealing the formation of strong gradient copolymers.>0-152

1.3.4 Functional polyaziridines prepared by anionic
polymerization

Functional groups can be installed as substituents at the activating group or at the aziridine
ring. 2-Oct(en)yl N-mesyl-aziridine (Figure 1.6a) with an olefin functionality was homo- and
copolymerized via AROP. The olefins were post-modified by a radical thiol-ene reaction with N-
acetyl-L-cysteine  methyl ester providing quantitative conversion.!®¥® 2-Methyl-N-(4-
styrenesulfonyl) aziridine (StMAz)*3” was the first bivalent aziridine derivative to undergo either
anionic or radical polymerization (Figure 1.6d). After anionic polymerization, thiol-ene addition
of mercaptoethanol or mercaptopropionic acid to the styrenic double bond was achieved. After
radical polymerization, the pending sulfonyl aziridines could be further modified by nucleophilic
additions, which was described for other polymers with aziridine side groups.>3-1

Also, polyols have been prepared by the AROP of sulfonyl aziridines. In analogy to ethoxy
ethyl glycidyl ether (EEGE), the well-known precursor in oxyanionic polymerization to obtain
linear poly(glycerol),”***” acetal-protected N-tosyl-activated aziridines were introduced in 2016
(Figure 1.6b).1%2 Three different acetal-protected monomers with variable alkyl chain lengths
were prepared and could be polymerized by living AROP. The hydroxyl groups were released by
mild acidic hydrolysis, leaving the sulfonamides attached. Additional removal of the sulfonyl
groups under reductive conditions resulted in polyamine-polyols, which might be used as

chelating or transfection agents.!3?
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Figure 1.6: Functional polyaziridines: (A) terminal double bond can be converted via thiol-ene reaction.
(B). Acetal-protected polyaziridines vyield hydroxyl functionalities. (C) Ferrocene-containing
polyaziridines are redox-responsive. (D) Orthogonal aziridine allows anionic and radical polymerization.

Organometallic 2-methyl-N-ferrocenylsulfonyl-aziridine was polymerized to prepare
redox-responsive poly(sulfonylaziridine)s (Figure 1.6¢).2*° Similar to other poly(sulfonylaziridine)s
(see above), the homopolymerization resulted in insoluble materials. However, solid state NMR
(ssNMR) and MALDI-TOF spectra supported the expected polymeric structure. Copolymerization
with TsMAz or MsMAz resulted in soluble copolymers with moderate molecular weight
dispersities (D <1.4), and chain extension experiments proved the living nature of the
polymerization. Such organometallic polymers showed reversible oxidation/reduction by cyclic

voltammetry, similar to other ferrocene-containing polymers.'*®
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1.4 Anionic polymerization of azetidines

Reisman et al.}*? reported the first example of AROP of an azetidine monomer, N-
(methanesulfonyl)azetidine (MsAzet) (Scheme 1.18). Unlike the three-membered ring
sulfonylaziridines, the polymerization of MsAzet required high temperatures (>100 °C) in order
to polymerize. The resulting polymer, p(MsAzet), proved to contain branching due to chain
transfer. As evidenced by H-D exchange experiments, this chain transfer occurs through the
deprotonation of methanesulfonyl groups of the polymer backbone and the monomer to form
sulfamoyl methanide anions. Evidence of minimal chain transfer to DMSO that occurs through
the formation of dimsyl anions was also found. More importantly, the concentration of the active
chain ends was found to be constant during the polymerization of MsAzet, which indicates that
the controlled and living polymerization of sulfonylazetidines can be made possible if chain

transfer can be inhibited.
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Scheme 1.18: Anionic ring-opening polymerization of N-(methanesulfonyl)azetidine.!#?

Recently, N-(tolylsulfonyl)azetidines were found to undergo living AROP to form linear
polymers.’>® These monomers do not contain protons likely to be activated under the
polymerization conditions. Initial work was done by attempting to produce homopolymers from
the two monomers N-(p-tolylsulfonyl)azetidine (pTsAzet) and N-(o-tolylsulfonyl)azetidine
(oTsAzet) by AROP (Scheme 1.19). However, both resulting homopolymers precipitated from
solution during polymerization at low molecular weight, similarly to sulfonylaziridine
homopolymers.2>!4 Drawing motivation from the literature, in which the copolymerization of
two sulfonylaziridines was used to produce a soluble copolymer,® the copolymerization of
pTsAzet with oTsAzet was attempted and produced the soluble copolymer, P(pTsAzet-co-
oTsAzet) (Scheme 1.19). Similarly to MsAzet, the polymerization showed first order kinetics with
respect to the total monomer concentration and the number of active chain ends remains
constant. By a series of polymerizations, it was demonstrated that the polymerization was both

living and controlled and produced polymers with narrow molecular weight distributions.
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Scheme 1.19: Polymerization of TsAzet monomers to produce insoluble homooligomers and a soluble
copolymer.?%°

The sulfonyl groups of P(pTsAzet-co-oTsAzet) were removed under reductive conditions to
produce the first example of LPTMI by living anionic polymerization.Additionally, due to the need
for high temperatures in order to polymerize, the N-(tolylsulfonyl)azetidines could be used to
produce block copolymers by living anionic polymerization in a closed-system in which all
monomers are present at the time of initiation (Scheme 1.20, Figure 1.7).1° This was
accomplished by combining all monomers, pTsMAz, pTsAzet, and oTsAzet, in solution prior to
initiation. Due to the differences in reactivities, pTsMAz could be polymerized selectively at lower
temperatures (50 °C) while pTsAzet and oTsAzet do not polymerize. Upon total consumption of
pTsMAz, the temperature was increased to 180 °C to polymerize pTsAzet and oTsAzet to produce
block copolymers. This allowed for the formation of block copolymers without homopolymer
impurities. In the field of high performance block copolymers, this finding is of particular
importance, as small amounts of homopolymer impurities can alter the properties of block

copolymer materials.

44



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

CH;3

CH;
CH,

Q 1. "BuN(K) pTs, 0=S=0 0=$=0

| |

S 50 °C B N N
%0 + pTsAzet + oTsAzet W nBu. /f\l/ }{/\/ }H
A n m

N
3. MeOH 0=s=0

O,

7

AN

pTsMAz
CH;

p(pTsMAz)-b-(pTsAzet- co-oTsAzet)

Scheme 1.20: Block copolymerization of pTsMAz with oTsAzet and pTsAzet to produce P(pTsMAz)-b-
P(pTsAzet-co-oTsAzet).

>
[y

]
1 A A
et T
0.8 180 °C A
.S 1 “
> Da— A
€04 1,
=] 1
() 1 A
0.2 1 a
| 1
Ty
0 1
0 10 20 30 40 50 60
Time x 103 (s)
pTsMAz 4 o/pTsAzet
B
p(pTsMAz)

—p(pTsMAz)-b-
p(pTsAzet-co-oTsAzet)

18 19 20 21 22 23 24
Retention Volume (mL)

Figure 1.7: (A) Plot of conversion vs time for the block copolymerization of pTsMAz, pTsAzet, and
oTsAzet in DMSOus to produce P(pTsMAz)20-b-P(pTsAzet-co-oTsAzet)ao. The reaction is kept at 50 °C for
4 h, then heated to 180 °C for 10.25 h. The *H NMR measured conversion of pTsMAz appears to not
reach 100% due to signal overlap between the monomer and polymer resonances in *H NMR spectra
of the reaction mixture. (B) SEC trace of P(pTsMAz)zo prior to block copolymer chain extension (---).
SEC trace of P(pTsMAz)20-b-P(pTsAzet-co-oTsAzet)so (—————). Block copolymerization to produce
P(pTsMAz)20-b-P(pTsAzet-co-oTsAzet)so was performed with a [pTsMAz] : [oTsAzet] : [pTsAzet] : [I]
ratio of 20 : 40 : 40 : 1 in NMP at 70 °C for 12 h, then 205 °C for 16 h. Reproduced from ref. 159 with
permission from American Chemical Society, copyright 2018.
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1.5 Organocatalytic ring-opening polymerization (OROP) of

activated aziridines

N-Heterocyclic carbenes (NHC), such as 1,3-bis(isopropyl)-4,5(dimethyl)imidazole-2-
ylidene, are powerful catalysts in many types of polymerizations. Their near unlimited structural
diversity, inherent high Brgnsted-basicity, and nucleophilicity make NHCs powerful
organocatalysts.1%%1%! Examples of applications of NHCs include some of the most important
commercial monomers in the step-growth polymerization of terephthalaldehyde,®? the group

3 and the zwitterionic ring-opening

transfer polymerization of methacrylic monomers,®
polymerization (ZROP) of ethylene oxide (EO),** which was discovered in 2009 by Taton and
coworkers. As activated aziridines polymerize with nucleophilic bases, similar to EO, via AROP, it
was of interest if organocatalytic ring-opening polymerization (OROP) can also be successfully
performed with this new monomer class. The first living OROP of 2-alkyl-N-sulfonyl aziridines was
presented by Carlotti, Taton and coworkers in 2016 (Scheme 1.21).}*” The OROP of N-tosyl-2-
substituedaziridines takes place in the presence of 1,3-bis(isopropyl)-4,5(dimethyl)imidazole-2-
ylidene, as a sterically hindered organocatalyst, and activated secondary N-tosyl amine as the
initiator. This mechanism offers a mild and metal-free route for the polymerization of activated
aziridines to obtain identical polyaziridines to those from AROP, with narrow molecular weight
distributions (1.04 < b < 1.15) and molecular weights up to 21 000 g mol-*. Depending on the
steric hindrance of the ring-substituent, on the monomer, the reaction time to full conversion
varies between 1 and 5 days at 50 °Cin THF. Depending on the nature of the monomers, the NHCs
either react as nucleophilic initiators or behave as organic catalysts by activating the
initiator/active chain end. MALDI-TOF spectrometry clearly demonstrated the incorporation of
the initiator (secondary N-tosyl amines) into the polymer, and a distribution with NHCs covalently
bond to the polymer was not observed. The scope of practical initiators was expanded, when

145

non-activated amines** and unprotected aminoalcohols were investigated, which allows further

post-modification of the poly(aziridine)s.
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Scheme 1.21: Possible mechanism for the NHC-OROP of 2-alkyl N-p-toluenesulfonyl aziridines initiated
by N-allyl N-p-toluenesulfonyl amine, di-n-butylamine and trimethylsilyl azide. Reproduced from ref.

145 with permission from Elsevier, copyright 2017.

Carbene-organocatalyzed ring-opening polymerization (NHC-OROP) of activated aziridines has

also been conducted with an unprotected aminoalcohol as the initiator. The NHC catalyst

selectively initiated the polymerization at the secondary amine, while the alcohol group remained

untouched.’® This allows for the synthesis of hydroxyl-functionalized poly(sulfonylaziridine)s

which can be employed as macroinitiators for the synthesis of block copolymers. The hydroxyl

group was used to initiate the ROP of lactide, catalyzed by the same carbene, to prepare PAz-b-

PLLA diblock copolymers (Scheme 1.22).148
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Scheme 1.22: NHC-OROP of TsMAz initiated by 2-(methyl amino) ethanol, synthesis of poly(TsMAz)-b-
poly(L-lactide) by sequential NHC-OROP with Mé5-IPr as organocatalyst.14®
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Recently, another metal-free azaanionic polymerization of sulfonyl aziridines was reported,*®
relying on different organic superbases, namely TMG, DBU, MTBD, TiPP and t-Bu-Ps4 (Scheme
1.23). The basicity (pKa-values of the conjugated acids) of these compounds increases in the order
TMG < DBU < MTBD < TiPP < t-Bu-P4 and correlates with their increasing catalytic activity. The
OROP performed best (regarding reaction time (20 min), conversion, and dispersity (P = 1.05))
using the most basic organic base, t-Bu-Ps, but TiPP also showed satisfactory results. The
remaining three bases were found to catalyze the polymerization of sulfonyl aziridines but
showed higher molecular weight distributions (P up to 1.4). This is caused by the increased
nucleophilicity of the bases leading to multiple initiators with varying rates of initiation. Overall,
the strongest bases had the best catalytic activity. Moreover, the amount of catalyst could be
lowered to 0.05% respect to the initiator, which indicates a very fast proton exchange, similar to

oxyanionic polymerizations.”
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Scheme 1.23: AROP of N-sulfonyl aziridines mediated by organic superbases.!3®

1.6 Desulfonylation reactions

L-PEl is a linear polyamine, which is of high interest for applications in non-viral gene
transfection and as polyelectrolytes.’®” Today L-PEl is produced from polyoxazolines following
hydrolysis of the pendant amides (see above).1>26165166 The primary attraction to synthesizing
linear PEl via the oxazoline route is due to the controlled character of the cationic polymerization
of poly(2-oxazoline)s, which allows control over molar masses and dispersity.’®® Generally,
strongly acidic or alkaline media, and temperatures as high as 100 °C are required to transform

acylated poly(2-oxazoline)s into L-PEI, a process that is difficult to drive to completion.
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In a recent publication, Tauhardt and coworkers reported 99% hydrolysis of poly(2-
oxazoline)s using 6 M HCl at 130 °C in a microwave synthesizer; the closest to complete
conversion to L-PEl from a poly(2-oxazoline) yet reported.’®®In contrast, if aziridines or azetidines
are polymerized by an anionic or organocatalytic route, desulfonylation of the poly(sulfonamide)s
needs to be achieved. Many published strategies exist in the literature for the reduction of low

124 3 successful

molecular weight sulfonamides to amines.?’%'! According to Bergman and Toste,
desulfonylation of poly(sulfonylaziridine) was achieved by lithium napthalenide. However, no
spectral analyses or molecular weight distributions of the obtained structures were given. In
another approach from Wurm's group,'** tosylamides were cleaved by acidic hydrolysis with
hydrobromic acid (HBr) and phenol. In spite of the harsh reaction conditions, the method was
reported to be successful. Later, Wurm and coworkers were able to remove tosylamides with
sodium bis(2-methoxyethoxy)aluminiumhydride (Red-Al) to ~80% (Scheme 1.24).13% Rupar and
coworkers were able to prepare L-PEl under reductive conditions, using elemental lithium (Li),
with tert-butanol (t-BuOH) in hexamethylphosphoramide (HMPA) and THF at low temperatures.®
Acidic hydrolysis under microwave irradiation, which proved to be efficient for hydrolysis of

171,172

polyoxazolines, also produced desulfonylated linear polypropylenimine (L-PPl, 100%
desulfonylation for tosyl groups and ca. 90% for mesyl groups).®> However, chain scission could

not be prevented under these harsh conditions.

MW (300 W) -1 h

O‘ 15 bar - 200 °C 100% {Ts)
s
—_= [ o
2 0=3=0 90% (Ms)
R OH -H,0 toluene
0=S=0
' H
’?h’N+H PTSOH-H,0 '{\rN _}
0:?:0 n >
[\ L-PPI
—~0, O H 110 °C - overnight
P(RMAZ’ b) + -~ 'Na: ,\A(e ——————————— 80%
Q ® O H toluene
Red-Al (Degree of

Deprotection)
-SO5R = Tosyl- (Ts-) or Mesyl- (Ms-) or both

Scheme 1.24: Desulfonylation methods for PAz: (a) acidic hydrolysis, using pTsOH in toluene under
microwave irradiation. (b) Reductive deprotection using Red-Al in toluene.®?
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1.7 Combination of aziridines and azetidines with other polymeri-

zation techniques: copolymers and polymer architectures

1.7.1 Copolymers of aziridines with CO:

Ihata et al. synthesized poly(urethane-co-amine)s by copolymerization of several aziridines
with CO; (Scheme 1.25)13'7% The polymerizations were performed without the addition of
catalyst or initiator in supercritical CO; as the solvent, producing branched polymers of molar
masses between 7000 and 15 000 g mol™. Branching occurs during the polymerization, when the
secondary amines react with CO,, resulting in a carbamate and a protonated aziridine. The latter
is ring-opened by nucleophilic attack, leading to branched polymers. The ratio of urethane to
amine linkages in the poly(urethane-co-amine)s is affected by the CO. pressure. By variation of
the CO: pressure from 3 to 22 MPa, copolymers with urea contents from 32 to 62% were
produced. The reported yields were <35% and decreased further when the aziridine was
substituted with sterically demanding side groups (i.e. 2,2 dimethylaziridine, 2-
cyclohexylaziridine, etc.). The copolymers of methylaziridine and CO. exhibited lower critical
solution temperatures in water between 34 to 85 °C, which might be beneficial for the

development of smart nanomaterials.
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Scheme 1.25: Copolymerization of aziridines and CO: to branched poly(urethane-co-amines)s.173:174
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1.7.2 Copolymers of aziridines with CO

Jia et al. explored the alternating copolymerization of aziridine with carbon monoxide
mediated by a cobalt catalyst to prepare polyamides (Scheme 1.26).17° High CO pressures of up
to 69 bar were necessary to obtain high polymer yields of ca. 90%. High molecular weight
polyamides between 14 100 and 63 300 g mol™? were synthesized. However, molar mass
dispersities of up to 11.5 indicate low degrees of control over the polymerization. The authors
further proposed a mechanism, in which consecutive aziridine attacks during the polymerization
could lead to an amide—amine copolymer, to rationalize the broad distributions of the polymers.

The amine linkages act also as nucleophiles and thereby induce branching or crosslinking.”®

m

NH (o] H
co + <I R=Ph, O-tOIyI 4['LN/%ﬁ\/}‘
_—
H n

ZT

NH
co + <] o 0.
é
.JLN/\/N\/‘\
H

Scheme 1.26: Copolymerization of aziridine and carbon monoxide towards branched poly(amide-co-
amines)s.'’®

Well-defined poly-B-peptoids can be obtained in quantitative yields with ® = 1.11 when N-
alkylated aziridines are copolymerized with carbon monoxide (Scheme 1.27).Y”” N-Methyl and N-
ethyl groups enhance the selectivity of the cobalt catalyst and improve the alternating
copolymerization. The mechanism involves aziridine insertion into the cobalt—acyl bond, with the
rate determining step being the ring-opening of the aziridine, followed by a migratory CO
insertion.'’® As crossover reactions, chain transfer, or combination reactions were not observed,
the copolymerization of N-substituted aziridines with CO seems to follow the characteristics of a

living alternating copolymerization.

OQC _CH,
I ‘\\Co
0C—Co
| Yco
Mel/Et PR; (o)
N R=Ph, o-tolyl >
co + Q y - . lLl\ll/\’
Me/Et * N

Scheme 1.27: Alternating copolymerization of alkylated aziridines and carbon monoxide towards well-
defined poly-B-peptoides.t’”
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1.7.3 Copolymers of azetidines with CO

More recently, Jia provided the first example of a transition metal catalyzed azetidine
polymerization.'” This work provided a route to poly(y-lactams) by overcoming the difficulties
associated with the ring-opening polymerization of y-lactams.*®® This was accomplished by using
a cobalt catalyst to perform a carbonylative polymerization with N-n-butylazetidine and N-iso-
butylazetidine. While the polymer contains only amide units for N-iso-butylazetidine, in the case
of N-n-butylazetidine, it was discovered that CO is unincorporated in some instances, leaving
tertiary amines along the back bone of the polymer.'®! Interestingly, it was discovered that THF
also participates in the reaction, leading to the formation of ester units in the polymers produced

(Scheme 1.28).

,nBu
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ET + CO + \/_\/ —_— N/\/'H‘N’\/)ﬁro\/\/);l + N-MBu
1 X
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/1Bu o Co catal
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LGRS L ol e TR e,
| X n

iBu (o]

Scheme 1.28: Co catalyzed carbonylative polymerization of azetidine with THF to produce poly(amide-
co-ester)s.'”®

This was a significant finding as the incorporation of THF does not occur in the related aziridine
systems, 175177182183 £y rther probing of the incorporation of THF led to the finding that increased
azetidine concentration produced polymers with lower degrees of ester incorporation. This
suggests that the reaction of the active chain end with THF is favored when the azetidine
concentration is low. The living character, displayed by narrow molecular weight distributions
and the linear increase in molecular weight with increase in conversion, coupled with in situ IR
spectroscopy, suggests that the incorporation of ester units into the polymer backbone likely
occurs in a gradient manner. The cobalt catalyzed carbonylative polymerization of azetidine does
have a drawback in that the formation of y-lactam also occurs. This reaction was attributed to
“back-biting”,’® rather than catalyst decomposition'® due to the continued living character of
the polymerizations. lJia further hypothesized that this back-biting reaction occurs at the
acylazetidinium intermediate, and not the acyl-Co(CO). intermediate.'® This hypothesis was
tested by the addition of nucleophilic I~ anions to facilitate ring-opening of the acylazetidinium
intermediate. The addition of Lil (2 eq. relative to Co catalyst) eliminated the y-lactam side-
product, confirming Jia's hypothesis. Curiously, it was also found that the Li counter ion also
played a role in the polymerizations. This was discovered because while nBusNI also suppressed

the formation of y-lactam, it greatly slowed the rate of polymerization. Interestingly, the addition

52



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

of Lil also prevented the formation of ester linkages prior to complete consumption of azetidine.
This finding allowed for the formation of block copolymers (Scheme 1.29). To further support the
hypothesis of the Li* cation being instrumental in the polymerization, no ester linkages were

formed when nBu:NI was used as an iodide source.

iBu

LiBu :‘Bu

0 N 0 0
E’i‘ + co + (5 Coca.:alysl /IJ\NWO\/\/\I; _D - ’lJLN/\/‘]jTrO\/\/tlTrN H 0,\/\4,1
! p * Bu o o

L Bu o

Scheme 1.29: Synthesis of poly(amide-co-ester) block copolymers with Lil and sequential addition of
azetidine.®

Due to the cobalt catalyzed carbonylative polymerization of azetidine having a living
character, equal feeds of monomer were added over time in order to produce alternating amide
and ester blocks. These polymers yielded narrow molecular weight distributions (<1.23) and
produced low molecular weight polymers with similar dispersities (1.11-1.30) upon methanolysis
under acidic conditions at room temperature. Complete degradation of the resulting polyamides
could be further achieved by refluxing the polymers in aqueous acidic conditions. This allows for

poly(amide-co-ester) block copolymers to undergo a two-stage degradation.
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1.7.4 Combination of aziridines with other anionic polymerization
techniques

In living anionic polymerization (LAP) no termination occurs, allowing the synthesis of block
copolymers by sequential addition of the monomers. Thomi et al.}** prepared polystyrene-block-
poly(N-tosylaziridine) by consecutive living anionic polymerization of styrene and N-tosyl aziridine

(Scheme 1.30).

)
=
Ts,
(e) ® n e @ m Ii') ES
Li Li

THF, -80 °C, 0.5h 1: THF, -80 to -40 °C, 2h
2: MeOH
| PS-b-PTsAz
H a2 °§J
g
HBr, Phenol Nt CI)J\/ N
— > Phrl m n rr|l-I
desulfonylation post-modification Ph

PS-b-LPEI

Scheme 1.30: Two step synthesis of polystyrene-block-polytosylaziridine and desulfonylation to
polystyrene-block-polyethylenimine.!44

Quantitative transfer from the carbanions to azaanions was proven and oligomerization of
the sulfonyl-activated aziridine was confirmed. Thomi et al. further demonstrated the
guantitative removal of the sulfonyl groups by acidic hydrolysis with hydrobromic acid and
phenol, releasing the amino groups attached to polystyrene to produce PS-b-L-PEL.}** The
introduced amine functionalities are a suitable platform for further efficient modifications which
was shown by reaction with acryloyl chloride (Scheme 1.30). Short oligomers of the second block
(1 < m < 5) were easily obtained, but block copolymers (up to 30 repeat units TsAz) with an
increasing number of TsAz needed longer reaction times, due to the insolubility which inhibits
further propagation.'#*

Copolymers of aziridine and ethylene oxide are interesting materials for biomedical
applications or as surfactants. Attempts for the cationic ring-opening copolymerization of
epoxides and N-substituted aziridines failed.'®* Very recently, the anionic copolymerization of
sulfonyl aziridines and ethylene oxide was achieved (Scheme 1.31).1% In a single step, well-
defined amphiphilic block copolymers were obtained by a one-pot copolymerization. The highest
difference of reactivity ratios ever reported for an anionic copolymerization (with r; = 265 and r;
= 0.004 for 2-methyl-N-tosylaziridine/EO and r; = 151 and r, = 0.013 for 2-methyl-N-
mesylaziridine/EQ) led to the formation of block copolymers in a closed system. The amphiphilic
diblock copolymers were used as a novel class of nonionic and responsive surfactants. In addition,

this unique comonomer reactivity allowed fast access to multiblock copolymers: we prepared the
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first amphiphilic penta- or tetrablock copolymers containing aziridines in only one or two steps,
respectively. These examples render the combination of epoxide and aziridine copolymerization

to be a powerful strategy to sophisticated macromolecular architectures and nanostructures.
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Scheme 1.31: Synthesis of poly(aziridine)-b-poly(ethylene glycol) block copolymers by anionic
copolymerization (2-methyl-N-tosylaziridine (TsMAz), 2-methyl-N-mesylaziridine (MsMAz), and N-
tosylaziridine (TsMAz) were used in this study). Top: In a single step, either AB-diblock or ABABA-
pentablock copolymers can be prepared. Bottom: Sequential addition of aziridine/EO mixture
produces ABAB-tetrablock copolymers. Reproduced from ref. 146 with permission from American
Chemical Society, copyright 2018.

1.7.5 Polymer architectures

The aziridine building block can be used to prepare three-dimensional, polymer
architectures. The typical polymer architectures for polyethylenimine-derivatives are, however,
only hyperbranched (from CROP of aziridine) or linear (from CROP of oxazolines or AROP of
sulfonyl aziridines). Few more complex copolymer architectures are reported to date. Current
literature has studied the influence of different PEI architectures and molar masses on DNA
complexation behavior, cell transfection efficiency, and toxicity.*>'#187 various multiarm star
polymers with hbPEI as core were synthesized (Scheme 1.32). The arms of shell type star-PEls can
be obtained by different synthetic strategies. ROP allows the use of hbPEl as a macroinitiator to
graft several different “shell-polymers” to the core. The most well known are: polyamide-12, &-
caprolactone, polylactide, and other polyesters. Multiarm star polymers can be afforded as well-
defined nanoparticles with potential uses in nanomedicine, catalysis, and drug or gene delivery.
Furthermore, star-like topologies were studied due to their unusual physical and rheological
properties. These properties were found to be mainly dependant on the number of end groups,

molecular weight, and the length of the arms.®
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hbPEI core-shell-type star-PEI
Scheme 1.32: lllustration of hbPEI and core shell type star-PEl.

Since the polymerization of ethyleneimine was first developed by Zomlefer and co
workers® in 1943, tuning and adjusting of the hbPEIl architecture has been investigated.
Comparing low molecular weight hbPEI (12 kg mol?) (LMW-PEI) and high molecular weight hbPEI
(1600 kg mol?) (HMW-PEI) shows that the degree of branching increases with the degree of
polymerization. Commercially available high molecular mass hbPEI exhibits a ratio of primary :
secondary : tertiary amines closeto 1 : 1 : 1, which indicates a very dense polymer structure with
a branching unit on every second nitrogen.!?® This ratio changes towards an excess of primary
amines when decreasing the molecular weight; the amine ratio of this PEI, is mostly independent
of molar masses from 8600-24 300 g mol, is close to 3 : 5 : 2. Commercial PEI (DP = 16) has an
amine ratio of ~4:3:3. Such LMW-PEI is usually synthesized in dilute acidic aqueous
environment. The less dense structure consists on average of two linear repeating units.12%187.18
Kissel and coworkers'® demonstrated, that by varying the reaction temperature from 35 °C to
100 °C, the molecular weight of PEI can be adjusted from 24 300 to 8610 g mol-. Though certain
relationships between molar mass, synthetic route, and degree of branching are known,
systematic studies of these polymers regarding their properties remain challenging due to
increasing dispersities with increasing DP caused by uncontrolled crosslinking.

Cyclic PEl (c-PEI) was first synthesized by Grayson et al.’®® (Scheme 1.33). They used
propargyl p-toluene-sulfonate as initiator to polymerize ethyloxazoline under anhydrous
conditions. To minimize termination and chain transfer reactions caused by aqueous impurities,
the polymerization was performed in a microwave reactor. Selective termination by adding
sodium azide gives a-, w-functionalized polyoxazoline. Subsequent click-chemistry, to cyclize the
polymers, followed by acidic hydrolysis, leads to c-PEI. The effect of polymer structure (i.e. linear,
cyclic, branched, etc.) on DNA complexation was studied and it was determined that c-PEl
polymers showed reduced toxicity and stronger complexation. This is most likely contributed to
the higher charge density compared to the linear analogue. Grayson's study precisely points out
the need to develop new strategies for new PEI architectures for increased understanding in

terms of their properties and potential applications.
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investigated the influence of the length of the alkylene spacer, as
an efficient complexation agent for DNA needs to optimize the number of phosphate units bound.
Their study investigated the complexation behavior of ethylene, propylene, and butylene spacers
synthesized with different strategies (Figure 1.8). Polyamines containing a butylene spacer
showed stronger DNA complexation as well as decreased cytotoxicity. It was proposed, due to
calculations, that the N—N distance aligns more precisely with the P—P distance of the DNA in

polymers with a butylene spacer than in those with an ethylene spacer. Additionally, the

Figure 1.8: Schematic representation of the nitrogen spacing in polyamine analogs and their
interaction with RNA.
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1.8 Conclusions

The polymerization of aziridines (especially ethylenimine) has had industrial relevance for
several decades and polyethylenimine is used in a wide range of applications from chelators to
biomedical applications. Hyperbranched PEl is available commercially at low cost, however its
molecular characteristics, molar mass, and dispersity are only poorly controlled by the industrial
cationic ring-opening polymerization of ethylenimine. Due to these issues, aziridine
polymerizations have been sparsely studied over the course of the last couple decades. Azetidine
polymers are even more exotic in both industrial and academic polymer research.

However, with the development of the living anionic polymerization of sulfonyl aziridines
and azetidines, the possibility to install well-defined polyamine building blocks in different
macromolecular architectures has been achieved. However, to date, only very few of these
polysulfonamides have been transformed into the respective polyamines, as the desulfonylation
step is challenging and proceeds typically under harsh conditions, but some recent efforts have
paved the way to feasible synthetic routes with control over molar mass and dispersity. While
these polyamines contain high value, the polysulfonamides are also interesting, novel polymers
that have been only scarcely characterized for their potential applications.

The development of the living polymerization of aziridine- and azetidine-derivatives was a
milestone to develop polymer architectures with these building blocks and will open the

possibility to a plethora of future applications.

58



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

1.9 References Chapter 1

=

vk wnN

o

10.

11.
12.

13.

14.

15.
16.

17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34.

S. Penczek, P. Kubisa and K. Matyjaszewski, Oxiranes, Springer Berlin Heidelberg, Berlin,
Heidelberg, 1985.

G. Gee, W. C. E. Higginson, P. Levesley and K. J. Taylor, J. Chem. Soc., 1959, 1338—-1344.

G. Gee, W. C. E. Higginson and G. T. Merrall, J. Chem. Soc., 1959, 1345-1352.

E. H. Schacht and E. J. Goethals, Makromol. Chem., 1974, 175, 3447—-3459.

E. J. Goethals, E. H. Schacht, P. Bruggeman and P. Bossaer, in Ring-Opening Polymerization,
American Chemical Society, 1977, vol. 59, ch. 1, pp. 1-12

S. Kobayashi, Prog. Polym. Sci., 1990, 15, 751-823.

M. Jager, S. Schubert, S. Ochrimenko, D. Fischer and U. S. Schubert, Chem. Soc. Rev., 2012, 41,
4755-4767.

M. L. Sarazen and C. W. Jones, Macromolecules, 2017, 50, 9135-9143.

In the literature, polytrimethylenimine (PTMI) is also called polypropylenimine (PPl). We prefer
PTMI.

S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen, H. E. O'Neal, A. S. Rodgers, R. Shaw
and R. Walsh, Chem. Rev., 1969, 69, 279-324.

H. K. Eigenmann, D. M. Golden and S. W. Benson, J. Phys. Chem., 1973, 77, 1687-1691.

T. Li, L. Wu, J. Zhang, G. Xi, Y. Pang, X. Wang and T. Chen, ACS Appl. Mater. Interfaces, 2016, 8,
31311-31320.

J. Pan, Z. Lyu, W. Jiang, H. Wang, Q. Liu, M. Tan, L. Yuan and H. Chen, ACS Appl. Mater. Interfaces,
2014, 6, 14391-14398.

X. Ding, W. Wang, Y. Wang, X. Bao, Y. Wang, C. Wang, J. Chen, F. Zhang and J. Zhou, Mol. Pharm.,
2014, 11, 3307-3321.

Y.-L. Lo, K.-H. Sung, C.-C. Chiu and L.-F. Wang, Mol. Pharm., 2013, 10, 664—676.

M. Jaeger, S. Schubert, S. Ochrimenko, D. Fischer and U. S. Schubert, Chem. Soc. Rev., 2012, 41,
4755-4767.

S. C. De Smedt, J. Demeester and W. E. Hennink, Pharm. Res., 2000, 17, 113-126.

D. W. Pack, A. S. Hoffman, S. Pun and P. S. Stayton, Nat. Rev. Drug Discovery, 2005, 4, 581.

C.T. Dellarduya, Y. Sun and N. Diizgiines, Eur. J. Pharm. Sci., 2010, 40, 159-170.

M. D. Giron-Gonzalez, R. Salto-Gonzalez, F. J. Lopez-Jaramillo, A. Salinas-Castillo, A. B. Jodar-Reyes,
M. Ortega-Mufioz, F. Hernandez-Mateo and F. Santoyo-Gonzalez, Bioconjugate Chem., 2016, 27,
549-561.

M. A. Mintzer and E. E. Simanek, Chem. Rev., 2008, 109, 259-302.

M. Neu, D. Fischer and T. Kissel, J. Gene Med., 2005, 7, 992—-1009.

C. Raymond, R. Tom, S. Perret, P. Moussouami, D. L'Abbé, G. St-Laurent and Y. Durocher, Methods,
2011, 55, 44-51.

E. Altuntas, K. Knop, L. Tauhardt, K. Kempe, A. C. Crecelius, M. Jager, M. D. Hager and U. S. Schubert,
J. Mass Spectrom., 2012, 47, 105-114.

S. M. Moghimi, P. Symonds, J. C. Murray, A. C. Hunter, G. Debska and A. Szewczyk, Mol. Ther., 2005,
11, 990-995.

O. Boussif, F. Lezoualc'h, M. A. Zanta, M. D. Mergny, D. Scherman, B. Demeneix and J.-P. Behr, Proc.
Natl. Acad. Sci. U. S. A., 1995, 92, 7297-7301.

M. Thomas and A. M. Klibanov, Proc. Natl. Acad. Sci. U. S. A., 2003, 100, 9138-9143.

M. S. Shim and Y. J. Kwon, Bioconjugate Chem., 2009, 20, 488—499.

M.-E. Bonnet, P. Erbacher and A.-L. Bolcato-Bellemin, Pharm. Res., 2008, 25, 2972.

L. Wightman, R. Kircheis, V. Rossler, S. Carotta, R. Ruzicka, M. Kursa and E. Wagner, J. Gene Med.,
2001, 3, 362-372.

H. Yin, R. L. Kanasty, A. A. Eltoukhy, A. J. Vegas, J. R. Dorkin and D. G. Anderson, Nat. Rev. Genet.,
2014, 15, 541-555.

T. K. Kim and J. H. Eberwine, Anal. Bioanal. Chem., 2010, 397, 3173-3178.

L. Xie, Y. Tan, Z. Wang, H. Liu, N. Zhang, C. Zou, X. Liu, G. Liu, J. Lu and H. Zheng, ACS App!. Mater.
Interfaces, 2016, 8, 29261-29269.

H. Nguyen, P. Lemieux, S. Vinogradov, C. Gebhart, N. Guerin, G. Paradis, T. Bronich, V. Alakhov and
A. Kabanov, Gene Ther., 2000, 7, 126.

59



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

35.

36.

37.
38.
39.
40.
41.

42.

43.

44,

45.

46.
47.

48.
49.
50.
51.
52.
53.
54.

55.
56.

57.
58.
59.

60.

61.
62.
63.
64.
65.
66.
67.
68.

69.

70.

71.

72.

73.
74.

60

H. Petersen, P. M. Fechner, A. L. Martin, K. Kunath, S. Stolnik, C. J. Roberts, D. Fischer, M. C. Davies
and T. Kissel, Bioconjugate Chem., 2002, 13, 845—-854.

M. Breunig, U. Lungwitz, R. Liebl and A. Goepferich, Proc. Natl. Acad. Sci. U. S. A., 2007, 104, 14454—
14459.

N. M. Milovi¢, J. Wang, K. Lewis and A. M. Klibanov, Biotechnol. Bioeng., 2005, 90, 715-722.

M. Thomas and A. M. Klibanov, Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 14640-14645.

M. Wang, P. Lu, B. Wu, J. D. Tucker, C. Cloer and Q. Lu, J. Mater. Chem., 2012, 22, 6038—6046.

P. Xu, G. K. Quick and Y. Yeo, Biomaterials, 2009, 30, 5834-5843.

B.-K. Kim, D. Kim, G. Kwak, J. Y. Yhee, I.-C. Kwon, S. H. Kim and Y. Yeo, ACS Biomater. Sci. Eng., 2017,
3, 990-999.

Y. Zhou, F. Yu, F. Zhang, G. Chen, K. Wang, M. Sun, J. Li and D. Oupicky, Biomacromolecules, 2018,
19(2), 392-401.

F. Wang, L. Gao, L.-Y. Meng, J.-M. Xie, J.-W. Xiong and Y. Luo, ACS Appl. Mater. Interfaces, 2016, 8,
33529-33538.

L. Tauhardt, K. Kempe, K. Knop, E. Altuntas, M. Jager, S. Schubert, D. Fischer and U. S. Schubert,
Macromol. Chem. Phys., 2011, 212, 1918-1924.

V. P. Dhende, S. Samanta, D. M. Jones, |. R. Hardin and J. Locklin, ACS Appl. Mater. Interfaces, 2011,
3, 2830-2837.

J. Gao, E. M. White, Q. Liu and J. Locklin, ACS Appl. Mater. Interfaces, 2017, 9, 7745-7751.

J. Haldar, D. An, L. A. de Cienfuegos, J. Chen and A. M. Klibanov, Proc. Natl. Acad. Sci. U. S. A., 2006,
103, 17667-17671.

A. M. Bieser and J. C. Tiller, Macromol. Biosci., 2011, 11, 526-534.

S. A. Koplin, S. Lin and T. Domanski, Biotechnol. Prog., 2008, 24, 1160-1165.

R. Kiigler, O. Bouloussa and F. Rondelez, Microbiology, 2005, 151, 1341-1348.

J. Lin, J. C. Tiller, S. B. Lee, K. Lewis and A. M. Klibanov, Biotechnol. Lett., 2002, 24, 801-805.

A. M. Bieser and J. C. Tiller, Macromol. Biosci., 2011, 11, 526-534.

S. Choi, J. H. Drese and C. W. Jones, ChemSusChem, 2009, 2, 796—854.

J. C. Hicks, J. H. Drese, D. J. Fauth, M. L. Gray, G. Qi and C. W. Jones, J. Am. Chem. Soc., 2008, 130,
2902-2903.

P. Li, B. Ge, S. Zhang, S. Chen, Q. Zhang and Y. Zhao, Langmuir, 2008, 24, 6567-6574.

F.-Q. Liu, L. Wang, Z.-G. Huang, C.-Q. Li, W. Li, R.-X. Li and W.-H. Li, ACS Appl. Mater. Interfaces,
2014, 6, 4371-4381.

Q. Wang, J. Luo, Z. Zhong and A. Borgna, Energy Environ. Sci., 2011, 4, 42-55.

X. Xu, C. Song, B. G. Miller and A. W. Scaroni, Fuel Process. Technol., 2005, 86, 1457-1472.

W. Chaikittisilp, R. Khunsupat, T. T. Chen and C. W. Jones, Ind. Eng. Chem. Res., 2011, 50, 14203-
14210.

N. MacDowell, N. Florin, A. Buchard, J. Hallett, A. Galindo, G. Jackson, C. S. Adjiman, C. K. Williams,
N. Shah and P. Fennell, Energy Environ. Sci., 2010, 3, 1645—-1669.

R. Sanz, G. Calleja, A. Arencibia and E. S. Sanz-Pérez, J. Mater. Chem. A, 2013, 1, 1956—1962.

X. Xu, C. Song, J. M. Andresen, B. G. Miller and A. W. Scaroni, Energy Fuels, 2002, 16, 1463—-1469.
S. Satyapal, T. Filourn, J. Trela and J. Strange, Energy Fuels, 2001, 15, 250—-255.

E. Bayer, B. Y. Spivakov and K. Geckeler, Polym. Bull., 1985, 13, 307-311.

S. Kobayashi, K. Hiroishi, M. Tokunoh and T. Saegusa, Macromolecules, 1987, 20, 1496—1500.

A. Von Zelewsky, L. Barbosa and C. Schldpfer, Coord. Chem. Rev., 1993, 123, 229-246.

B. A. Bolto, Prog. Polym. Sci., 1995, 20, 987-1041.

H.-C. Chen, S.-W. Lin, J.-M. Jiang, Y.-W. Su and K.-H. Wei, ACS Appl. Mater. Interfaces, 2015, 7,
6273-6281.

S. Stolz, Y. Zhang, U. Lemmer, G. Hernandez-Sosa and H. Aziz, ACS Appl. Mater. Interfaces, 2017, 9,
2776-2785.

G. F. Zou, J. Zhao, H. M. Luo, T. M. McCleskey, A. K. Burrell and Q. X. Jia, Chem. Soc. Rev., 2013, 42,
439-449.

https://www.chempoint.com/products/basf/lupasol-polyethylenimine-adhesion-
promoters/lupasol-polyethylenimine.

U. Steuerle and R. Feuerhake, Ullmann's Encyclopedia of Industrial Chemistry, 2001.

J. B. Sweeney, Chem. Soc. Rev., 2002, 31, 247-258.

J. Herzberger, K. Niederer, H. Pohlit, J. Seiwert, M. Worm, F. R. Wurm and H. Frey, Chem. Rev.,
2016, 116, 2170-2243.



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

75.
76.
77.

78.
79.
80.

81.
82.
83.
84.

85.
86.
87.
88.
89.

90.
91.
92.
93.

94.
95.
96.
97.

98.
99.

100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.

114.
115.
116.

117.
118.
119.
120.
121.

B. D. Monnery and R. Hoogenboom, Cationic Polymers in Regenerative Medicine, 2014, pp. 30-61.
D. A. Tomalia and D. P. Sheetz, J. Polym. Sci., Part A-1: Polym. Chem., 1966, 4, 2253—-2265.

W. Seeliger, E. Aufderhaar, W. Diepers, R. Feinauer, R. Nehring, W. Thier and H. Hellmann, Angew.
Chem., Int. Ed. Engl., 1966, 5, 875—888.

T. Kagiya, S. Narisawa, T. Maeda and K. Fukui, J. Polym. Sci., Part B: Polym. Lett., 1966, 4, 441-445.
R. Tanaka, |. Ueoka, Y. Takaki, K. Kataoka and S. Saito, Macromolecules, 1983, 16, 849-853.

H. M. L. Lambermont-Thijs, F. S. van der Woerdt, A. Baumgaertel, L. Bonami, F. E. Du Prez, U. S.
Schubert and R. Hoogenboom, Macromolecules, 2009, 43, 927-933.

T. Saegusa, A. Yamada, H. Taoda and S. Kobayashi, Macromolecules, 1978, 11, 435—-436.

E. Rieger, T. Gleede, A. Manhart, M. Lamla and F. R. Wurm, ACS Macro Lett., 2018, 7, 598—603.

L. Reisman, C. P. Mbarushimana, S. J. Cassidy and P. A. Rupar, ACS Macro Lett., 2016, 5, 1137-1140.
H. Yin, R. L. Kanasty, A. A. Eltoukhy, A. J. Vegas, J. R. Dorkin and D. G. Anderson, Nat. Rev. Genet.,
2014, 15, 541-555.

P. Wilson, P. C. Ke, T. P. Davis and K. Kempe, Eur. Polym. J., 2017, 88, 486-515.

L. Tauhardt, K. Kempe, M. Gottschaldt and U. S. Schubert, Chem. Soc. Rev., 2013, 42, 7998-8011.
M. A. Mees and R. Hoogenboom, Polym. Chem., 2018, 9, 4968-4978.

J. Y. Johnson and G. W. Johnson, Great Britain Pat., GB461666 (A), 1937.

G. D. Jones, A. Langsjoen, S. M. M. C. Neumann and J. Zomlefer, J. Org. Chem., 1944, 09(2), 125-
147.

D. R. Holycross and M. Chai, Macromolecules, 2013, 46, 6891-6897.

W. G. Barb, J. Chem. Soc., 1955, 2564—-2577.

B. L. Rivas and B. Barria, Polym. Bull., 1996, 36, 157-164.

T. Toshikazu, Y. Z. Menceloglu and E. Takeshi, J. Polym. Sci., Part A: Polym. Chem., 1992, 30, 501—
504.

M. Bakloutl, R. Chaabouni, J. Sledz and F. Schué, Polym. Bull., 1989, 21, 243-250.

J. Xu, X. Li and N. Chen, Synthesis, 2010, 3423—-3428.

J. A. Deyrup, in The Chemistry of Heterocyclic Compounds, Part 1, ed. A. Hassner, Wiley, New York,
1983, vol. 42, pp. 1-214.

E. Goethals, E. Schacht, P. Bruggeman and P. Bossaer, Cationic Polymerization of Cyclic Amines, ACS
Publications, 1977, vol. 59.

C. R. Dick, J. Org. Chem., 1967, 32, 72—75.

K. F. Weyts and E. J. Goethals, Polym. Bull., 1988, 19, 13—-19.

J. J. Jakubowski and R. V. Subramanian, Polymer, 1980, 21, 230-232.

K. E. Geckeler, B. L. Rivas and R. Zhou, Angew. Makromol. Chem., 1991, 193, 195-203.

S. A. Pooley, G. S. Canessa and B. L. Rivas, Macromol. Chem. Phys., 1998, 199, 2293-2299.

B. L. Rivas, G. S. Canessa and S. A. Pooley, Makromol. Chem., Rapid Commun., 1987, 8, 365-372.
S. A. Pooley, G. S. Canessa, B. L. Rivas and E. Espejo, Polym. Bull., 1995, 35, 271-277.

S. A. Pooley, G. S. Canessa, B. L. Rivas and E. Espejo, Polym. Bull., 1996, 36, 415-422.

S. A. Pooley, G. S. Canessa, B. L. Rivas and E. Espejo, Polym. Bull., 1997, 39, 407-414.

S. A. Pooley, G. S. Canessa, B. L. Rivas and E. Espejo, Bol. Soc. Chil. Quim., 1996, 41, 261-270.

S. A. Pooley, G. S. Canessa, B. L. Rivas and E. Espejo, Bol. Soc. Chil. Quim., 1994, 39, 305—-313.

S. A. Pooley, G. S. Canessa, B. L. Rivas and E. Espejo, Bol. Soc. Chil. Quim., 1996, 41, 71-78.

1967.

S. Hashimoto and T. Yamashita, J. Macromol. Sci., Chem., 1986, 23, 295-304.

S. Hashimoto, T. Yamashita and J. Hino, Polym. J., 1977, 9, 19.

E. R. Lavagnino, R. R. Chauvette, W. N. Cannon and E. C. Kornfeld, J. Am. Chem. Soc., 1960, 82,
2609-2613.

H. Oike, M. Washizuka and Y. Tezuka, Macromol. Chem. Phys., 2000, 201, 1673-1678.

E. H. Schacht and E. J. Goethals, Makromol. Chem., 1973, 167, 155-169.

E. J. Goethals and B. Dervaux, in Polymer Science: A Comprehensive Reference, ed. M. Moller,
Elsevier, Amsterdam, 2012, pp. 309-330.

E. J. Goethals, E. H. Schacht, Y. E. Bogaert, S. |. Aliand Y. Tezuka, Polym. J., 1980, 12, 571.

T. Saegusa and E. Goethals, Ring-Opening Polymerization, American Chemical Society, 1977.

A. T. Bottini and J. D. Roberts, J. Am. Chem. Soc., 1958, 80, 5203-5208.

H. K. Hall, J. Am. Chem. Soc., 1957, 79, 5441-5444,

S. Penczek and P. Kubisa, Makromol. Chem., 1969, 130, 186—209.

61



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

122.

123.
124.
125.

126.
127.
128.
129.
130.

131.

132.
133.
134.
135.
136.

137.
138.

139.
140.
141.
142.
143.

144.
145.

146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.

157.
158.

159.

160.

161.

62

E. ). Goethals, G. G. Trossaert, P. J. Hartmann and K. Engelen, Makromol. Chem., Macromol. Symp.,
1993, 73, 77-89.

E. J. Goethals, E. Schacht and D. Tack, J. Polym. Sci., Part A-1: Polym. Chem., 1972, 10, 533-539.

I. C. Stewart, C. C. Lee, R. G. Bergman and F. D. Toste, J. Am. Chem. Soc., 2005, 127, 17616-17617.
Z. Wang, Comprehensive Organic Name Reactions and Reagents, John Wiley & Sons, Inc., 2009, vol.
3, ISBN: 978-0-471-70450-8.

H. Xu, H. Tian, L. Zheng, Q. Liu, L. Wang and S. Zhang, Tetrahedron Lett., 2011, 52, 2873—-2875.

M. B. Berry and D. Craig, Synlett, 1992, 41-44.

A.J. Catino, J. M. Nichols, R. E. Forslund and M. P. Doyle, Org. Lett., 2005, 7, 2787-2790.

A. V. Gontcharov, H. Liu and K. B. Sharpless, Org. Lett., 1999, 1, 783—786.

J. U. Jeong, B. Tao, I. Sagasser, H. Henniges and K. B. Sharpless, J. Am. Chem. Soc., 1998, 120, 6844—
6845.

E. Rieger, A. Alkan, A. Manhart, M. Wagner and F. R. Wurm, Macromol. Rapid Commun., 2016, 37,
833-839.

E. Rieger, A. Manhart and F. R. Wurm, ACS Macro Lett., 2016, 5, 195-198.

L. Thomi and F. R. Wurm, Macromol. Symp., 2015, 349, 51-56.

P. O'Brien and J. Huang, Synthesis, 2006, 425-434.

Y. Zhao, F. Sakai, L. Su, Y. Liu, K. Wei, G. Chen and M. Jiang, Adv. Mater., 2013, 25, 5215-5256.

E. Rieger, J. Blankenburg, E. Grune, M. Wagner, K. Landfester and F. R. Wurm, Angew. Chem., Int.
Ed., 2018, 57, 2483-2487.

T. Gleede, E. Rieger, T. Homann-Mdiller and F. R. Wurm, Macromol. Chem. Phys., 2017, 1700145.
X. Wang, Y. Liu, Z. Li, H. Wang, H. Gebru, S. Chen, H. Zhu, F. Wei and K. Guo, ACS Macro Lett., 2017,
6, 1331-1336.

T. Gleede, E. Rieger, L. Liu, C. Bakkali-Hassani, M. Wagner, S. Carlotti, D. Taton, D. Andrienko and F.
R. Wurm, Macromolecules, 2018, 51, 5713-5719.

T. Homann-Miiller, E. Rieger, A. Alkan and F. R. Wurm, Polym. Chem., 2016, 7, 5501-5506.

P. C. Mbarushimana, Q. Liang, J. M. Allred and P. A. Rupar, Macromolecules, 2018, 51(3), 977-983.
L. Reisman, E. A. Rowe, Q. Liang and P. A. Rupar, Polym. Chem., 2018, 9, 1618-1625.

E. Rieger, T. Gleede, K. Weber, A. Manhart, M. Wagner and F. R. Wurm, Polym. Chem., 2017, 8,
2824-2832.

L. Thomi and F. R. Wurm, Macromol. Rapid Commun., 2014, 35, 585-589.

C. Bakkali-Hassani, E. Rieger, J. Vignolle, F. R. Wurm, S. Carlotti and D. Taton, Eur. Polym. J., 2017,
95, 746-755.

T. Gleede, E. Rieger, J. Blankenburg, K. Klein and F. R. Wurm, J. Am. Chem. Soc., 2018, 140, 13407—-
13412.

C. Bakkali-Hassani, E. Rieger, J. Vignolle, F. R. Wurm, S. Carlotti and D. Taton, Chem. Commun., 2016,
52,9719-9722.

C. Bakkali-Hassani, C. Coutouly, T. Gleede, J. Vignolle, F. R. Wurm, S. Carlotti and D. Taton,
Macromolecules, 2018, 51, 2533-2541.

E. Rieger, T. Gleede, K. Weber, A. Manhart, M. Wagner and F. R. Wurm, Polym. Chem., 2017, 8,
2824-2832.

V. Jaacks, Angew. Chem., 1967, 79, 419.

F.T. Wall, J. Am. Chem. Soc., 1941, 63, 1862—1866.

J. Blankenburg, M. Wagner and H. Frey, Macromolecules, 2017, 50, 8885—-8893.

D. C. McLeod and N. V. Tsarevsky, Macromol. Rapid Commun., 2016, 37, 1694—-1700.

H.-J. Jang, J. T. Lee and H. J. Yoon, Polym. Chem., 2015, 6, 3387-3391.

H. K. Moon, S. Kang and H. J. Yoon, Polym. Chem., 2017, 8, 2287-2291.

T. Suzuki, J.-i. Kusakabe, K. Kitazawa, T. Nakagawa, S. Kawauchi and T. Ishizone, Macromolecules,
2010, 43, 107-116.

A. Thomas, S. S. Muller and H. Frey, Biomacromolecules, 2014, 15, 1935-1954.

A. Alkan, R. Klein, S. I. Shylin, U. Kemmer-Jonas, H. Frey and F. R. Wurm, Polym. Chem., 2015, 6,
7112-7118.

L. Reisman, E. A. Rowe, E. M. Jackson, C. Thomas, T. Simone and P. A. Rupar, J. Am. Chem. Soc.,
2018, 140, 15626-15630.

M. K. Kiesewetter, E. J. Shin, J. L. Hedrick and R. M. Waymouth, Macromolecules, 2010, 43, 2093—
2107.

S. Naumann and A. P. Dove, Polym. Chem., 2015, 6, 3185-3200.



Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization

162. J. Pinaud, K. Vijayakrishna, D. Taton and Y. Gnanou, Macromolecules, 2009, 42, 4932-4936.

163. J. Raynaud, Y. Gnanou and D. Taton, Macromolecules, 2009, 42, 5996—6005.

164. J.Raynaud, C. Absalon, Y. Gnanou and D. Taton, J. Am. Chem. Soc., 2009, 131, 3201-3209.

165. 1. Perevyazko, A. S. Gubareyv, L. Tauhardt, A. Dobrodumov, G. M. Pavlov and U. S. Schubert, Polym.
Chem., 2017, 8, 7169-7179.

166. A. Akinc, M. Thomas, A. M. Klibanov and R. Langer, J. Gene Med., 2005, 7, 657-663.

167. S.Taranejoo, J. Liu, P. Verma and K. Hourigan, J. Appl. Polym. Sci., 2015, 132, 42096.

168. K. Aoi and M. Okada, Prog. Polym. Sci., 1996, 21, 151-208.

169. L. Tauhardt, K. Kempe, K. Knop, E. Altuntas, M. Jager, S. Schubert, D. Fischer and U. S. Schubert,
Macromol. Chem. Phys., 2011, 212, 1918-1924.

170. D. A. Alonso and P. G. Andersson, J. Org. Chem., 1998, 63, 9455-9461.

171. H.Senboku, K. Nakahara, T. Fukuhara and S. Hara, Tetrahedron Lett., 2010, 51, 435-438.

172. 1. V. Kubrakova, A. A. Formanovsky and I. V. Mikhura, Mendeleev Commun., 1999, 9, 65—66.

173. O. lhata, Y. Kayaki and T. Ikariya, Macromolecules, 2005, 38, 6429-6434.

174. O. lhata, Y. Kayaki and T. Ikariya, Angew. Chem., Int. Ed., 2004, 43, 717-719.

175. L. lJia, E. Ding and W. R. Anderson, Chem. Commun., 2001, 1436-1437.

176. J.Zhao, E. Ding, A. M. Allgeier and L. Jia, J. Polym. Sci., Part A: Polym. Chem., 2003, 41, 376—385.

177. L.lJia, H. Sun, J. T. Shay, A. M. Allgeier and S. D. Hanton, J. Am. Chem. Soc., 2002, 124, 7282-7283.

178. D.J. Darensbourg, A. L. Phelps, N. L. Gall and L. Jia, J. Am. Chem. Soc., 2004, 126, 13808-13815.

179. G. Liu and L. Jia, Angew. Chem., Int. Ed., 2006, 45, 129-131.

180. H. Sekiguchi, P. Tsourkas, F. Carriere and R. Audebert, Eur. Polym. J., 1974, 10, 1185-1193.

181. Due to this finding, N-isopropylazetidine was used throughout the study.

182. G. LiuandL. Jia, J. Am. Chem. Soc., 2004, 126, 14716-14717.

183. H. Xu, N. LeGall, L. Jia, W. W. Brennessel and B. E. Kucera, J. Organomet. Chem., 2005, 690, 5150—
5158.

184. C. G. Overberger and M. Tobkes, J. Polym. Sci., 1964, 2, 2181-2187.

185. A. Hall, L. Parhamifar, M. K. Lange, K. D. Meyle, M. Sanderhoff, H. Andersen, M. Roursgaard, A. K.
Larsen, P. B. Jensen, C. Christensen, J. Bartek and S. M. Moghimi, Biochim. Biophys. Acta, Bioenerg.,
2015, 1847, 328-342.

186. B.R.Twaites, C. de las Heras Alarcén, D. Cunliffe, M. Lavigne, S. Pennadam, J. R. Smith, D. C. Gérecki
and C. Alexander, J. Controlled Release, 2004, 97, 551-566.

187. D. Fischer, T. Bieber, Y. Li, H.-P. Elsasser and T. Kissel, Pharm. Res., 1999, 16, 1273-1279.

188. B. W. Tylkowski, K. Wieszczycka and R. Jastrzab, Polymer Engineering, De Gruyter, 2017, ISBN 978-
3-11-046828-1.

189. A.von Harpe, H. Petersen, Y. Li and T. Kissel, J. Controlled Release, 2000, 69, 309-322

190. M. A. Cortez, W.T. Godbey, Y. Fang, M. E. Payne, B. J. Cafferty, K. A. Kosakowska and S. M. Grayson,
J. Am. Chem. Soc., 2015, 137, 6541-6549

191. W. Fischer, B. Brissault, S. Prévost, M. Kopaczynska, I. Andreou, A. Janosch, M. Gradzielski and R.
Haag, Macromol. Biosci., 2010, 10, 1073-1083

63






2 Alcohol- and water-tolerant living anionic

polymerization of aziridines

Tassilo Gleede, Elisabeth Rieger, Lei Liu, Camille Bakkali-Hassani, Manfred Wagner, Stéphane

Carlotti, Daniel Taton, Denis Andrienko, and Frederik R. Wurm®

TOC 2: Table of content, symbolizing the robust polymerization of activated aziridines, resistant against
protic additives (alcohols and water)



Alcohol- and water-tolerant living anionic polymerization of aziridines

Note: This work was done in close collaboration with Elisabeth Rieger, E. Rieger and T. Gleede
Designed, conducted and evaluated all experiments, and shared writing the manuscript.

Lei Liu and Denis Andrienko are responsible for the DFT-calculations. Camille Bakkali-Hassani,
measured the MALDI-TOF spectra. Manfred Wagner assisted with the H NMR kinetic
experiments. Stéphane Carlotti, Daniel Taton assisted with helpful discussions. Frederik R. Wurm
supervised the project.

All Authors edited the manuscript.

This chapter is based on a published article under the terms of the Copyright this chapter is used
with the permission of ACS Publications: Tassilo Gleede, Elisabeth Rieger, Lei Liu, Camille Bakkali-
Hassani, Manfred Wagner, Stéphane Carlotti, Daniel Taton, Denis Andrienko, and Frederik R.
Wurm Alcohol- and water-tolerant living anionic polymerization of aziridines, Macromolecules

2018, 51, 15, 5713-5719

66



Alcohol- and water-tolerant living anionic polymerization of aziridines

2.1 Abstract

Living anionic polymerization gives access to well-defined polymers, but demands strict
purification of reagents and solvents. This work presents the azaanionic polymerization (AAROP)
of aziridines as a robust living polymerization technique, with the ease of controlled radical
polymerizations. AAROP does not require inert atmosphere and remains living in the presence of
large amounts of water or alcohols. Mesyl-, tosyl-, or brosyl-activated aziridines were polymerized
with up to 100-fold excess of a protic impurity and still being active for chain extension. This
allowed the preparation of polyols by anionic polymerization without protective groups, as only
minor initiation occurred from the alcohols. The tolerance towards protic additives lies in the
electron withdrawing effect of the activating groups, decreasing the basicity of the propagating
species, while maintaining a strong nucleophilic character. In this way, competing alcohols and
water are only slightly involved in the polymerization, making living anionic polymerization an

easy-to-conduct technique to well-defined polyamides and —amines (Scheme 2.1)

pK, (NH) << pK, {RDH] -
ROH ——— +\|/ NH + RO
-s

proton exchange 0 5=0

ilibri I
equiniorium R

active species dormant species

Mt" = Li", K
-50;-R’ = -Mesyl (Ms) (1), -Tosyl (Ts) (2), -Brosyl (Bs) (3)
R'=H, Me, Et, isoPr

Scheme 2.1: Schematic overview of the AAROP with protic additives showing the dormant polymer
species and active polymer species.
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2.2 Introduction

Living anionic polymerization (LAP) is the best technique to control molar mass, chain-end
fidelity, and to achieve a well-defined (co)polymers.}? It also provides a precise way for
introducing of heteroatoms in the polymer backbone.>* LAP is, however, sensitive to protic
impurities and, in many cases, oxygen. Thorough drying of reagents and solvents, high vacuum
and inert gas purifications make it much more difficult to carry out than, for example, a controlled
radical polymerization.>® It would therefore be beneficial to combine the robustness of the
controlled radical polymerization with the precision of the living ionic polymerization. lonic
polymerizations can be terminated by moisture, protic solvents or CO,.” In the epoxide
polymerization water or alcohols act as initiator and only low molecular weight products are
obtained.®° Importantly, protic impurities at concentrations above the initiator concentration
inhibit the propagation, which makes protecting groups, e.g. for alcohols, essential.

A robust LAP that can tolerate protic solvents, especially water, while maintaining the living
character, is not known. To circumvent the demanding conditions of LAP, emulsion
polymerization elegantly exploits the hydrophobic nature of monomers and polymers and
separates the active chain end from the protic aqueous phase. As a result, the polymerization
takes place at the interface or inside of the hydrophobic dispersed phase and is the only strategy
for conducting an ionic polymerization in the presence of protic solvents. Unfortunately, it cannot
suppress termination or transfer reactions, as reported for the aqueous emulsion polymerization

1112 or phenyl glycidyl ether, leading to oligomers.®® Similar approaches of

of cyclic siloxanes
anionic polymerizations of a-carbonyl acids'* or glycidol in the presence of water® bypass the
typical anionic polymerization mechanism, e.g., by monomer-activation.

We present the first living anionic polymerization that proceeds in open air and in the
presence of large amounts of protic impurities, such as water and alcohols. The azaanionic ring-
opening polymerization (AAROP) is chosen as a unique technique to access well-defined
polysulfonamides or -amines (Scheme 1). The exceptional tolerance towards water and alcohols
during the polymerization allows, for the first time, synthesis of polyols without using any
protective groups. Such polyols might be interesting for the preparation of polyurethanes or for
antifouling surface coatings.

Polysulfonamides, prepared from the AAROP of sulfonyl-activated aziridines, have been
first polymerized via living polymerization in 2005.1® The monomer family has been significantly

17-18

expanded since then, and new methods were developed to polymerize sulfonamides via

19-22 23-25

organocatalytic or anionic polymerization in solution and in emulsion.?® After cleavage of

the sulfonyl groups, polysulfonamides are an alternative pathway to linear polyethylene imine (L-
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PEI),2* 2 which, together with hyperbranched PEI (hbPEl), is a standard synthetic cationic
transfection agent.?83?
The role of the sulfonamide activating groups is two-fold: they control the microstructure of co-
polymers,? as well as regulate the nucleophilicity and basicity of the active chain end. The latter
allows tuning reaction tolerance to additives, protic solvents, or nucleophilic functionalities in the
monomers, which is the focus of this contribution. We believe that the ease of conducting a living
anionic polymerization to access well-defined polyamines will contribute to diverse fields, such
as gene delivery or the preparation of chelating agents or polyols for polyurethane fabrication.
To control the polymerization of sulfonyl aziridines, all previously published articles
highlighted the necessity to strictly avoid moisture, impurities and the protection of nucleophilic
monomer functionalities. Preparation of the experiment were thus conducted in a glovebox or
with Schlenk techniques under an inert gas atmosphere.'2% -2 Concerning the water content
of solvents, an in situ distillation from elemental sodium or calcium hydride is established for
anionic polymerization, but it is known that some solvents are difficult to dry efficiently.®° A
method that sustains the presence of protic compounds is necessary. The tolerance of the active
chain end in an anionic polymerization towards nucleophilic impurities (such as water or alcohols)
strongly depends on the pKy-value of the growing chain end and the propagation rate constants.
For sulfonyl-aziridines, both factors can be tuned by the choice of the activating group that
influences the basicity of the azaanionic chain end, but at the same time, also the propagation
rates and thus controls the chance of initiation of protic impurities in the reaction mixture. We
selected three different monomers, in order of their increasing propagation rates and different
nucleophilicity of the chain end: 2-methyl-N-mesyl-aziridine (MsMAz, 1) 2-methyl-N-
tosylaziridine (TsMAz, 2), 2-methyl-N-brosylaziridine (BsMAz, 3) (Scheme 2.1).2> Monomers 1-3

have all been previously shown to undergo AAROP under an inert environment.
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2.3 Results and Discussion

Strikingly, we found that polymerizations could be carried out in open vials in DMF (without
any purification or drying), resulting in narrowly distributed PAz (P < 1.11), which remained living
and allowed further chain extension, proving the living nature under such wet conditions, without
recognizable initiation of water and achieving the targeted degree of polymerization (see SEC's
in Sl 2 Section F). Additionally, the AAROP followed living characteristics in reactive solvents,
which would inhibit other anionic polymerizations (P(2)so was prepared in acetone (P = 1.16),
ethyl acetate (D = 1.18) and iPrOH (P = 1.23)). The low dispersity from the polymers prepared in
open air or such solvents prove that the AAROP is unaffected by CO; and O, remains living in
“non-conventional” solvents of anionic polymerization (Figure S2.25, $2.30, S2.31).

In order to understand the influence of chain-end and monomer reactivity on the control
of the AAROP, (1) and (2) were polymerized in the presence of protic additives. Different amounts
(1 eq. — 1000 eq. relatively to the initiator) of water (H,0), methanol (MeOH), ethanol (EtOH) and
isopropanol (iPrOH), which usually act as transfer- or as terminating agents for other anionic
polymerizations, were added to the reaction medium. The maximum amount of each additive
was limited due to the solubility of the polymers in polar solvent mixtures (see experimental for
details in the SI 2). However, if the amounts of water were increased to 1170 eq. for (2) and
740 eq. for (1), a significant reduction in the molar mass from targeted 5500 to 1200 g/mol and
from 4000 to 500 g mol™? of the final polymer was detected, indicating a non-negligible amount
of competitive initiation by the additive (Figure $2.22, S2.27). Lower amounts of the additive had
no or only little influence on the molar mass as similar elution times by SEC were detected for the
polymers (Figure S2.26, Table S2.8). In all cases, chain extension experiments with additives were
performed (90 — 360 equivalents depending on the solvent), proving that the chain ends
remained reactive for further monomer addition with reasonable final dispersities (D < 1.25) and
quantitative conversions > 99% for 1 with all additives tested (see Sl 2 Section F, Figure S2.38 —
S2.41). Taking a closer look at the monomers 1 and 2, TsMAz (2), with its stronger electron
withdrawing group, demonstrated a higher tolerance to the presence of additives, as propagation
rates were fivefold faster compared to MsMAz (compare Figure S 2.22 — S 2.25 for (1) and Figure
$2.26 — S 2.30 for (2)). The influence of counter ions (K*, Li*) was also studied with all additives
tested, showing no significant difference; both indeed show full monomer conversion and low

molecular weight distributions (P < 1.25, compare Figure S2.26 —S2.30, S2.32, S2.33).
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The polymerization kinetics and the amount of the PAz initiated by the additive were
determined via real-time *H NMR spectroscopy of the polymerizations of 1, 2, and BsMAz (3) in
the presence of 3C-labeled alcohols. In Figure 2.1, the polymerization kinetics of 2 are
summarized, proving an influence of the protic additives on the overall reaction rates. Within the
presence of 100 eq. of isopropanol (green), almost the same k,-value was determined as for the
polymerization in dry DMF (black) without any additive. However, propagation rates decreased
in the presence of ethanol (orange), water (blue) and methanol (red), probably due to an
increased concentration of initiating species from the additives and the equilibrium between
active and dormant species, since the rate constant depends on the nature of the alcohol.
Nevertheless, in all cases, the degrees of polymerization were close to the control (typically above

95%) and had narrow molecular weight distributions (P< 1.18, Figure 2.1b).
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Table 2.1 summarizes the data from the real-time NMR measurements of TsMAz. The trend
observed from the kinetic plots in Figure 2.1A is reflected in the propagation rates (k;), that range
between 22.9+1.4-10-3 L mol-1s-1 for methanol to 49.9+3.6 10-3 L mol-1s-1 for the pure
reaction mixture (Figure 2.2). Also reaction times from 2.6 h (pure) to 9.4 h (MeOH) for full
conversion, indicate the presence of the dormant species, as the protonation of the chain end is
reversible (Scheme S 2.1). For the other two monomers (1 and 3), similar trends were observed
(see Sl 2, Section B). A comparison of their propagation rates (k,) in Figure 2.2 (solid line, points)
depicts that the general reactivity of the monomers increases from MsMAz (1, red) to TsMAz (2,
green) to BsMAz (3, yellow), as reported earlier.?> The trend of decreasing molar mass (Mn)
(Figure 2.2, dotted line, squares) is in accordance to the decreasing propagation rates, which is
due to a certain side initiation by the additives. MALDI-TOF-spectra of P(TsMAz) obtained in the
presence of 100 equivalents of additives (H.O, MeOH, EtOH, iPrOH) (see Sl 2, Section E), show a
narrowly distributed main population of PAz chains initiated with the sulfonamide initiator. In all
cases, a smaller fraction can be identified as TsMAz initiated by the additive. Notably, iPrOH as a

secondary alcohol does not influence the kp,-value, with only a minor influence on M, or D.

Table 2.1: Overview of the polymerization kinetics of TsSMAz (2) in DMF-d; with the respective additive,
including SEC-analyses and calculated propagation rates (kp).

Monomer TsMAz TsMAz TsMAz TsMAz TsMAz
Additive Pure H.0 MeOH EtOH iPrOH

k, /103 L mol-1s1 49.9 £3.6 28.1+£2.0 22914 29.6+2.1 48.6 £3.5
My? / g mol1 5500 4700 4400 4800 5100
DP / units 56 -- 55.8 53.7 554
DP /% 100 -- 99.6 95.9 98.9

Da 1.11 1.18 1.18 1.16 1.13
Reaction time / h 2.6 5.5 9.4 4.7 2.8
Conversion / % >99 >99 >99 >99 >99

a Number-average molar mass and molecular weight dispersities determined via SEC in DMF (vs.

PEO standards).
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Figure 2.2: Comparison of the molar masss (M.) (dotted line, squares, left y-axis), amount of *3C-initiation
(dashed line, triangles, first right y-axis) and propagation rates (kp) (solid line, points, right y-axis) of all online
NMR-kinetics of the three monomers MsMAz (1, red), TsMAz (2, green) and BsMAz (3, yellow) with the
respective additives (pure, water, MeOH, EtOH, iPrOH).

As MALDI is not quantitative, we used *C NMR to quantify the amount of alcohol-initiated
polymers from the integral of the ether signal of 3C-labeled alcohols, used as additives. HSQC-
spectra proved the existence of *C-labeled ethers (see SI, Section C). Distinctive *C-ether
resonances below 10% (except for MsMAz with MeOH as additive) were detected, as depicted in
Figure 2.2 (dashed line, triangles) and summarized in Table S2.3. TsMAz (2) is the most tolerant
monomer, as all **C-ether signals are below the quantification limit of NMR-spectroscopy (<1%),
determined by a high signal / noise ratio (S/N). For all three monomers, the signals of 3C-
isopropyl ether are also below the quantification limit of NMR-spectroscopy, showing a negligible
amount of initiation for this secondary alcohol. The more acidic and nucleophilic the additive, the
higher the amount of secondary initiation.

Because of the much lower pKa value of the sulfonamide compared to the protic additives,
the majority of living chains remains on the aza-anion, and only an almost negligible amount of
the additive is deprotonated and can initiate the polymerization (Figure 2.3B, and Scheme S2.1

for a detailed mechanistic explanation).
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Such amounts of “undesired” initiation can be circumvented by working under absolute
inert conditions as typical for anionic polymerizations. However, compared to controlled radical
polymerizations, where up to 10% of all chain ends can be undesirably initiated (in RAFT), even

3234 we believe the ease of reaction

without including “dead” polymers by radical termination,
conditions makes the AROP of aziridines an attractive alternative. In most cases, the secondary
initiation was below 10%, (MsMAz with MeOH around 22%), but without “dead” polymers, i.e.
the chain end remains always active. The highest percentage of secondary initiation was
demonstrated for MsMAz (1), because its slow reaction kinetics allows also the slow initiation of
alkoxides to occur. Whereas, BsMAz (3) (the most reactive monomer), reveals a higher
percentage of 3C-signals than TsMAz (2), most likely due to its stronger electrophilic character,
which makes the monomer susceptible for nucleophilic attacks. Concluding, TsMAz (2) is well

balanced between fast reaction kinetic and susceptibility for nucleophilic attacks, (2) is the most

robust monomer of the three tested sulfonyl aziridines (Figure 2.3).

2.3.1 DFT Calculations.

To rationalize the effect of initiation of different additives, we performed density functional
theory (DFT) calculations for the propagation steps. The results are summarized in Figure 2.3 and
Table S2.19-S2.21 (for computational details see Sl 2, Section G). The chain end and monomer
reactivity can be elaborated from the comparison of the energies of the frontier orbitals
(Figure 2.3A). The highest occupied molecular orbitals (HOMO) of the active chain ends were
calculated from corresponding model compounds of deprotonated sec-butyl(-R-)amides
((Table S2.20), R = brosyl (Bs), tosyl (Ts) or mesyl (Ms)). The activating groups proved to have a
stronger effect on the monomer reactivity compared to the active chain ends, as the difference
(-0.24 to -1.75 eV) in LUMO levels are larger than the HOMO levels (-5.30 to -5.44 eV). In addition,
calculations show that the alkoxides (from deprotonation of the added alcohols) exhibit more
reactive HOMO levels of ca. -4.7 eV, which are around 0.7 eV higher in energy than the HOMO
levels of the chain ends. These findings go along with the expectations that lower LUMO levels
are easier to be occupied by nucleophiles with higher HOMO levels, i.e. the alkoxides should
preferably act as an initiator for the azaanionic polymerization, as soon as they are formed in
solution. Moreover, we have computed the electrophilicity index w* and the nucleophilicity index
w” regarding the homopolymerization of each monomer (Figure 2.3B and Table S2.19, 52.20). The
nucleophilicity of additives and sulfonamides varies in the range of 0.13 to 0.27 eV, which show
that alkoxides are strong competitors to the active chain ends, especially if the concentration of

alcohol exceeds the initiator concentration. However, due to the enormous difference in the pK,-
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values of a sulfonamide (pKs =-0.5to 1.5 in DMF) and the additives (pKy; = 12.0 to 14.0 in DMF)
propagation via the azaanion is clearly favored over the deprotonation and initiation by additives
(Figure 2.3B and Table S2.21, pK, values were calculated using equation 5 in the Sl 2, section G).
DFT calculations therefore help to rationalize the fact that additives such as alcohols or water can

be tolerated by the azaanionic ring-opening polymerization.

2.3.2 Synthesis of Polyols without Protective Group.

Since hydroxyl group are relatively inert during the anionic ROP of sulfonyl aziridines, there
is no need to protect protic functionalities in the monomers. This allows a direct access to polyols
via living AROP.? Indeed, the unprotected 2-w-propanol-N-tosylaziridine (6) was polymerized
with full monomer conversion and reasonable molecular weight distributions of (b = 1.26-1.37)
were obtained under standard conditions of AAROP (compare Sl 2, Section H). A small amount of
branching cannot be ruled out, but neither *H, **C NMR spectra (Figure S2.44, S2.45) nor SEC-data
(Figure 2.4) can provide this information, since the monomer is not *C-labeled and from the

experiments in the presence of alcohols, only a small amount of branching can be assumed.

—P(6),
- P(G)so
05 P(6),,
NH N N <o KHMDS 0=
U=%=0 DMF, 50°C N
©/0\:§:0 1
H |
Ts-wPrOHAz (6) &
e N

I i T ¥ T i T ¥ T ¥ T i T ¥ T ¥ T i T 4 T T T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
elution volume / mL

Figure 2.4: Anionic polymerization of 6, including SEC traces of three different polymers of 6 with
theoretical repeating units (20, 30, 40) in DMF (Rl signal) (data listed in Table $2.22).
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2.3.3 Conclusion

To conclude, the AROP of aziridines eliminates the tedious purification steps and high-
vacuum techniques, which make an anionic polymerization unattractive compared to controlled
radical polymerizations. Herein, we systematically investigated the influence of protic additives
that are water and different alcohols (methanol, ethanol, isopropanol) on the AROP of different
sulfonyl aziridines. Even at large excess of the protic impurity (more than 100 eq. compared to
the initiator), the AROP of sulfonyl aziridines leads to quantitative monomer conversion and
retains excellent control over molar mass and dispersity. The combination of different analyses
(real-time *H NMR spectroscopy, MALDI-TOF, SEC, and 3C NMR) and additional DFT-calculations
confirmed a second slow initiation of protic solvents, of up to 10% with 100 eq. of additives
(except for MsMAz with MeOH as additive). In spite of the high nucleophilicity of additives, but
their high pKs-values, the propagation of the aza-anions (with much lower pK,-values) remained
almost unaffected by the presence of additives (especially for TsMAz) and the polymerization
keeps its living character. As a high control over molar mass, chain fidelity, size distribution and
guantitative monomer conversion remains, the access to well-defined polyamides (and
polyamines after hydrolysis) is still guaranteed. With this robust AROP polyols are accessible
without the need of protection groups, which are interesting materials for future applications.
The AROP of sulfonyl aziridines offers the simplicity of a controlled radical polymerization, where

less than 10% of initiator- initiated polymers are accepted, and any termination is avoided.
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2.5 Supporting Information for Alcohol- and water-tolerant living

anionic polymerization of aziridines

2.6 Materials and Methods

2.6.1 Chemicals

All solvents and reagents were purchased from Sigma-Aldrich, Acros Organics or Fluka and
used as received unless otherwise mentioned. All deuterated solvents were purchased from
Deutero GmbH and were distilled from CaH; or sodium and stored over molecular sieve prior to
use. The BC-labeled solvents were purchased from Sigma-Aldrich and dried with molecular
sieves. All monomers and initiators were dried extensively by azeotropic freeze drying with
benzene prior to polymerization unless otherwise mentioned. 2-methyl-N-mesyl-aziridine
(MsMAz, 1) 2-methyl-N-tosylaziridine (TsMAz, 2), 2-methyl-N-brosyl aziridine (BsMAz, 3), N-
pyrene-methanesulfonamide (PyNHMs, 4) and N-benzyl sulfonamide (BnNHMs, 5) were

synthesized according to our previously published protocol.}?
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2.6.2 Methods.

NMR. 'H NMR spectra were recorded using a Bruker Avance 300, a Bruker Avance Il 500
or a Bruker Avance 1ll 700 spectrometer. All spectra were referenced internally to residual proton
signals of the deuterated solvent.

SEC. Size exclusion chromatography (SEC) measurements of standard polymers were
performed in DMF (1 g L! LiBr added) at 60°C and a flow rate of 1 mL min™* with an PSS SECcurity
as an integrated instrument, including a PSS GRAM 100-1000 column and a refractive index (Rl)
detector. Calibration was carried out using poly(ethylene glycol) standards provided by Polymer
Standards Service.

MALDI-TOF. MALDI TOF spectra were performed by the CESAMO (Bordeaux, France) on a
Voyager mass spectrometer (Applied Biosystems). Spectra were recorded in the positive-ion
mode using the reflectron and with an accelerating voltage of 20 kV. Samples were dissolved in
THF at 10 mL min®. The matrix solution (trans-3-indoleacrylic acid, 1AA) was prepared by
dissolving 10 mg in 1 mL of THF. A MeOH-solution of cationization agent (Nal, 10 mL min) was
also prepared. Solutions were combined in a 10:1:1 volume ratio of matrix to sample to
cationization agent.

General procedure for the azaanionic polymerization. All polymerizations were run in
screw cap vials if not otherwise noted. Vials were taken directly from the box, not flame dried
neither treated in vacuo or using standard Schlenk technique. Neither monomers nor the
initiators and the bases (bis(trimethylsilyllamide salts) were pretreated for purification. The
monomers and the initiator were dissolved in dry N,N-dimethylformamide (DMF). The initiator
solution was added to the bis(trimethylsilyllamide salt under normal atmosphere, the initiator-
solution was transferred to the reaction flask, containing the monomer. The resulting
concentration was kept constant by 10 wt.% monomer in DMF. The mixture was stirred at the
desired temperature and over the desired time (to ensure complete reaction: 18 h Reaction time
at 50 °C). The polymers were obtained as off-white powders after evaporation of the solvent.
Colorless dry powders can be obtained if the polymers are precipitation of the reaction mixture
into 30 mL methanol and after drying at reduced pressure.’® For experiments with different
amount of protic solvents the above mentioned general procedure for the azaanionic
polymerization was followed. After initiation (5 to 10 seconds) the protic solvent was added by

an Eppendorf Pipette.
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2.7 Section A: Mechanistic explanation of AAROP with protic

additives.

Scheme S 2 shows a proposed, schematic mechanism for the AAROP with protic additives,

including a dormant species: boxes a) and b) illustrate the initiation (k; ) and propagation (kp) of

the polymerization. For a living polymerization,* the initiation needs to be faster than the

propagation (kj; > ky), resulting in first-order kinetics, therefore, equation (1) can be neglected.

Additionally, every initiator (I) starts a growing chain (P ™), the starting initiator-concentration [I],

is equal to [P7],, resulting in the overall equation (2) for the reaction kinetics.> This set of

equations is expanded, when protic additives (ROH) in DMF are introduced that take part in

deprotonation equilibria, depending on their respective pK,-value ((Scheme 2 (e), equation 3).

The concentration of the competing nucleophiles (RO™), which act as a secondary initiator, is

given in equation (4) and illustrated in Scheme 2 (d). Due to the strong nucleophilic character of

b) K,
ki
I_ /\ M
a)
c) Kir d__
PH ———— P |+ By
kiAlM
e) K
D,A -
ROH = RO" |+ H'pwr
M ek mo
3 _[RO7][H*] [RO7]?
() PA~ [ROH],  [ROH],
(4 [ROT]= \[m
(5) [P7] = [I]o + [RO7]
[P7][H*]
(6) tr = [PH]
d
M b o IROMI 1) kel )

Scheme S 2.1. Simplified scheme including the involved
protic species (ROH), followed by their equations.

deprotonated additives, very fast
initiation is expected (k;a > k). The
concentration of propagating chain ends
would then increase to [P7], (equation 5).
Consequently, protons (H*) from the
additives will form a dormant species of
the original living chain end (PH) (Scheme

2 (c)) (6)

equilibrium between active and dormant

Equation illustrates, the
species highly depends on the amount of
protons, which are only released by
additives. To fully describe the system, the
monomer consumption and the chain

concentration of the active chain ends are

expressed in equations 7 and 8.
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2.8 Section B. Kinetics Monitoring polymerizations by real-time

1H NMR spectroscopy

All polymerizations were carried out in analogy to the conventional procedure in a Schlenk
flask and already described in previous publications.' 3 All glassware was dried by in vacuo for at
least three times. All reactants (except the bis(trimethylsilyl)amide salts) were dried from
benzene in vacuo for at least 4 h. Inside of a glovebox in a nitrogen-atmosphere, the respective
monomer was dissolved DMF-d- as a total volume of 5.0 mL of DMF-d>, calculated for a monomer
to the initiator of [M]o:[l]o= 50:1. The initiator-solution in 1 mL DMF-d7 was prepared separately.
Therefore 1 eq. of PyNHMs was solved in 1 mL DMF-d; and transferred to Lithium
bis(trimethylsilyl)-amide (LIHMDS) 0.95 eq. The active initiator was then transferred to the
monomer-solution to yield a 10 wt.% solution. Previously dried (drying oven at 50 °C under
vacuum) conventional NMR-tubes were equipped with 100 eq. of the protic additives (none, H,0,
13C-MeOH, BC-EtOH, 3C-iPrOH). The NMR-tubes were filled with the reaction mixture and sealed
by melting the top of the NMR-tube with a hot flame. To prevent polymerization of the samples,
which were monitored the following days, the NMR-tubes were shock frosted in liquid nitrogen
and stored at -80 °C (below the melting point of DMF).

The NMR-tubes were one after another warmed up to room temperature and all *H NMR
kinetics were recorded using a Bruker Avance Ill 700. All spectra were referenced internally to
residual proton signals of the deuterated solvent dimethylformamide-d; at 8.03 ppm. The n/2-
pulse for the proton measurements was 13.1 us. The spectra of the polymerizations were
recorded at 700 MHz with 16 scans (equal to 404 s (acquisition time of 2.595 s and a relaxation
time of 20 s after every pulse)) over a period of time until the polymerization had full conversion.
No B-field optimizing routine was used over the kinetic measurement time. The spin-lattice
relaxation rate (T1) of the ring-protons, which are used afterward for integration, was measured
before the kinetic run with the inversion recovery method.®

The method for the evaluation of the NMR-data to calculate the respective kp,-values is

followed as described in previous publications.?
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2.8.1 Kinetics of MsMAz (1)
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Figure S2.1. a) Kinetic plots of In([M]o/[M]:) vs. time of MsMAz (1) and different additives in DMF-d7 at
50 °C. b) SEC traces in DMF (Rl signal) (data listed in Table S1).

Table S2.1. Overview of the polymerization kinetics of MsMAz (1) in DMF-d; with the respective additive,
including SEC-analyses and calculated propagation rates (kp).

Monomer MsMAz (1) MsMAz (1) MsMAz (1) MsMAz (1) MsMAz (1)
Additive Pure H20 MeOH EtOH iPrOH
kp /103 L molts? 12.0£0.8 6.4+0.5 5.0+0.4 6.4+0.4 7.7+0.5
Mn2 / g mol* 4000 3400 2600 3400 3800
DP® / units 50 -- 40.8 46.9 48.4
DP"/ % 100 - 81.6 93.8 96.8
pa 1.10 1.15 1.20 1.14 1.12
Reaction time / h 10.3 23 >23.9 22.2 175
Conversion / % >99 >99 98 >99 >99

a2 Number-average molecular weight and molecular weight dispersity determined via SEC
in DMF (vs. PEO standards). P calculated from 3C ether initiation.

85



Alcohol- and water-tolerant living anionic polymerization of aziridines

2.8.2 Kinetics of BsMAz (3)
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Figure S2.2. a) Kinetic plots of In([M]o/[M]:) vs. time of BsMAz (3) and different additives in DMF-d- at 50
°C. b) SEC traces in DMF (Rl signal) (data listed in Table S2).

Table S2.2. Overview of the polymerization kinetics of BsMAz (3) in DMF-d7 with the respective additive,
including SEC-analyses and calculated propagation rates (kp).

Monomer

Additive Pure H20 MeOH EtOH iPrOH
kp/10° L molts? 67.314.6 44.0+£3.0 45.3+3.1 52.0+3.6 67.7+4.6
Mn? / g mol? 5500 3700 3900 4300 5000
DP® / units 56 - 52.6 53.1 54.8
DP"/ % 100 - 93.9 94.8 97.9.8
P2 1.12 1.25 1.20 1.18 1.15
Reaction time / h 2.1 3.3 3.0 2.8 2.1
Conversion / % >99 >99 >99 >99 >99

a2 Number-average molecular weight and molecular weight dispersity determined via SEC
in DMF (vs. PEO standards). ° calculated from *3C ether initiation.
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Table S2.3. Overview of the performed polymerization kinetics regarding initiation via alkoxides:

S/N Relative
Sample cd a 13Integralb (rlr;ns) rSe/fl\ér(gr?csg 13C ether /90 Standard
(monomer) C ether C signal ¢ deviation /
ether¢ %°
P(MsMAZz)-MeOH 50 0.57 83.6 18.2 22.4 4.5
P(MsMAZz)-EtOH 50 0.14 22.1 18.0 6.6 4.5
P(MsMAZ)-iPrOH 50 0.07 1.8 19.6 3.4* 220.0
P(TsMAz)-MeOH 56 0.003 3.6 82.4 0.2* 220.0
P(TsMAz)-EtOH 56 0.08 4.0 106.0 4.3* 220.0
P(TsMAZz)-iPrOH 56 0.02 3.9 78.0 1.1* 220.0
P(BsMAz)-MeOH 56 0.12 15.8 80.8 6.4 24.5
P(BsMAz)-EtOH 56 0.10 14.4 147.7 5.4 24.5
P(BsMAZz)-iPrOH 56 0.04 7.5 170.0 2.2* 220.0

2 Determined by 'HNMR from stock solution without additives. ® Determined by **C NMR
normalized to repeating unit (reference signal, integral = 1).Determined with Top Spin software.
d4 Calculated by the equation below. ¢ Estimation refers to literature.®” * Value of 3C ether is

overestimated due to high signal to noise ratios (S/N).

[13C ether
—99 eq(monomer)
= -100%
[ 13C ether
1+ —99 eq(monomer)
Example P(MsMAz)-MeOH:
%950
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2.9 Section C. 13C-NMRs and 2D-NMRs of the Kinetics

To quantify the amount of alcohol acted as an initiator, *C-labeled additives were used to
follow this process by NMR. After evaporating the solvent and residual *C-labeled alcohols at
reduced pressure, quantification of polymers with 3C-labeled ethers, which are formed after

initiation, is possible by 3C NMR- and HSQC NMR-spectroscopy.

2.9.1 P(TsMAz)
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Figure S2.3. 3C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(TsMAz), H.0 as additive. & [ppm] =
145.07 (s, 1C, arom., i), 138.04 (s, 1C, arom., h), 131.16 (s, 2C, arom., g), 128.70 (s, 1C, arom., f), 128.31
(s, 1C, arom., e), 56.32-54.19 (m, 1C, backbone, d), 49.06 — 52.62 (m, 1C, backbone, c) 21,75 (s, 1C, aromat-
CHs, b), 13.76-17.58 (m, 1C, backbone-CHjs, a).
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Figure S2.4. 3C NMR, quantitative (176 MHz, 323 K, DMF-d;) of P(TsMAz), methanol-'3C as additive. &
[ppm] = 145.07 (s, 1C, arom.), 138.04 (s, 1C, arom.), 131.16 (s, 2C, arom.), 128.70 (s, 1C, arom.), 128.31
(s, 1C, arom.), 58.68-59.04 (m, 0.03, methyl-'3C-ether) 56.32-54.19 (m, 1C, backbone), 49.06 — 52.62 (m,
1C, backbone) 21,75 (s, 1C, aromat-CHs), 13.76-17.58 (m, 1C, backbone-CHs).
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Figure S2.5. HSQC NMR (700, 176 MHz, DMF-d-) of P(TsMAz), methanol-13C as additive.
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Figure S2.6. 3C NMR, quantitative (176 MHz, 323 K, DMF-d-) of P(TsMAz), ethanol-1-13C; as additive. §
[ppm] = 145.07 (s, 1C, arom.), 138.04 (s, 1C, arom.), 131.16 (s, 2C, arom.), 128.70 (s, 1C, arom.), 128.31
(s, 1C, arom.), 66.10 (m, 0.05, ethyl-1-*3C;-ether) 56.32-54.19 (m, 1C, backbone), 49.06 — 52.62 (m, 1C,
backbone) 21,75 (s, 1C, aromat-CHs), 13.76-17.58 (m, 1C, backbone-CH3).
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Figure S2.7. HSQC NMR (700, 176 MHz, DMF-d-) of P(TsMAz), ethanol-1-13C; as additive.
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Figure S2.8. 13C NMR, quantitative (176 MHz, 323 K, DMF-d>) of P(TsMAz), isopropanol-2-13C; as additive.
6 [ppm] = 145.07 (s, 1C, arom.), 138.04 (s, 1C, arom.), 131.16 (s, 2C, arom.), 128.70 (s, 1C, arom.), 128.31
(s, 1C, arom.), 73.04 (s, 0.03, isopropyl-2-13Ci-ether) 56.32-54.19 (m, 1C, backbone), 49.06 — 52.62 (m, 1C,
backbone) 21,75 (s, 1C, aromat-CHs), 13.76-17.58 (m, 1C, backbone-CH3).
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Figure $2.9. HSQC NMR (700, 176 MHz, DMF-d-) of P(TsMAz), isopropanol-2-13C; as additive.
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2.9.2 P(BsMAz)
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Figure S2.10. 13C NMR, quantitative (176 MHz, 323 K, DMF-d-) of P(BsMAz), methanol-3C as additive. &
[ppm] =139.26 (s, 1C, arom., h), 133.08 (s, 2C, arom., g), 129.81 (s, 1C, arom., f), 129.41 (s, 1C, arom., e),
127.82 (s, 1C, arom., d), 58.24, 55.10 (m, 0.29, methyl-'3C-ether) 56.83-53.51 (m, 1C, backbone, c), 52.19
—47.99 (m, 1C, backbone, b), 17.55-13.35 (m, 1C, backbone-CHjs, a).
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Figure S2.11. HSQC NMR (700, 176 MHz, DMF-d-) of P(BsMAz), methanol-'3C as additive.
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Figure S2.12. 13C NMR, quantitative (176 MHz, 323 K, DMF-d) of P(BsMAz), ethanol-1-13C; as additive. §
[ppm] = 139.26 (s, 1C, arom.), 133.08 (s, 2C, arom.), 129.81 (s, 1C, arom.), 129.41 (s, 1C, arom.), 127.82
(s, 1C, arom.), 58.24, 64.17 (s, 0.14, methyl-*3C-ether) 56.83-53.51 (m, 1C, backbone), 52.19 — 47.99 (m,
1C, backbone), 17.55-13.35 (m, 1C, backbone-CHs).
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Figure S2.13. HSQC NMR (700, 176 MHz, DMF-d-) of P(BsMAz), ethanol-1-13C; as additive.
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Figure S2.14. 3C NMR, quantitative (176 MHz, 323 K, DMF-d;) of P(BsMAz), isopropanol-2-13C; as
additive. 6 [ppm] =139.26 (s, 1C, arom.), 133.08 (s, 2C, arom.), 129.81 (s, 1C, arom.), 129.41 (s, 1C, arom.),
127.82 (s, 1C, arom.), 58.24, 72.27 (s, 0.07, methyl-'3C-ether) 56.83-53.51 (m, 1C, backbone), 52.19 —
47.99 (m, 1C, backbone), 17.55-13.35 (m, 1C, backbone-CHs).
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Figure S2.15. HSQC NMR (700, 176 MHz, DMF-d) of P(BsMAz), isopropanol-2-13C; as additive.

94



Alcohol- and water-tolerant living anionic polymerization of aziridines

2.9.3 P(MsMAz)
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Figure $2.16. 1*C NMR, quantitative (176 MHz, 323 K, DMF-d;) of P(MsMAz), methanol 3C as additive. &
[ppm] = 58.14 (m 0.57, methyl-'3C-ether), 56.06-53.20 (m, 1C, backbone, d), 51.87 — 48.62 (m, 1C,
backbone, c) 40.13-37.96 (m, 1C, mesyl-CHs, b), 16.86-14.81 (m, 1C, backbone-CHjs, a).
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Figure S2.17. HSQC NMR (700, 176 MHz, DMF-d) of P(MsMAz), methanol *3C as additive.
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Figure S2.18.*C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(MsMAz), ethanol-1-13C; as additive. §
[ppm] = 66.06 (s 0.20, ethyl-1-13C1-ether), 56.06-53.20 (m, 1C, backbone), 51.87 — 48.62 (m, 1C, backbone)
40.13-37.96 (m, 1C, mesyl-CHs), 16.86-14.81 (m, 1C, backbone-CHs). The signal at 57.4 ppm belongs to
residual ethanol-1-3C1.
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Figure $2.19. HSQC NMR (700, 176 MHz, DMF-d7) of P(MsMAz), ethanol-1-13C; as additive.
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Figure $2.20. 3C NMR, quantitative (176 MHz, 323 K, DMF-d;) of P(MsMAz), isopropanol-2-'3C; as
additive. 8§ [ppm] = 71.8 (m, 0.01, isopropyl-1-3C:-ether), 56.06-53.20 (m, 1C, backbone), 51.87 — 48.62
(m, 1C, backbone) 40.13-37.96 (m, 1C, mesyl-CHs), 16.86-14.81 (m, 1C, backbone-CHs).
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Figure S21. HSQC NMR (700, 176 MHz, DMF-d-) of P(MsMAz), isopropanol-2-13C; as additive.
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2.10Section D. Polymerization in open vials

2.10.1 P(MsMAz)
MsMAz (1) (100 mg, 0.739 mmol) in 1 mL DMF, BnNHMs (5) (2.8 mg, 0.015 mmol) and KHMDS
(3.0 mg, 0.015 mmol) in 0.1 mL DMF at 50 °C. Samples taken after 24, 48 and 120 hours.

Table S2.4. Overview of the performed polymerizations of MsMAz (1) in DMF with different amounts of
water as an additive, including SEC-analyses.

Monomer MsMAz (1) MsMAz (1) MsMAz (1)
Additive H20 H20 H20

V /L 50 100 200
Equivalents (to initiator) 185 370 740
Mn2 / g mol? 1400 900 500

pa 1.48 1.37 >2
Reaction time / h <120 <120 >120
Conversion / % ~95 ~95 ~60
Name P(Ms)-H20- P(Ms)-H20-  P(Ms)-H20-

50-pL 100-pL 200-pL

a2 Number-average molecular weight and molecular weight dispersity determined via SEC
in DMF (vs. PEO standards).

—— P(Ms)-H,0-50pL
—— P(Ms)-H,0-100uL
—— P(Ms)-H,0-200uL

I T T T T T T T T T T T T T T T T T T T T T T T T T 1
25 26 27 28 29 30 31 32 33 34 35 36 37 38
elution volume / mL

Figure S2.22. SEC traces of P(MsMAz) with water (50, 100, 200 pL) as an additive in DMF (Rl signal).
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Table S2.5. Overview of the performed polymerizations of MsMAz (1) in DMF with different amounts of
methanol as an additive, including SEC-analyses.

Monomer MsMAz (1) MsMAz (1) MsMAz (1)

Additive MeOH MeOH MeOH

V /[ uL 50 100 200

Equivalents (to initiator) 115 229 458

Mn? / g mol? 2800 1700 800

D2 1.23 1.27 1.29

Reaction time / h <24 <48 <120

Conversion / % >99 ~95 ~95

Name P(Ms)-MeOH- P(Ms)-MeOH- P(Ms)-MeOH-
50-uL 100-uL 200-pL

2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF

(vs. PEO standards).

—— P(Ms)-MeOH-50uL
—— P(Ms)-MeOH-100pL
—— P(Ms)-MeOH-200puL

25 26 27 28 29 30 31 32 33 34 35 36
elution volume / mL

Figure S2.23. SEC traces of P(MsMAz) with methanol (50, 100, 200 pL) as an additive in DMF (Rl signal).
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Table S2.6. Overview of the performed polymerizations of MsMAz (1) in DMF with different amounts of
ethanol as an additive, including SEC-analyses.

Monomer MsMAz (1) MsMAz (1) MsMAz (1) MsMAz (1)

Additive EtOH EtOH EtOH EtOH

V /L 50 100 200 400

Equivalents (to initiator) 57 114 228 457

Mn? / g mol? 3500 2100 2900 1900

Da 1.15 1.24 1.19 1.22

Reaction time / h <24 <24 <48 <24

Conversion / % >99 >99 ~95 ~95

Name P(Ms)-EtOH- P(Ms)-EtOH- P(Ms)-EtOH- P(Ms)-EtOH-
50-pL 100-pL 200-pL 400-pL

2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards).

—— P(Ms)-EtOH-50pL
—— P(Ms)-EtOH-100pL
—— P(Ms)-EtOH-200uL
—— P(Ms)-EtOH-400pL

25 26 27 28 29 30 31 32 33 3 35
elution volume / mL

Figure $2.24. SEC traces of P(MsMAz) with ethanol (50, 100, 200, 400 L) as an additive in DMF (Rl signal).
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Table S2.7. Overview of the performed polymerizations of MsMAz (1) in DMF in an open vial and with
isopropanol as an additive, including SEC-analyses.

Monomer MsMAz (1) MsMAz (1)
Additive Open iPrOH

V /L 400
Equivalents (to initiator) 349
Mn? / g mol? 3400 2900
ba 1.09 1.15
Reaction time / h <24 <24
Conversion / % >99 ~95
Narme openvial 400

2 Number-average molecular weight and molecular weight dispersity determined via SEC
in DMF (vs. PEO standards).

—— P(Ms)-iPrOH-400puL
—— P(Ms)-open vial

25 26 27 28 29 30 31 32 33 34
elution volume / mL

Figure S2.25. SEC traces of P(MsMAz) in an open vial and with isopropanol (400 pL) as an additive in DMF
(RI signal).
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2.10.2 P(TsMAz)

TsMAz (2) (100 mg, 0.473 mmol) in 1 mL DMF, BnNHMs (5) (1.75 mg, 0.0095 mmol) and KHMDS
(1.89 mg, 0.0095 mmol) in 0.1 mL DMF at 50 °C. Samples taken after 24, 44 and 48 hours.

Table S2.8. Overview of the performed polymerizations of TsMAz (2) in DMF with different amounts of
water as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2)
Additive H20 H20 H20 H20 H20 H20
V /L 0.17 1.7 17 50 100 200
E}‘ﬁtll‘;‘t’;')ems e 1 10 100 292 584 1170
Mn? / g mol? 4400 4000 3600 2700 2000 1200
P2 1.15 1.16 1.27 1.25 141 1.31
Reaction time / h <40 <40 <40 <24 <24 >48
Conversion / % >99 >99 >99 >99 ~95 ~60
Name P(Ts)-H20-  P(Ts)-H:20- P(Ts)-H20- P(Ts)-H20- P(Ts)-H20-  P(Ts)-H20-
leq 10eq 100eq 50-pL 100-pL 200-pL

2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards).

P(Ts)-H,0-1eq

e
—— P(Ts)-H,0-100y

P(Ts)-H,0-100eq L P(TS)-HiO-ZOOpL

25 26 27 28 29 30 31 32 33 34 35
elution volume / mL

T T T T T T T T T T T T T
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
elution volume / mL

Figure S2.26. SEC traces of P(TsMAz) with water (1,

Figure $2.27. SEC traces of P(TsMAz) with water
10, 100 eq.) as an additive in DMF (Rl signal).

(50, 100, 200 pL) as an additive in DMF (RI
signal).
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Table S2.9. Overview of the performed polymerizations of TsSMAz (2) in DMF with different amounts of
dry methanol as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2)

Additive MeOH MeOH MeOH MeOH

V[ uL 38 50 100 200

Equivalents (to initiator) 100 181 362 724

Mn? / g mol? 4000 3400 2600 1500

b2 1.21 1.25 1.25 1.28

Reaction time / h <40 <24 <24 >48

Conversion / % >99 >99 >99 >99

Name P(Ts)-MeOH- P(Ts)-MeOH- P(Ts)-MeOH- P(Ts)-MeOH-
100eq 50-pL 100-pL 200-pL

2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards).

—— P(Ts)-MeOH-100eq
—— P(Ts)-MeOH-50uL

—— P(Ts)-MeOH-100pL
—— P(Ts)-MeOH-200pL

e L
25 26 27 28 29 30 31 32 33 34

elution volume / mL

Figure S2.28. SEC traces of P(TsMAz) with methanol (100 eq., 50, 100, 200 pL) as an additive in DMF (RI
signal).
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Table $2.10. Overview of the performed polymerizations of TsSMAz (2) in DMF with different amounts of
dry ethanol as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2)

Additive EtOH EtOH EtOH EtOH

V /L 50 55 100 200

Equivalents (to initiator) 90 100 180 361

Mn? / g mol? 3800 3700 3600 3100

ba 1.16 1.18 1.20 1.21

Reaction time / h <24 <40 <24 >48

Conversion / % >99 >99 >99 >99

Name P(Ts)-EtOH- P(Ts)-EtOH- P(Ts)-EtOH- P(Ts)-EtOH-
50-pL 100eq 100-pL 200-pL

2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards).

—— P(Ts)-EtOH-50puL
— P(Ts)-EtOH-100eq.
—— P(Ts)-EtOH-100puL
—— P(Ts)-EtOH-200uL

25 26 27 28 29 30 31 32 33 34
elution volume / mL

Figure S2.29. SEC traces of P(TsMAz) with ethanol (100 eq., 50, 100, 200 pL) as an additive in DMF (RI
signal).
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Table S2.11. Overview of the performed polymerizations of TsSMAz (2) in DMF with different amounts of
dry isopropanol as an additive, including SEC-analyses. In case of 1000 uL iPrOH, the monomer was only
dissolved in iPrOH, only the initiator was added from a stock solution in DMF.

Monomer TsMAz (2) TsMAz (2) TsMAz (2)

Additive iPrOH iPrOH iPrOH

V /[ uL 73 200 1000

Equivalents (to initiator) 100 275 872

Mn? / g mol? 3900 3800 2500

D2 1.18 1.16 1.23

Reaction time / h <40 <24 <48

Conversion / % >99 ~60 ~95

Name P(Ts)-iPrOH- P(Ts)-iPrOH- P(Ts)-iPrOH-
100-eq 200-uL 1000-pL

2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards).

—— P(Ts)-iPrOH-100eq
—— P(Ts)-iPrOH-200uL
—— P(Ts)-iPrOH-1000uL

23 24 25 26 27 28 29 30 31 32 33 34
elution volume / mL

Figure $2.30. SEC traces of P(TsMAz) with isopropanol (100 eq., 200, 1000 pL) as an additive in DMF (RI
signal).
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Table S2.12. Overview of the performed polymerizations of TsMAz (2) in DMF in an open vial and with
dry acetone and ethyl acetate (EtOAc) as an additive, including SEC-analyses. In case of 1000 uL solvent,
the monomer was only dissolved in the respective solvent, only the initiator was added from a stock
solution in DMF.

Monomer TsMAz (2) TsMAz (2) TsMAz (2)

Additive Open Acetone Ethyl acetate

V /[ uL 1000 1000

Mn? / g mol? 4400 6400* 3700

Da 1.11 1.16 1.18

Reaction time / h <40 <24 <24

Conversion / % >99 >99 >99

Name P(Ts)- P(Ts)-acetone-  P(Ts)-EtOAc-
open vial 1000-pL 1000-pL

@ Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards). * Higher molecular weight, as less than the usual 100 pL of the initiator-

solution was added.

—— P(Ts)-open vial
P(Ts)-acetone-1000pL
— P(Ts)-EtOAc-1000uL

r~r~rrr~rr~T1r~1r 17 "1 "1 "1 "1 "1 1 1r~1r1 "1 T "1 "1
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
elution volume / mL

Figure S2.31. SEC traces of P(TsMAz) in an open vial, acetone and ethyl acetate in DMF (Rl signal).
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TsMAz (2) (100 mg, 0.473 mmol) in 1 mL DMF, BnNHMs (1.75 mg, 0.0095 mmol) and LiHMDS
(1.58 mg, 0.0095 mmol) in 0.1 mL DMF at 50 °C.

Table S2.13. Overview of the performed polymerizations of TsMAz (2) from stock solutions in DMF, with
Lithium as counterion and different amounts of water as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2) TsMAz (2)
Additive H20 H20 H20

V /L 0.17 1.7 17
Equivalents (to initiator) 1 10 100
Mn? / g molt 5700 7700 4600
pa 1.14 1.11 1.20
Reaction time / h <48 <48 <48
Conversion / % >99 >99 >99

P(Ts)-Li- P(Ts)-Li- P(Ts)-Li-
H20-1eq H20-10eq H20-100eq
2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF

(vs. PEO standards).

Name

P(Ts)-Li-H,O-1eq
P(Ts)-Li-H,0-10eq
—— P(Ts)-Li-H,0-100eq

23 24 25 26 27 28 29 30 31 32 33
elution volume / mL

Figure S2.32. SEC traces of P(TsMAz), with lithium as the counterion with water (1, 10, 100 eq.) as an
additive in DMF (Rl signal).
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Table S2.14. Overview of the performed polymerizations of TsSMAz (2) in DMF, with lithium as the
counterion and different additives, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2)
Additive H20 MeOH EtOH iPrOH
V [/ uL 17 38 55 73
Equivalents (to initiator) 100 100 100 100
Mn? / g mol? 4600 5400 5400 5000
pa 1.20 1.19 1.16 1.16
Reaction time / h <48 <48 <48 <48
Conversion / % >99 >99 >99 >99
Name P(Ts)-Li- P(Ts)-Li- P(Ts)-Li- P(Ts)-Li-

H20-100eq MeOH-100eq EtOH-100eq iPrOH-100eq
@ Number-average molecular weight and molecular weight dispersity determined via SEC in DMF

(vs. PEO standards).

—— P(Ts)-Li-H,0-100eq  *}
- - P(Ts)-Li-MeOH-100eq "

P(Ts)-Li-EtOH-100eq '
- - - - P(Ts)-Li-iPrOH-100eq *

elution volume / mL

Figure S2.33. SEC traces of P(TsMAz), with lithium as the counterion and different additives (100 eq.) in
DMF (Rl signal).
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2.11Section E. MALDI-TOF spectra
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Figure S2.34. MALDI-TOF-spectrum of P(Ts)-H20-100eq (Table S7).
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Figure S2.35. MALDI-TOF-spectrum of P(Ts)-MeOH-100eq (Table S8).
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Figure S2.36. MALDI-TOF-spectrum of P(Ts)-EtOH-100eq (Table S9).
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Figure S2.37. MALDI-TOF-spectrum of P(Ts)-iPrOH-100eq (Table S10).
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2.12Section F. Chain extension experiments

For chain extension experiments the polymerizations were carried out in analogy to the
procedure above. After stirring the mixtures for at least 18 h, a 100 pL-sample was taken out for

further analyses and the second monomer, in 1 mL DMF, was added to the screw cap vial and

stirred for further 24 h at the same temperature.

Table S2.15. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with 100
equivalents water as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2)
Additive H20

V /L 17

Equivalents (to initiator) 100

Mn? / g mol 3700 5800
pa 1.16 1.18
Reaction time / h <24 <24
Conversion / % >99 >99
Name P(Ts)-H20- P(Ts-b-Ts)-

100eq H20-100eq
2Number-average molecular weight and molecular weight dispersity determined via SEC in DMF

(vs. PEO standards).

= =P(Ts)-H,0-100eq
— P(Ts-b-Ts)-H,0-100eq

rrr~—r-—r - r - r-1r-1r-r-1rr1rr1rr1rr1rr1rr1rr1rr-1rv1rTvT1T1
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
elution volume / mL

Figure S2.38. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with water (100 eq.)
as an additive in DMF (Rl signal).
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Table S2.16. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with
100 pL methanol as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2)
Additive MeOH

V /L 100

Equivalents (to initiator) 362

Mn? / g mol? 2600 5400
ba 1.25 1.21
Reaction time / h <24 <24
Conversion / % >99 >99

P(Ts)-MeOH-  P(Ts-b-Ts)-
100pL MeOH-100uL
2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF

(vs. PEO standards).

Name

— = P(Ts)-MeOH-100pL 1
—— P(Ts-b-Ts)-MeOH-100uL I

r~r~rr-—r-r-r - 7r-r - 1r-1r-0vr— 117 -1 1 T1rrTTrTT1 "1
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
elution volume / mL

Figure S2.39. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with methanol (100
eq.) as an additive in DMF (Rl signal).
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Table $2.17. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with 50 pL
ethanol as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2)
Additive EtOH

V /[ uL 50

Equivalents (to initiator) 90

Mn2 / g mol? 3800 6200
D2 1.16 1.17
Reaction time / h <24 <24
Conversion / % >99 >99
Name T EomsonL

2 Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards).

— + = P(Ts)-EtOH-50uL -\
—— P(Ts-b-Ts)-EtOH-50pL -

rr——T 17T "1 "~ T17T "1 "7 "~17 "~ 17T "7 "7 "7 ™7 "7 ™1
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
elution volume / mL

Figure S2.40. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with ethanol (50 puL)
as an additive in DMF (Rl signal).
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Table S2.18. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with 100
uL isopropanol as an additive, including SEC-analyses.

Monomer TsMAz (2) TsMAz (2)

Additive iPrOH

V /L 200

Equivalents (to initiator) 275

Mn? / g mol? 3800 6200

ba 1.16 1.20

Reaction time / h <24 <24

Conversion / % ~60 >99

Name P(Ts)-IPrOH-  P(Ts-b-Ts)-
200puL iPrOH-200pL

? Number-average molecular weight and molecular weight dispersity determined via SEC in DMF
(vs. PEO standards).

— - = P(Ts)-IPrOH-200pL N
—— P(Ts-b-Ts)-iPrOH-200uL I

rr——T 17T "1 "~ T17T "1 "7 "~17 "~ 17T "7 "7 "7 ™7 "7 ™1
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
elution volume / mL

Figure $2.41. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with isopropanol (200
pL) as an additive in DMF (RI signal).
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2.13Section G: Computational Detail

All DFT calculations were carried out with the Gaussian 09 package.® The structures were
optimized at the B3LYP level of theory,® with the basis set of 6-31+G*.1>!! The harmonic
frequency calculations were performed at the same level of theory to characterize the nature of
stationary points, i.e. no imaginary frequencies were found for all optimized structures. The
thermostatistical contributions to the free energy were obtained from a harmonic oscillator
approximation at a temperature of 323.15 K and for 1 atm pressure. Accurate electronic energies
were obtained from single point calculations at the B3LYP level upon the optimized structures, in
conjunction with the 6-311++G** basis set.’® 12 The single point calculations were performed
together with PCM (Polarizable Continuum Model) model®**> by employing DMF as the solvent.

I'® was used to compute the solvation Gibbs

To calculate the pK;, values, the SMD solvation mode

free energies by employing the gas-phase optimized structures, and with DMF as the solvent.

Gibbs free energy of the proton was back corrected by assigning the pK; value of water equal to

14. Note that the aim of our DFT calculations on pK; values was not to have accurate numbers

compared to the experimental data, but to describe the relative strength of the acidities. IPs and

EAs were computed with the solution-phase single point electronic energies while the pKa values

with the solution-phase Gibbs free energies which are the summation of gas-phase single point

electronic energies, the gas-phase thermostatistical contributions and the SMD solvation Gibbs
free energies.

The following equations have been used to calculate the interested properties:

M= 1 (IP+EA)
2 (1)
n=IP—EA 2)

where IP is ionization potential, EA is electron affinity, n is chemical potential and u is chemical

hardness. The IP and EA were calculated based on the relax geometries of cations and anions.

o =t
21 3)
o= L= t)
_ -
2 (m,+15) (4)

where w* is electrophilicity index,” and w™ is nucleophilicity index.*® Details of these two indexes

can be found in ref.%.
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The pK; values were calculated according to equation 5:

AG
2.303 RT (5)

pK, =
where AG is the Gibbs free energy difference of the deprotonation reactions (in kcal mol™?), R is

the gas constant (1.987x107% kcal mol™* K™), and T is the temperature (in K).

Table S2.19. Calculated ionization potential (IP), electron affinity (EA), the chemical potential (u),
chemical hardness (n), energies of LUMO (gumo) and HOMO (enomo), electrophilicity index (w?) all values
are in eV. NBO C atoms.

Monomer IP EA My n €LUMO w* gc
Br
7.06 2.22 -4.64 4.84 -1.75 2.22 -0.1937
0=S=0

aUaEvE

o—izo 6.96 1.95 -4.45 5.01 -1.44 1.98 -0.1952
3
L\

O=é=0
1lV 7.19 0.80 -3.99 6.39 -0.24 1.25 -0.1945
2N
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Table S2.20. Calculated ionization potential (IP), electron affinity (EA), the chemical potential (u),
chemical hardness (n), energies of LUMO (&gumo) and HOMO (enomo), nucleophilicity index (w’), all values
are in eV. NBO charges on N/O atoms.

Nucleophile | IP EA EHOMO W~ N/O
Br
4.91 -2.76 -1.07 7.67 -5.44 0.27 -1.0303
0=8=0
/\KN_
4.82 -0.74 -2.04 5.56 -5.36 0.14  -1.0328
0=S=0
/YlI\T_
I
0=S=0
1IV_ 4.81 -0.57 -2.12 5.38 -5.30 0.13 -1.0405
isSOPrO 4.55 -0.42 -2.07 4.97 -4.72 0.14  -1.0525
EtO 4.37 -0.48 -1.94 4.85 -4.70 0.16 -1.0484
MeO- 4.38 -0.53 -1.93 4.91 -4.67 0.16 -1.0569
HO- 5.16 -0.63 -2.27 5.79 -5.40 0.13 -1.4002
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Table S2.21. Calculated AG (in kcal mol?) and pK. values with DMF as a solvent and at 323.15 K.

Protonated species AG pKa
H20 20.7 14.0
MeOH 17.9 12.1
EtOH 17.8 12.0
isoPrOH 18.5 12.5

Br
-0.8 -0.5

0=$=0
NH

2.0 1.4
O=§_O
/YNH
0=%=0
I 2.3 1.5
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2.14Section H. Polymerization of unprotected hydroxyl-

functionalized sulfonyl aziridine

2.14.1 Monomer synthesis of 2-w-propanol-N-tosylaziridine (6)

Chloramine-T (7.01 g, 46 mmol, 1 eq.) was dried by freeze-drying with benzene in vacuum
overnight. But-3-en-1-ol (12 mL, 138 mmol, 3 eq.) was added together with Chloramine-T and
phenyltrimethylammonium tribromide (PTAB) (1.74 g, 4.6 mmol, 0.1 eq.) to the reaction flask,
the mixture was dissolved in anhydrous acetonitrile (ACN) (100 mL). The mixture was stirred at
room temperature for 3 days. 100 mL of ethyl acetate and water were added to the reaction flask,
the organic phase was washed with brine, separated, and dried with Mg,SO,. The organic phase
was concentrated at reduced pressure. The crude product was purified by column
chromatography over silica gel (Et;0 100%; Rr: 0.2). The pure product crystallized as white
crystals.

'H NMR (300 MHz, 298K, CD,Cl,) & [ppm] = 7.70 (d, 2H, a), 7.30 (d, 2H, b), 3.61 — 3.46 (m, 2H, c),
2.76 (m, 1H, d), 2.51 (d, 1H, d), 2.37 (s, 3H, f), 2.06 (d, 1H, g), 1.92 — 1.69 (m, 2H, h), 1.37 (m, 1H,
i).

V4
O

T

-DCM c )
d hwater !
DL J\Lao c4o

3.0 7.5 7.0 6.5 6.0 5.5 5.0

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
chemical shift / ppm

Figure 52.42: 'H NMR (300 MHz, 298K, DCM-d:) of (6).
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2.14.2 Polymerizations: Example for P(6)20

(6) (0.38 mmol, 20 eq.) was dissolved in 1 mL N,N-dimethylformamide (DMF). The Initiator
(BhNHMSs) was dissolved in 1 mL DMF and added to KHMDS (1/1), 1 eq. of the deprotonated
initiator was then transferred with a syringe to the reaction flask, containing the monomer. The
mixture was stirred at 55 °C for 20 h. The polymer was isolated by removing DMF at reduced
pressure (yields: quantitative).

'H NMR (300 MHz, 298 K, DCM-d-) of P(6)20: 6 7.84 (s, 2H, a), 7.33 (s, 2H, b), 4.50 — 2.67, 1.30-
2.12 (m, 7H, c).

13C NMR (176 MHz, 323 K, DMF-d5) of P(6)20, § [ppm] =144.02 (s, 1C, arom.), 137.21 (s, 1C, arom.),
130.40 (s, 2C, arom.), 127.41 (s, 2C, arom.), 59.49-45.72 (m, 4C, backbone), 21.10 (s, 1C, aromat-
CHs).

Table S2.22: Overview of performed polymerizations with (6).

Sample b Mn (SEC) Mo(SEC) Mn(Theory)
P(6)20 1.26 1600 2000 3300
P(6)30 1.30 1700 2100 5000
P(6)40 1.34 2300 2800 6600
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OH

T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
chemical shift / ppm

Figure $2.43: 'H NMR (300 MHz, 298 K, DCM-d2) of P(6):0.

145 135 125 115 105 95 85 75 65 55 45 35 25 15
chemical shift / ppm

Figure $2.44: 13C NMR (176 MHz, 323 K, DMF-d?) of P(6):0.
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3.1 Abstract

An ideal system for stimuli-responsive and amphiphilic (block) polymers would be the
copolymerization of aziridines with epoxides. However, to date, no copolymerization of these two
highly strained three-membered heterocycles had been achieved. Herein, we report the
combination of the living oxy- and azaanionic ring-opening polymerization of ethylene oxide (EO)
and sulfonamide-activated aziridines. In a single step, well-defined amphiphilic block copolymers
are obtained by a one-pot copolymerization. Real-time *H NMR spectroscopy revealed the
highest difference in reactivity ratios ever reported for an anionic copolymerization (with r; = 265
and r, = 0.004 for 2-methyl-N-tosylaziridine/EO and r; = 151 and r; = 0.013 for 2-methyl-N-
mesylaziridine/EQ), leading to the formation of block copolymers with monomodal and moderate
molecular weight distributions (Mw/M, mostly <1.3). The amphiphilic diblock copolymers were
used to stabilize emulsions and to prepare polymeric nanoparticles by miniemulsion
polymerization, representing a novel class of nonionic and responsive surfactants. In addition,
this unique comonomer reactivity of activated-Az/EO allows fast access to multiblock copolymers,
and we prepared the first amphiphilic penta- or tetrablock copolymers containing aziridines in
only one or two steps, respectively. These examples render the combination of epoxide and
aziridine copolymerizations via a powerful strategy for producing sophisticated macromolecular

architectures and nanostructures.
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3.2 Introduction

Today, a detailed understanding and control of the monomer sequence distribution during
copolymerization and the synthesis of gradient and block copolymers are of growing interest.'3
Multiblock copolymers have been attracting increased amounts of attention as they have
superior properties compared to those of diblock copolymers, for example, in the
compatibilization of polymer blends, but also give access to sophisticated nanostructures by self-
assembly.*® Their synthesis is typically achieved by the sequential monomer addition of each
block via living or controlled polymerization techniques. Living anionic polymerization (LAP) is the
polymerization technique with the highest control over the molecular weight and weight
distribution and the highest precision for the synthesis of block copolymers. It also provides a
precise way to end-functionalize polymers and other well-defined and complex polymer
architectures.””® This requires strict purification and inert handling of all reagents to minimize
chain termination or other side reactions during the whole multistep process.’®!! Several
approaches have been recently developed in order to simplify the synthesis protocol. An elegant
example was reported by Williams and others, who developed a catalyst that can be switched
from the homopolymerization to copolymerization of different monomer families such as
epoxides, lactones, anhydrides, and carbon dioxide to produce block copolymers in a one-pot
reaction.’?** Coates and Darensbourg’s group elegantly used mono- and bimetallic catalysts to
selectively synthesize block copolymers from monomer mixtures, resulting in semicrystalline
polymers from racemic propylene oxide;'®> multiblock polymers from ethylene and propylene;*®
or ethylene oxide, carbon dioxide, and lactide.’” The living anionic polymerization of vinyl
monomers was used to prepare multisegmented copolymers by the subsequent polymerization
of gradient-forming comonomers. This approach reduced the number of steps by a factor of 2;
however, tapered structures were obtained.'® A protocol for reducing the steps and achieving a
perfect switch between the segments to prepare multiblock copolymers with a water-soluble
block has, to the best of our knowledge, not been reported to date.

An ideal system for stimuli-responsive and amphiphilic polymers would be the
copolymerization of aziridines with epoxides, which surprisingly has not been achieved to date.
Previous attempts to carry out cationic ring-opening copolymerization of epoxides and N-
substituted aziridines failed, as reported by Overberger and Tobkes.'® They also investigated
activated tosylated aziridine and other aziridines such as aziridine carboxamide in the cationic
copolymerization with epoxides but were not able to produce any copolymers from epoxides and
aziridines. The anionic ring-opening polymerization of activated aziridines with sophisticated

polymer architectures has been reported: the one-pot synthesis of gradient copolymers in
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20,21 2 23-25

solution or in emulsion,?

organocatalytic polymerization, and the combination with
carbanionic?® or lactide polymerization.?” Other well-defined polysulfonamides and polyamine

derivatives with additional functional groups were reported in the last few years by our

28,29 30,31

laboratory and Rupar’s group. They are especially interesting because linear
poly(ethylenimine) derivatives are important gene transfection agents, which are available only
via the cationic polymerization of oxazolines with subsequent hydrolysis or as undefined

hyperbranched materials.32-34

3.3 Results and Discussion

Herein, we present the first anionic copolymerization of activated aziridines and ethylene
oxide. This one-step protocol produces block copolymers of P(aziridine)-b-PEO with basically no
tapered structures (Scheme 3.1). This monomer pair allows the design of di-, tetra-, or pentablock
copolymers in only one or two steps. Such amphiphilic copolymers can be used as responsive
surfactants to stabilize emulsion polymerization but also pave the way to well-defined PEO-based

transfection or chelating agents or the design of sequence-controlled multiblock copolymers.
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Scheme 3.1: Synthesis of Polyaziridine-b-poly(ethylene oxide) Block Copolymers by Anionic
Copolymerization (2-Methyl-N-tosylaziridine (TsMAz), 2-methyl-N-mesylaziridine (MsMAz), and N-
tosylaziridine (TsAz) were used in this study. (Top) In a single step, either AB-diblock or ABABA-
pentablock copolymers can be prepared. (Bottom) Sequential addition of aziridine/EO mixture produces
ABAB-tetrablock copolymers.

To enable the anionic ROP of aziridines, the ring is activated by amidation at the ring
nitrogen with electron-withdrawing substituents such as tosyl or mesyl groups.3>3¢ The electron-
deficient aziridines can be ring-opened by different nucleophiles and undergo living

polymerization (Scheme 3.1). Here, we used the cesium alkoxide of 2-benzyloxyethanol as the
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initiator in order to guarantee an efficient nucleophilic attack of both monomers and to prevent
any side reactions during the oxyanionic polymerization of ethylene oxide.3® Copolymers of the
sulfonyl aziridines and ethylene oxide with different monomer ratios were obtained by placing
both monomers in the reaction flask containing the initiator and the solvent (THF and DMSO). All
copolymers were characterized by 'H NMR spectroscopy and size exclusion chromatography
(SEC) (Tables 3.1 and 3.2). After copolymerization, the full conversion of both monomers was
determined. The SEC elugrams of all copolymers exhibit moderate to narrow monomodal
molecular weight distributions. As SEC is a relative method, no absolute molecular weights were
determined, and all molecular weights are apparent vs PEO standards. Presumably, the
hydrodynamic radii of PAz are smaller than those of PEO in DMF due to the higher hydrophobicity.
Compared to the theoretical molecular weight (Table 3.1), the absolute molecular weight (from
NMR) is higher than that measured in SEC under these conditions, which is in accordance with
the molecular weight determination via 'H NMR measurements.?” 'H DOSY NMR further
confirmed a successful crossover reaction between tosyl- and mesyl-activated aziridines and
ethylene oxide (Figures S3.4 and S3.5). The 'H NMR spectra show resonances for both PEO and
PAz. From the 'H NMR spectra, the absolute M, was calculated by comparing the resonances of
the initiator (at 7.3-7.2 ppm, 5H and 4.6-4.5 ppm, 2H) to the resonances of both comonomers
(7.8=7.5, 2H ppm for TsMAz; 2.1-1.9 ppm, 3H for MsMAz; and 4H for ethylene glycol repeating
units). If 2-methyl-N-tosylaziridine (TsMAz) is used as the comonomer, polymers with M,,/M, <
1.23 were obtained, indicating an efficient crossover reaction from the activated aziridine to EO.
2-Methyl-N-mesylaziridine (MsMAz) and EO were polymerized with a narrow molecular weight
distribution of My/M, = 1.12 for P4. With higher degrees of polymerization of MsMAz (P5 and
P6), moderate M.,,/M, ratios of around 1.5 were obtained. (SECs are shown in Figures S3.2, S3.3,
S3.6, and S3.7).
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Table 3.1: Characterization Data for All Polymers Based on Ethylene Oxide (EO), 2-Methyl-N-
tosylaziridine (TsMAz), and 2-Methyl-N-mesylaziridine (MsMAz)

P# Polymer® M2 M,P M/ M,
PTsMAz-b-PEO
1 P(TSMAZsb-EO15) 7200 3700  1.20
2 P(TsMAZss-b-EOsis) 9500 3200  1.23
3 P(TsMAZy,-b-EOs) 11300 7900  1.28
PMsMAz-b-PEO
4 P(MsMAZs-b-EO115) 5500 4300  1.12
P(MsMAZzso-b-
5 14500 5200 1.56
EO17)
P(MsMAZzss-b-
6 15000 6400 1.53
EO16s)

2 Absolute Number-average molecular weight (in g/mol)
determined via *H NMR ° Number-average molecular weight and
molecular weight dispersity determined via SEC in DMF (vs.
PEO standards).

Table 3.2: Characterization Data for Multiblock Copolymers of Ethylene Oxide (EO) and 2-Methyl-N-
tosylaziridine (TsMAz)

P# Polymera M2 My>  M,/Mgb
Tetra block

7 P(TsMAZz15-b-EO211) 12600 3600 1.33

8 Z(Trssll\\/l/lizzfé)gg;tl) 21600 5100  1.25
Penta block

9 P[(EOs7)]2 6000 3300 1.14

10 P[(EOe7-b-TsMAZzs-b-EOss)]2 16400 4100 1.15

To elucidate the comonomer sequence, the reactivity ratios for ethylene oxide and
TsMAz/MsMAz were determined by real-time H NMR kinetics. The copolymerization was
performed in sealed NMR tubes, and the resonances of both monomers at 2.05-1.90 ppm for the
MsMAz ring protons or at 2.20-2.10 ppm for the TsMAz ring protons were integrated over time
and compared to the integral of the resonance of EO (2.6—2.7 ppm) (Figures 3.1A and $3.12 and
$3.16 for MsMAz). The highlighted relevant signals of the monomers show the consumption of

the monomers over time.

128



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide

total conversion

-0.005

0.025

0.02

0.015

0.01

0.005

0

Meyer-Lowry

- data
fitted curve
R’ = 0.9992

- dala points (differential)
evaluated interval (integral)
determined copolymerization

— = ideal statistical copolymerization

-0.01
0.005 0.01 0.015 0.02 0.025 0 02 04 06 08 4

fr sMAz frenz

chemical shift / ppm

Figure 3.1. (A) Close-up image of the real-time *H NMR spectra of the one-pot block polymerization of
EO (blue) and TsMAz (orange). (Figure S12 shows the full spectra.) (B) Meyer—Lowry fit of the real-time
NMR kinetics of TsMAz and EO. (C) Copolymerization diagram of TsSMAz and EO.

Figures $3.18 (MsMAz) and S3.14 (TsMAz) show the individual monomer conversion vs the
total conversion of monomers; Figures $3.17 (MsMAz) and S3.13 (TsMAz) show the assembly of
the individual monomers in the polymer over time, and direct information on the comonomer
incorporation is accessible. In addition, the linearity of these plots underlines the living character
of this copolymerization. Both MsMAz and TsMAz confirmed a much faster conversion compared
to that for EO. The activated aziridines are consumed first, and EO is ring-opened only after the
respective aziridine monomer has been consumed almost completely. This results in a very sharp
monomer gradient with basically no tapered structure, that is, a selective polymerization of the
activated aziridine first and the formation of block copolymer PAz-b-PEO. From the monomer
conversion plots (Figures $3.14 and S3.18), only a very slight tapering effect for MsMAz is
detected after about 15% conversion. A conversion of ethylene oxide of about 2% was measured,
which might also be in the range of errors. For the TsMAz/EO copolymerization, no tapering was
detected. In both cases, we assume the formation of block copolymers, and in the following text,
we call the products “block copolymers”, even if a very small gradient might be formed. In
previous work, we have proven that the sulfonamide group strongly influences the reaction
kinetics for aziridines.?>3¢ Because of the electron-withdrawing effect of the sulfonamide on the
aziridine ring, nucleophilic ring-opening is favored compared to that on the nonactivated ethylene
oxide, resulting in higher propagation rates for the sulfonyl aziridines. This results in the selective
polymerization of TsMAz or MsMAz before the propagation of EO is initiated. Thus, the
electrophilicity of the activated aziridines determines the reaction rate. This however, might be
different for other activating groups. As the tosyl group has a higher electron-withdrawing effect
than the mesyl group, the propagation rate of TsSMAz (k, = 12.15 x 10™* L/mol-s) is ca. 5-fold faster
than that of MsMAz (k, = 2.49 x 107 L/mol-s), and the overall reaction time is faster compared to

those of MsMAz and EO. The reactivity ratios were determined by Meyer—Lowry (terminal model)
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and Jaacks (non-terminal model, with the corresponding fits for TsSMAz/EO shown in Figure 3.1B
and those for MsMAz/EO shown in Figures $3.20 and $3.21).38% The reactivity ratios determined
by Meyer—Lowry were used to visualize the microstructure of block copolymers for MsMAz and
TsMAz (Figure 2). To the best of our knowledge, such a large difference in reactivity ratios has
never been reported for anionic copolymerization. The extreme reactivity difference of these
monomer pairs leads to the formation of perfect linear block copolymers for TSMAz/EO (rrsmaz =
265.0 and reo = 0.004) and grafted block copolymers (branching in the Sl 3,3.6.13 and 3.6.14) and
for MsMAZz/EO (rmsma; = 151.0, reo = 0.013). Both methods (Jaacks and Meyer—Lowry) had very
similar values for reactivity ratios, and (r::rz) in all cases very close to 1, confirming an ideal
copolymerization and indicating that the influence of the reactive chain end is far inferior to the
reactivity of the monomers. In comparison to this extreme difference in monomer reactivity, Frey

and co-workers!®40

recently reported on the anionic copolymerization of styrene with isoprene,
which produces tapered copolymers with a relatively sharp gradient (r;=11.0 and rs = 0.049). This
example was long seen as one of the most pronounced gradients reported for living anionic
copolymerization. In the case of 4-methylstyrene and isoprene, an even sharper gradient with r,
=25.4 and rsms = 0.007 was obtained, which shortens the tapered “midblock” significantly, leading
to the formation of more blocklike copolymers. More pronounced reactivity ratios are known

only for catalytic polymerizations or the radical copolymerization of a sterically demanding or

halogenated monomers.*

MsMAz:EO = 50:50

TsMAz:EO = 50:50

0 0.2 0.4 0.6 0.8
total conversion

—

Figure 3.2: Mean composition (F) of the polymer chains versus the total conversion determined by the
Meyer-Lowry fit. (Top) Simulated monomer distribution of a 50:50 block copolymer based on the
reactivity ratios of MsMAz (pink) and EO (blue). (Bottom:) TsMAz (orange) and EO (blue).

Copolymers containing longer segments of MsMAz (P5 and P6) exhibited a broadened
molar mass distribution, which is probably attributed to branching by deprotonation at the CHs
group in the mesyl activating group from the active chain. This deprotonation was recently

postulated by Rupar’s group and others for the anionic polymerization of mesyl-activated
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azetidine (Scheme S3.1).%2 With the fast conversion of MsMAz and the subsequent transfer to the
epoxide, the basic living alkoxides chain can deprotonate the mesyl CHs group, and the additional
PEO arms are grafted. This would lead to P(MsMAz-co-(MsMAz-g-PEQ))-b-PEO structures (cf.
Scheme S3.1). This grafting of PEO in the case of MsMAz was confirmed by determining the
number of hydroxy groups in the copolymer. The terminal OH groups were reacted with 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, and the number of hydroxy groups was quantified
by 3P NMR as reported previously.*® Although the number of hydroxy groups (n(OH)) in P1 was
determined to be close to n(OH) = 1 as expected for a linear copolymer, P5 carries n(OH) = 5,
which is attributed to branching by the proton abstraction of the mesyl group (Table S3.3, Figures
$3.27-S3.33. Additionally, quantitative 3C NMR spectra of the different polymers further show
the branching, and MsMAz as the integral of the terminal CH,—OH group is 5-fold higher for P5
than for linear polymers as in P1 (Figures $3.32 and S3.33).

Having the one-pot diblock copolymer preparation established, fast access to PEQ/PAz
multiblock structures is available. After the one-step synthesis of a poly(TsMAz)-b-PEO, a second
addition of the TsMAz/EO monomer pair to the living chains leads to an amphiphilic tetrablock
copolymer, and with further n/2 additions, the synthesis of A-B multiblock polymers with n
segments becomes possible. SEC and NMR clearly prove the block transfer and the formation of
the ABAB-tetrablock copolymer (Figure 3.3A). The first addition of both monomers yielded a
diblock copolymer with PTsMAz1s-b-PEO211, and after the second addition, the ABAB-tetrablock
with a composition of PTsMAz;5-b-PEO211-b-PTsMAz7-b-PEO170 was obtained.

M,=5,100 M, = 3,600
£=125 £=1.33

elution volume / mL elution volume / mL

Figure 3.3: (A) SEC traces of P(TsMAz-b-PEO) (black, P7) and a tetrablock of TsMAz and EO (green, P8).
(B) SEC traces of P(EO) macroinitiator (black, P9) and a pentablock of TsMAz and EO (green, P10).

131



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide

ABABA-pentablock copolymers can be prepared even faster: using difunctional PEO as a
macroinitiator for the copolymerization of the TsMAz/EO mixture, due to the different reactivity
ratios an amphiphilic pentablock copolymer is prepared in a single step, as again confirmed by
NMR and SEC (Figure 3.3B). With a PEOi34 macroinitiator, an ABABA-pentablock with the
composition of P[(EQe7-b-TsMAzs-b-EQqs)], and a dispersity of 1.20 was obtained.

Prepared diblock copolymers PAz-b-PEO were readily soluble in tetrahydrofuran, dimethyl
sulfoxide, chloroform, dichloromethane, and benzene. Except for P2 with a block ratio of 35:45
aziridine to epoxide repeating units, all polymers could be dissolved in water. Because of their
amphiphilic nature, micelles are formed in water, rendering those block copolymers as interesting
surfactants. The sulfonamide is additionally responsive to changes in the ionic strength of the
medium (e.g., by the addition of acid or salts), allowing the block copolymers to be switched to
double-hydrophilic materials by the addition of an acid. Surface tension measurements were
performed on P1 (HLB = 16) and P5 (HLB = 10) as a result of their similarity to other nonionic
surfactants (such as Lutensol, HLB = 18, in which HLB stands for the hydrophilic lipophilic
balance).*** Analyzing the concentration-dependent surface tension showed critical micelle
concentration (CMCs) for P1 of 0.05 g/L and P5 of 0.01 g/L, which are comparable to those of
commercial nonionic surfactants such as Lutensol AT 50 and 80 with 0.01 g/L (Figures S3.25 and
$3.26 and Table S3.2). The surface tension of the tested samples at 1 g/L was extrapolated to
almost the same values with 49.3 mN/m for P1 and ca. 55 mN/m for P5 (Lu AT50 = 49.3 mN/m,
Lu AT 80 = 48.6 mN/m). As the amphiphilic PAz-b-PEO block copolymers exhibit surfactant
properties that were similar to those of conventional nonionic surfactants, we tested their
capability to stabilize free-radical miniemulsion polymerization in preparing polymer
nanoparticles. PAz-b-PEO (P1) was selected to stabilize styrene nanodroplets in direct
miniemulsion polymerization. P1 was able to sterically stabilize the styrene nanodroplets and the
resulting polystyrene nanoparticles effectively. The final dispersion contained well-defined PS
nanoparticles with an average diameter of 92 nm (P = 0.01, from dynamic light scattering, Figure
3.4, zeta potential = -11 mV, SEM is shown in Figure S3.23). The addition of aqueous HCl resulted
in the destabilization of the dispersion resulting from the interaction of the protons with the
sulfonamides (Figure S3.24) and thus allowed the film formation of polymer dispersions under

acidic conditions and the recovery of the surfactant in the supernatant.
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Figure 3.4: Autocorrelation function (C(q, t)) of PS particles (blue) and the relaxation time distribution
(H(In(t)) (black). The photograph shows the aqueous dispersion (solid content = 2.0 wt %).

3.4 Summary

The first combination of aza- and oxyanionic ring-opening polymerization was performed
by copolymerizing EO and MsMAz or TsMAz. Because of distinct differences in reactivity, the
activated aziridines polymerize selectively as the first block and produce block copolymers in a
one-pot and one-step reaction. We proved that the sulfonamide anion is able to perform an
efficient crossover reaction to EO, i.e., oxyanionic ring-opening polymerization. Difunctional
initiators and multiple additions of the monomers further open doors to a variety of amphiphilic
ABAB or ABABA-multiblock copolymers in a reduced number of synthesis steps. The amphiphilic
block copolymers can be further used as nonionic surfactants for emulsion polymerization or the

production of various nanostructures by self-assembly.
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3.6 Supporting Information for Fast access to amphiphilic multi-
block architectures by anionic copolymerization of aziridines

and ethylene oxide

3.6.1 Chemicals.

Solvents and reagents were purchased from Acros Organics, TCI, Sigma-Aldrich or Fluka
and used as received unless otherwise stated (2-(benzyloxy)ethan-1-ol, 1,4-bis(hydroxy-methyl)-
benzene) methanol, diethylether, anhydrous DMSO, sodium, benzophenone). Deuterated
solvents were purchased from Deutero GmbH. 2-methyl-N-tosylaziridine (TsMAz) and 2-methyl-
N-mesylaziridine (MsMAz) were synthesized according to already published procedures and dried
by azeotropic distillation from benzene to remove traces of water.! Ethylene oxide was purified
before use by distillation from dry butyl lithium into a clean and dry ampule. Cesium hydroxide
monohydrate was handled inside of a glove box. Tetrahydrofuran was freshly distilled and stored

over blank sodium with traces of benzophenone, purple color indicating absence of water.

3.6.2 Methods.

'H NMR 3P NMR and 3C NMR spectra were recorded using, a Bruker Avance 300, a Bruker
Avance 11 500, or a Bruker Avance Il 700. All spectra were referenced internally to residual proton
signals of the deuterated solvent, 3P NMR were referenced to the used standard signal at
148.60 ppm. For P1-P6 SEC measurements in dimethylformamide (DMF) (containing 1.0 g/L of
lithium bromide as an additive) an Agilent 1100 Series was used as an integrated instrument,
including a GRAM (PSS) column (10000/1000/100 A), a UV detector (270 nm), and a RI detector
at a flow rate of 1 mL/min at 60 °C. Calibration was carried out using PEO standards provided by
Polymer Standards Service. For P7-P10 SEC measurements were done in dimethylformamide
(DMF) (containing 0.25 g/L of lithium bromide as an additive) an Agilent 1100 Series was used as
an integrated instrument, including a PSS HEMA column (106/105/104 g/mol), a UV detector (275
nm), and a Rl detector at a flow rate of 1 mL/min at 50 °C. Calibration was carried out using PEO
standards provided by Polymer Standards Service.

Differential scanning calorimetry measurements were performed using a Mettler. Toledo
DSC 823 calorimeter. Three scanning cycles of heating-cooling were performed in the
temperature range from -140 to 250 °C. Heating rates of 10 °C/min were employed under
nitrogen (30 mL/min). Surface tension measurements to determine the critical micelle

concentration were performed using a DCAT 11 EC tensiometer (Dataphysics, Filderstadt,
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Germany) equipped with a TV 70 temperature control unit, an LDU 1/1 liquid dosing and a refill
unit, as well as an RG 11 Du Nouy ring. All solutions were stirred for 120 s at a stirring rate of 50%.
The tension values were measured three times after 300 s. The CMC was determined by linear
regression of the slopes at high and at low concentration. The point of intersection was
determined as the CMC. The Du Nouy ring was washed with water and annealed in a butane
flame prior to use.

Scanning electron microscopy (SEM) was performed on a 1530 LEO Gemini microscope
(Zeiss, Oberkochen, Germany). The nanoparticle dispersion (10 pL) was diluted in 3 mL of distilled
water, drop-cast onto silica wafers, and dried under ambient conditions. Afterward the silica
wafers were placed under the microscope and each sample was analyzed at a working distance
of ~3 mm and an accelerating voltage of 0.2 kV.

Dynamic light scattering measurements (DLS) were performed on an ALV spectrometer
consisting of a goniometer and an ALV-5004 multiple-tau full-digital correlator( 320 channels)
which allows measurements over an angular range from 20° to 150. A He-Ne Laser operating at
a laser wavelength of 632.8 nm was used as light source. For temperature controlled
measurements the light scattering instrument is equipped with a thermostat from Julabo. Diluted
samples were filtered through PTFE membrane filters with a pore size of 0.45 um (LCR syringe

filters). Measurements were performed at 20°C at different angles ranging from 30° to 150°.
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3.6.3 One Pot block polymerization procedure

3.6.3.1 General procedure for the copolymerization of activated aziridines and EO.

Example with the calculated amounts for P1: All glassware was flame-dried at reduced
pressure before the reaction. The initiator 2-(benzyloxy)ethan-1-ol (28.8 mg, 190 umol, 1 eq), and
28.6 mg (170 umol, 0.9 eq.) cesium hydroxide monohydrate were placed in a 100 mL Schlenk flask
and suspended in 10 mL benzene. The mixture is stirred at 60 °C under an argon atmosphere for
1 h, evacuated at 80 °C (102 mbar) for 3 h to remove benzene and residual water azeotropically
and to generate the corresponding cesium alkoxides initiator. Subsequently, approx. 20 mL dry
THF were cryo-transferred into the Schlenk flask to dissolve the initiator. 0.9 mL (18 mmol, 95 eq)
ethylene oxide were cryo-transferred into a graduated ampule and then into the reaction flask
containing the initiator in THF. In a separate flask, the respective amount of the activated aziridine
(TsMAz or MsMAz) was dissolved in ca. 3 mL benzene and dried for ca. 4h at reduced pressure to
remove traces of water by azeotropic distillation. Then 200 mg (0.95 mmol, 5 eq) TsMAz was
added via syringe with 1 mL anhydrous DMSO. The reaction mixture was heated to 60 °C and
stirred for 12 h before the living chain ends were terminated with methanol and the copolymer
was precipitated in cold diethyl ether to remove potentially unreacted monomers and DMSO. The
copolymers were obtained as white to a light yellow solid in high yield (82%).

H NMR (300 MHz, Chloroform-d) 6 7.76 (m, 12H) TsMAz, 7.42 — 7.12 (m, 12H) TsMAz, 4.54 (d,
2H) Initiator, 4.42 — 4.16 (m, 6H) 3.64 (s, 464H) PEO, 2.40 (m, 18H), 1.16 —0.69 (m, 18H) TsMAz.
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Figure S3.1: 'H NMR of P1 (300 MHz, Chloroform-d).
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Figure S3.2: SEC trace of P(TsMAz6-b-PEO116) (P1) in DMF, Rl-signal.
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Figure S3.3: SEC trace of P(TsMAz35-b-PEO45) (P2) in DMF, Rl-signal.
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The copolymerization of MsMAz and EO was performed in direct analogy to TsMAz and EO.
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Figure $3.5: 'H NMR-DOSY (CDCls, 700 MHz, 298K) of P(MsMAzs-b-PEO116) (P4).
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Figure S3.6: SEC trace of P(MsMAzs-b-PEO116) (P4) in DMF, RI-signal.
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Figure $S3.7: SEC trace of P(MsMAzso-b-PEO17¢) (P5) in DMF, Rl-signal.
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3.6.4 General procedure for the synthesis of ABABA-pentablock
copolymers with A=PEO and B=PTsMAz.

Macro initiator preparation

\%/O Cs
S}
S o]
Cs ®
TS ar T S A
[o) /2 Cs
DMSO, 60 °C,
16h
Penta-block synthesis
0=S=0
© N
0 Cs 1:m TsMAz, gEO O\ Of\( 1\l~/\ a2 0=8=0
5, Pofod o Lot > ol Aot
\/©/\ DMSO, 60 °C, \/©/\
16h

In a flame-dried reaction tube, 28.8 mg of cesium hydroxide monohydrate (0.17 mmol,
1.5 eq) were added to 16 mg of 1,4-bis(hydroxy-methyl)-benzene (0.11 mmol, 1 eq). 2 mL of
methanol was added to dissolve the mixture. Then 5 mL of benzene were added and the mixture
was stirred for 60 min at 60 °C, methanol, benzene, and water were removed at reduced pressure
(ca. 10”2 mbar) during 3 h at 60 °C. The drying procedure was repeated with an additional 5 mL of
benzene (60°C, 3h, 102 mbar). The initiator was then dissolved in 5 mL of dry DMSO and 0.5 mL
ethylene oxide (10.3 mmol, 90 eq) were added to the reaction flask. The mixture was allowed to
stir for16 h.

To the freshly synthesized difunctional PEO, 0.5 mL ethylene oxide (10.3 mmol, 90 eq) and
0.250 g of predried TsMAz (1.2 mmol, 11 eq) were added in DMSO via a gas-tight syringe. The
polymerization was continued for 16h at 60°C and terminated by the addition of methanol. The
mixture was then diluted with water and dialyzed against deionized water to remove DMSO.
Yield: (897 mg, 72%).
'H NMR of P9 (difunctional PEO ) (300 MHz, Chloroform-d) & 7.30 (s, 4H) Initiator, 4.54 (s, 4H)
Initiator, 3.64 (s, 532H) PEG.
'H NMR of P10 (ABABA-pentablock) (300 MHz, Chloroform-d) & 8.05 —7.55 (m, 20H) TsMAz, 7.46
—7.09 (m, 20H) TsMAz, 4.53 (s, 4H) Initiator, 4.42 —4.16 (m, 10H) 3.36 (s, 1296H) PEG, 2.50 — 2.23
(m, 30H) TsMAz, 1.19 — 0.75 (m, 30H) TsMAz.
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Figure S3.8: *H NMR of P9 (300 MHz, Chloroform-d).
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Figure S3.9: *H NMR of P10 (300 MHz, Chloroform-d).
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3.6.5 General procedure for the synthesis of ABAB-tetrablock
copolymers with A=PEO and B=PTsMAz.

3 o=8=0 Cs 2:MeOH 0=S=0 0=S=
DMSO, 60 °C, DMSO, 60 °C,
16h 16h

All glassware was flame-dried at reduced pressure before the reaction. The initiator 2-

o . . .
%es® /\/O‘l‘)\ ,H—\,ol\/\ © & 1: 0 TsMAz, p EO o ‘l‘)\N‘H'\’ H)\N‘H'\’ ’]‘H
@/\0/\/ Cs  nTsMAz mEO @/\o NTo N0~ @ 1:0TsMAz, p \ i -

(benzyloxy)ethan-1-ol (16.0 mg, 105 umol, leq) and 15.6 mg (92 umol, 0.9 eq.) of cesium
hydroxide monohydrate were placed in a Schlenk flask and suspended in 5 mL benzene. The
mixture was stirred at 60 °C under an argon atmosphere for 1 h, evacuated at 80 °C (102 mbar)
for 3 h to remove benzene and water to generate the corresponding cesium alkoxide. In a
separate flask, the respective amount of TsMAz was dissolved in ca. 3 mL benzene and dried for
ca. 4h at reduced pressure to remove traces of water by azeotropic distillation. 4 mL of anhydrous
DMSO were then added to the freshly generated initiator and 0.5 mL (10.3 mmol, 100 eq) of
ethylene oxide were cryo-transferred into the reaction flask and 250 mg (1.2 mmol, 12 eq) TsMAz
was added via syringe dissolved in 1 mL of anhydrous DMSO. The reaction mixture was heated to
60 °C and stirred for 16h. To the living diblock copolymer solution, 0.5 mL (10.3 mmol, 100 eq) of
ethylene oxide were cryo-transferred into the reaction flask and 250 mg (1.2 mmol, 12 eq) of
TsMAz was added via syringe dissolved in 1 mL of anhydrous DMSO. After 16 h at 60 °C the living
chain ends were terminated by the addition of methanol and the copolymer was dialyzed against
water to remove DMSO. The copolymer were obtained as white to a light yellow solid with high
yield (1.12 g, 84%).

'H NMR of P 7 (AB-diblock) (300 MHz, Chloroform-d) 6 8.10 — 7.56 (m, 30H) TsMAz, 7.55 — 7.12
(m, 30H) TsMAz, 4.56 (s, 2H) Initiator, 4.42 —4.16 (m, 15H), 3.85 —3.42 (m, 841H) PEG, 2.57 — 2.15
(m, 45H) TsMAz, 1.25 —0.68 (m, 45H) TsMAz.

IH NMR of P 8 (ABAB-tetrablock) (300 MHz, Chloroform-d) & 8.08 — 7.51 (m, 44H) TsMAz, 7.45 —
7.08 (m, 44H) TsMAz, 4.55 (s, 2H) Initiator, 4.42 — 4.16 (m, 22H), 3.85 —3.42 (m, 1520H) PEG, 2.57
—2.15 (m, 66H) TsMAz, 1.25 — 0.68 (m, 66H) TsMAz.
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Figure $3.10: *H NMR of P 7 (300 MHz, Chloroform-d).
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Figure $3.11: *H NMR of P 8 (300 MHz, Chloroform-d).
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3.6.6 Example procedure for the real-time 'H NMR Kinetics:
copolymerization of activated aziridines and ethylene oxide.

The initiator 2-(benzyloxy)ethan-1-ol 72.0 mg (10eq) and 71.0 mg (9 eq) of cesium
hydroxide monohydrate were placed in a Schlenk flask and suspended in ca. 3 mL benzene. The
mixture was stirred at 60 °C under an argon atmosphere for 1 h, evacuated at 80 °C (102 mbar)
for 3 h to remove benzene and water to generate the corresponding cesium alkoxide. 2.0 mL of
anhydrous DMSO-ds were added to dissolve the initiator. From this solution, 0.2 mL (1 eq) were
added to a dry, valved NMR tube for high-pressure measurements (Wilmad® Ilow
pressure/vacuum NMR tube (Wilmad, 507-LPV-7)). Then, a solution of TsMAz (100 mg, 470 umol)
in 0.5 mL DMSO-ds was added to the opened NMR tube under argon atmosphere. After
solidification of the DMSO-dg, the initiator and the aziridine by cooling the NMR tube with liquid
nitrogen vacuum (102 mbar) was applied to the NMR tube. Ethylene oxide (7600 pmol)* was than
cryo-transferred to the reaction mixture. The tube was left in liquid nitrogen to be further
evacuated (102 mbar). The NMR tube was sealed by the valve and the mixture was allowed to
melt. It was mixed by shaking by hand and placed in the NMR spectrometer to record the first
spectrum. The temperature was kept at 40°C with sample spinning turned off for 20 h. Intervals
between two measurements were 409 s. Conversion of TsSMAz and EO was quantitative.

* Ethylene oxide was directly cryotransfer from the ethylene oxide reservoir, EO amount added
to the NMR tube was calculated from the final *H NMR of the polymer by comparing the amount
TsMAz (100 mg, 470 umol) and ethylene oxide.
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Figure $3.12: A: Zoom into the real-time *H NMR spectra of the one pot block polymerization of EO (blue)
and TsMAz (orange). Degreasing EO signal is overplayed by DMSO and CHs- signal.
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Figure S3.13: Assembly of each monomer in the polymer verus reaction time in min. Linearity proves
living character of the polymerization.
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Figure S3.14: Normalized single monomer concentration versus total monomer conversion.
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Figure $3.15: SEC trace of P(TsMAz12-b-PEO195) (P3 from the NMR kinetics) in DMF, RI-signal.
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3.6.7 Real-time 1H NMR Kkinetics (Data for MsMAz and EO):

The copolymerization of MsMAz and EO was performed in direct analogy to TsMAz and EO.
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Figure $3.16: Zoom into the real-time *H NMR spectra of the one-pot block polymerization of EO (blue)

and MsMAz (pink).
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Figure S3.17: Assembly of each monomer in the polymer verus reaction time in min. linearity proves

lining character of the polymerization.
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Figure $S3.18: Normalized single monomer concentration versus total monomer conversion.

10

15

20 25 30 35 40
Elution volume / mL

Figure $3.19: SEC trace of P(MsMAzse-b-PEO16s) (P6) in DMF, Rl-signal.
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3.6.8 Evaluation of reactivity ratios via Jaacks assuming an ideal
copolymerization

For the ideal case of a copoylmerizationen ri*r;=1 the copolymerization the

copolymerization equation simplifies and is transformed in its integrated form:?2

Equation S1: Copolymerization equation of an ideal copolymerization:
dm,] _ [M]
d[m,] 7 [M,]
LARELUAR
[Mio] \[Me]

[Myo]

According to Jaacks this equation can be used assuming the copolymerization is ideal to fit the

experimental data:3

Jaacks Jaacks
data . ) 4t data
22T linear fit: y = 134x + 17.3 . linear fit: y = 253x + 1.39
R%=0.978 R?=0.988
24F -4.2
E -26 B ? 44 F
2 28} %
= E,-4.6
= =)
3 3} L.
-4.8
_32 5
5F
34t
36 KA . . , . . 5.2 . . . .
-0.156 -0.154 -0.152 -0.15 -0.148 -0.146 -0.026 -0.025 -0.024 -0.023  -0.022
log([EQ]) log([EQ])

Figure $3.20: Jaacks fit from the real-time NMR data of MsMAz and EO (left), Jaacks fit from the real-time
NMR data of TsSMAz and EO (right).
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3.6.9 Evaluation via the Meyer-Lowry equation

The integration of the Mayo Lewis equation introduced by Skeist and first performed
analytically by Meyer-Lowry yields the Meyer-Lowry equation. This equation enables the fit of

the experimental compositional drift of f; during the total conversion X. *

Equation S3.2. Meyer-Lowry equation for the evaluation of reactivity ratios.

fl,O 1- fl,O fl,o -0

— , . — h . — 1—[‘1I’2 - S 1—I’2
¢ 1_rz’ﬁ 1_"1’7/ (1—[’1)(1—|’2), 2-n -1,
X =1— [Ml]+[M2] - f = [Ml]

[Myo J+[M;p ] [M]+[M,]

Meyer-Lowry

012
+ data
0.1 fitted curve
R? = 0.99981
- 0.08}
ie)
i
o 0.06F
>
-
O
© 0.04}
®©
2 o.02}
O 5
_0-02 'l » 'l 'l |
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Figure S3.21: Meyer-Lowry fit from the real-time NMR data of MsMAz and EO.
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3.6.10 Calculation of the copolymer microstructure.

The resulting microstructure of the copolymers can be calculated by numerical integration
according to Skeist or directly with the Meyer Lowry equation in the interval of conversion from
0 to 1 with a given set of reactivity ratios. We used the reactivity ratios determined by the Meyer-
Lowry method. This process gives values for total conversion X and fraction of comonomer
concentration f;. To determine the values of F; which corresponds to instantaneous comonomer
incorporation, the values of f; can be converted by the altered Mayo-Lewis equation using the
same reactivity ratios.

d[Ml] _ r1f12+f1f2

F = =
bod[M]+d[M,] nfre2ff, 4117

The determined slopes y determined above by linear interval fits can be converted to the
fractions F; incorporated into the polymer by the relationship shown below. The total conversion
X is calculated as mentioned above. This process requires no knowledge regarding the reactivity
ratios, and it is possible to determine the microstructure from a copolymerization experiment.
This enables the comparison of the experimental data with the calculated microstructure.

Equation S3.3. Calculation of F: and total conversion X.

d[M,] d[M,]+d[M,])" d[m,] )
[ R (V08 Rl AT (Y00 Y Bl T (V8

F=1-(y+1)"

In this manner, the copolymerization diagram depicted in Figure S 21 and Figure 1C were created.
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Figure S3.22: Copolymerization diagram of MsMAz and EO.

Table S3.1. Overview of the determined reactivity ratios for the comonomer pairs TsMAz and EO or

MsMAz and EO.

r(MsMAz) | r(EO) | r -1, [r(TsMAz) | r(EO) LTy
Jaacks Fit 136 0.007 1.0 253 0.004 1.0
Meyer-Lowry Fit 151 0.013 1.9 265 0.004 1.1
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3.6.11 General procedure for the miniemulsion polymerization of
styrene stabilized by P1.

P1 (541 mg) was dissolved in 24 g of water. A solution of 6.10 g styrene, 253 mg of hexadecane
and 103.63 mg of 2,2'-azobis(2-methylbutyronitrile) (V59) was prepared and added dropwise to
the vigorous stirring aqueous solution containing P1. The emulsion was stirred for 1 h at 1000
rom. The emulsion was ultrasonicated (450 W, 2 min, 90% amplitude) to produce a stable
miniemulsion and sealed. The miniemulsion was placed in an oil bath at 70°C and the
polymerization was allowed to proceed for 24 h. The final nanoparticle dispersion had a solid

content of w=19,9%. DLS: Particle size =92 nm, PDI =1.01

157



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide

Figure S3.23: SEM images of PS nanoparticles stabilized with P1
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Figure S3.24: PS nanoparticle dispersion stabilized with PTsMAz-b-PEO (left), addition of hydrochloric
acid destabilizes the dispersion by protonation of the sulfonamide groups (photo taken after 4 days
(right)).
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3.6.12 Surface Tension Measurements
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Figure $3.25: Surface tension of P1 (black) and commercially available surfactants (Lu AT50, LU AT80) as

comparison at different concentrations. lllustration shows foaming property of aqueous P1 solution
(1.5 g/L).
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Figure $3.26: Surface tension of P5 (black) at different concentrations. lllustration shows foaming
property of aqueous P5 solution (1.5 g/L).
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Table S3.2: Surface tension measurements.

Sample o*/mN-m™! SFT®/mN-m! SFT¢/mN -m™!
P1 0.05 49.3 n.a.

P5 0,01 55.0 n.a.

Lu ATS0 0.01 49.3 48

Lu AT80 0.01 48.6 50

A CMC, determines by ring tensiometry, 8SFT, extrapolated value at 1 g/L, °SFT from
Literature in destilled water at 23 °C at 1 g/L (Technical information BASF SE).

3.6.13 Grafting by deprotonation during MsMAz/EO

copolymerization:
O= -0 ‘é-o o QO WMQQ....M
Akt
n propagation
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Scheme S3.1: Proposed mechanism for the grafting of PEO-arms onto the PMsMAz block during the
copolymerization of MsMAz and EO: the CHs-group from the pendant mesyl groups can be deprotonated
by the alkoxides, resulting in grafting of PEO-chains resulting in a P(MsMAz-co-(MsMAz-g-PEQ))-b-PEO.
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3.6.14 Determination of hydroxyl groups

Hydroxyl groups of the polymers P1, P5 were determined in analogy to M. Balakshin and E.

Capanema.® As a control of this method, a sample of MPEG 5k and mPEG 10k were analyzed. The

control shows, that this method is able to quantify the amount of hydroxyl groups in polymers

with different molecular weights, n(OH theo) and n(OH exp) in Table S3.

Table S3.3: Determination of hydroxyl groups.

n(added

polymer m(polymer / mg?® | n(OH theo) / umol® n(OH exp) / umol®
standard) / umol©

mPEG 5k 41.1 8.2 13.0 9.5

mPEG 10k 40.5 4.1 12.5 4.7

P1 9.9 1.4 10.6 2.9

P5 47.8 3.3 12.9 18.4

3: Mass of dry polymer in mg added in the NMR tube, ®: molar amount of polymer corresponding to

m(polymer) in the NMR Tube, If the polymer of ideal linear architecture this molarity corresponds exactly

to the molarity of hydroxyl groups (n(OH theo)). c:molar quantity of the added OH standard in the NMR

tube, this corresponding 31P-signal at 148.60 ppm was normalized. ¢: Molar quantity of determined

hydroxyl groups n(OH exp.) in the polymer sample.
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Figure $3.27: *'P NMR of modified mPEG 5k, 121  Figure $3.28: 3P NMR of modified P5, 121 MHz:

MHz: Hydroxyl standard: 148.60 ppm, polymeric  Hydroxyl standard: 148.60 ppm, polymeric
hydroxy groups: 143.98 ppm. hydroxy groups: 143.98 ppm.
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Figure $3.29: *'P NMR of modified mPEG10k, 121  Figure $3.30: 3P NMR of modified P1, 121 MHz:
MHz: Hydroxyl standard: 148.60 ppm, polymeric  Hydroxyl standard: 148.60 ppm, polymeric
hydroxy groups: 143.98 ppm. hydroxy groups: 143.98 ppm.
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Figure $S3.31: Plot of the theoretical and experimental concentration of hydroxyl groups (i.e. PEO chain
ends), determined from the reaction of the PAz-PEO copolymers with 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane via 3P NMR spectroscopy. The values for TsMAz-b-PEO (P1) indicate a linear
copolymer (with a single OH end groups), while copolymers of MsMAz and EO (P5) have a higher OH-
number, indicating chain grafting as illustrated in Scheme S1.
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Figure $3.32: Quantitative *C NMR of P5 (126 MHz, Methylene Chloride-d2) with zoom in from 72 to 58

ppm showing carbon signal of PEO repeating units at 70.4 ppm (red) and of terminal alcohol carbon at
61.4 ppm (blue).
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Figure S3.33: Quantitative 13C NMR of P1 (126 MHz, Methylene Chloride-d2) with zoom in from 72 to 58
ppm showing carbon signal of PEO repeating units at 70.4 ppm (red) and of terminal alcohol carbon at
61.4 ppm (blue).
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TOC 4: Table of content, symbolizing the combination different monomers for a copolymerization:
Depending on the activation difference between two copolymers the microstructure is adjustable from
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4.1 Abstract

Competitive copolymerization gives access to gradient copolymers with simple one-step
and one-pot strategies. Due to the living nature of the sulfonyl-aziridine polymerization, gradient
copolymers can be obtained with low dispersities and adjustable molar masses. The combination
of different sulfonyl activating groups allowed to fine-tune the reactivity difference of the
comonomers and thus an exact adjustment of the gradient strength. Sulfonyl-activated aziridines
are to date the only monomer class providing access to gradient copolymers with reactivity ratios
ranging from: (1 < r; £ 2; 12 r; 2 0.5) for statistical- or soft gradient copolymers to block-
copolymers (r; 2 20, r> £ 0.02), only by adjusting the electron-withdrawing effect of the activation
groups: The reactivity ratios were calculated by different models for a library of eight
comonomers. This library was further used to classify between hard, medium, and soft gradients.
From the data obtained from the monomer library, it was possible to predict polymerization rate
coefficients (k,) for aziridines, which were not prepared so far: correlation of the shifts in the
13C NMR spectra, the Hammett Parameters and secondary parameters such as calculated LUMO
levels of the monomers and the natural charge at the electrophilic carbon, etc. were used to
predict (co)monomer reactivity and the resulting gradient strength. We believe our findings allow
to access tailored gradient copolymers with a controlled monomer sequence distribution
depending on chemical control of comonomer reactivity. With these systematic data on activated
aziridines, also more complex copolymer structures can be predicted and prepared. Such
materials might find application as linear polyethylenimine derivatives to act as functional
polyelectrolytes, or predesigned compatibilizers and surface-active gradient copolymers by a

predictable one-step copolymerization.
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4.2 Introduction

The properties of many biopolymers are defined by their monomer sequence. The precise
order of monomers, e.g. nucleotides in our DNA and RNA contains our genetic code, the order of
amino acids in polypeptides controls the shape of enzymes and thereby determines their activity.
Driven by their complex structure, sequence control became a field of research also for artificial
polymers, but today’s polymer chemistry is still far behind nature’s complexity. 2 However, also
in several synthetic examples polymer microstructures had a huge impact on materials science.>
a

Herein, we controlled monomer sequence distribution by a competitive, living
copolymerization of monomers with adjustable reactivity that will reflect their positioning along
the polymer chain, resulting in adjustable gradient copolymers. Nature uses gradient materials to
connect soft and hard tissues or surfaces, such as in bone tissue or nacre.®> Gradual mineralization
or hierarchical pore structures play a crucial role in bio-inspired high-performance materials.
Squid beaks are a prominent example representing a natural gradient material consisting of chitin
and binding proteins which gradually introduce crosslinking which causes a hydrophobic
environment in the chitin/protein network and a much higher break modulus and hardness.®”’
The gradient compared to a discrete section material has the advantage, that mechanical
mismatches at the interface (weak spot) are avoided.> Graded mechanical properties also exist in
byssal threads of marine mussels, which represent a well-studied underwater adhesive material
consisting of protein gradients, which allow fascinating properties regarding adhesive, water-
resistance and tensile strength.®

In artificial copolymers, gradual monomer incorporation had resulted in unique mechanical
properties or self-assembled structures.® 1° Using the bio-inspired principle of gradient materials
to produce graded structures and materials is of high interest in orthopedic implants and other
high-performance materials.** The application of Styrolux® and Styroflex” as gradient materials
and polymer blend compatibilizers shows the impact of using gradients copolymers as additives.
Such materials are superior to others in terms of impact strength and toughness of polymer
films, 1213

Gradient copolymers with different gradient strengths would offer a plethora of
possibilities. However, the adjustment of the gradient strength is difficult to achieve, as often
chain-end reactivity is limiting the monomers’ compatibility or fixed reactivity ratios result in a
single gradient profile only. Continuous monomer addition has been reported to control
monomer gradients in controlled radical copolymerization (CRP), but this required precise control

over the rate of addition and is thus error-prone.'*1 To further optimize gradient control in CRP,

169



