Technische Universitat Miinchen
TUM School of Natural Sciences m

Functional (Co)Polymers from
Group-Transfer and Ring-Opening Polymerization —

Monomers, Catalysis, Applications

Moritz Kranzlein

Vollstandiger Abdruck der von der TUM School of Natural Sciences der Technischen
Universitat Minchen zur Erlangung eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Angela Casini
Priufer*innen der Dissertation:

1. Prof. Dr. Dr. h. c. Bernhard Rieger
2. Prof. Dr. Klaus Kdhler

3. Prof. Dr. Michael Buchmeiser

Die Dissertation wurde am 07.11.2022 bei der Technischen Universitat Minchen eingereicht

und durch die TUM School of Natural Sciences am 07.12.2022 angenommen.






“The secret of genius is to carry the spirit of the child into old age,

which means never losing your enthusiasm.”

- Aldous Huxley

“The secret to success is not get discouraged.”

- Ernest Hemingway






,@,;/,6 meinen “laler






Danksagung

Danksagung

Allen voran mochte ich meinem Doktorvater, Prof. Dr. Dr. h.c. Bernhard Rieger fur die
Aufnahme an den Lehrstuhl, die mir gewahrten Freiheiten und das entgegengebrachte
Vertrauen wéahrend meiner Doktorarbeit danken. Ich hatte die Gelegenheit, sehr viel zu lernen

und habe die Zeit am WACKER-Lehrstuhl fiir Makromolekulare Chemie sehr genossen.

Einen nicht unbetréachtlichen Teil hierzu beigetragen hat zudem das gesamte Leitungs-Team
des WACKER-Lehrstuhls. Hier méchte ich mich besonders bei Dr. Carsten Troll flr seine stetige
Hilfe mit technischen Details und Problemen aller Art, Dr. Sergei Vagin flr seine stets
hilfreichen Ideen, Vorschlage und Einfélle und Frau Bauer fir ihre Hilfe bei Papierkram aller
Art bedanken.

Ein besonderes Dankeschon mdchte ich zudem an meine beiden Masterarbeitsbetreuer,
Dr. Friederike Adams und Dr. Thomas Pehl richten, die mir nicht nur einen groRartigen Einstieg
an den Lehrstuhl ermdglicht haben, sondern von denen ich sehr viel lernen durfte und die mir
auch weit Uber die Masterarbeit hinaus eine stetige Stlitze waren. Ohne euch wirde diese

Arbeit in dieser Form nicht existieren.

Bei der Makro Sud mdchte ich mich fur die wunderbare Atmosphéare im Labor bedanken, allen
voran bei Jonas Breitsameter. Ohne dich wéren die unzahligen Stunden im Labor nicht mal
halb so witzig gewesen. AufRerdem mochte ich Paula GroBmann fur ihre stetige Hilfe und
Unterstitzung im Laufe der letzten 9 Jahre danken, du warst mir eine wichtige Stiitze fur meine
gesamte Studienzeit. Furthermore, | want to specially address Baohui Chen, my lab partner
for the last four years, who has been the most ideal lab partner | could imagine. Auch der
Makro Nord, vor allem Jonas Bruckmoser und Lucas Stieglitz, mochte ich fur die gute Zeit und
die vielen lustigen Stunden danken. Aus dem Silicium-Institut mochte ich Dank an Matthias
Nobis und Andreas Saurwein richten, die nicht zuletzt ein wichtiger Teil des Lehrstuhls fiir mich
waren. Insgesamt hat das gesamte Team der Makro, ehemalige wie derzeitige Teammitglieder,
zu einem nicht unwesentlichen Teil dazu beigetragen, dass die Zeit meiner Doktorarbeit wie

im Fluge vergangen ist.

Einen groRen Teil zum Erfolg dieser Arbeit haben zudem alle meine Studenten beigetragen.
Besonders zu erwahnen sind hierbei meine ehemaligen Masteranden Philipp Weingarten,
Stefanie Pongratz und Anton Maier, ihr habt tolle Arbeit geleistet und es hat mir stets Freude
bereitet, euch zu betreuen. Auch meinen Bacheloranden Simon Skibbe, Vanessa Ramm,
Emilija Fulajtar und Juliana Steck, sowie meinen Forschungspraktikanten Michael Bauer, Till
Geretscher, Max Stierle, Simon Deger, Marvin Foith und Larissa Sommer und den Studenten
des Synthesepraktikums méchte ich in diesem Zusammenhang danken. Ich habe vermutlich

von euch mehr gelernt als ihr von mir.
- VIl -



Danksagung

Weiterhin mochte ich gerne allen danken, die mir wahrend meiner Doktorarbeit mit Messungen
jeder Art ausgeholfen haben, vor allem Maximilian Muhr fur seine ESI/LIFDI-Messungen, Hanh
My Bui fur ihre Hilfe beim XRD, Dr. Fabian Schmidt fur die lustige Zeit vorm ,SAXS" sowie
Kerstin Halama und Dr. Andreas Schaffer fiur ihre Hilfe mit der MALS-GPC. In diesem
Zusammenhang sind au3erdem Jirgen Kudermann fir seine GC-MS Expertise, Dr. Thomas
Burger fur die ICP-OES Messungen, Ulrike Ammari und Bircan Dilki von der Elementaranalyse
und Katia Rodewald fir die REM-Messungen zu erwahnen. Fir ihre Hilfe bei Raman-
Spektroskopie mdchte ich gerne Amelie Mihlbach danken und fir das Messen meiner XPS-
Proben Tim Kratky. Furthermore, | want to thank Prof. Dr. Angela Casini and the TUM
ARTEMIS Innovation Network for the warm welcome and the interesting time. Auch unserem

Laboranten Peter Bramberger und meinem Azubi Zana Yussuf mdchte ich danken.

Fir die Finanzierung meiner Doktorarbeit mdchte ich zudem der Studienstiftung des
deutschen Volkes danken, die mich im Rahmen ihrer Promotionsforderung finanziell

unterstiitzt haben.

Abgesehen von allen, die mich so im Laufe der letzten 9 Jahre an der TU Minchen oder privat
begleitet haben und so diese Arbeit unterstitzt haben, méchte ich zudem noch meiner Familie
danken, ohne die diese Dissertation nie zustande gekommen ware. Ohne deine standige

Unterstiitzung, lieber Papa, hétte ich diese Doktorarbeit nie anfertigen kénnen.

- VIII -



Table of Contents

Table of Contents

Table Of CONTENTS ... IX
List Of aDDreVIatioNS. .........cooviiiiiiiiiiiiiiieeeeee e Xl
LiSt Of PUDICALIONS. .....ceiiiiiiiiiiiiiiiiiiieeeeeeeeeeee ettt XVII
ADSETACT ...ttt a e e e eas 1
WU Y= 10 0] 0 41T 0] = 57T [T O 2
1. Introduction — polymers in the 215 CENTUINY..........ccooiiiiiiiiiiieeee e 3
2. Polymerization techniques for functional materials ............ccccccciiieiiii e, 4
2.1. Group-transfer polymerization ..............ccccooiiiiiiiiiiiiiiii e 4
2.1.1. General remarks and MONOMEr SCOPE.......uuuuiiieeeeerreeririiiiieeeeeeeeeeenrrnnnns 4
2.1.2. Catalysts for group-transfer polymerization.............cccccccceeieiiieeeeeeeiinnnnnnn. 7
2.1.2.1. Overview on different catalyst Classes..........cccccccvrriiiiiiiiiiiiiiiiinnnnnnn. 7
2.1.2.2. CH-bond activation .............cceuviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee e 10
2.1.3.  MecChaniStiC @SPECLS.......ccceiiiiiiiiiiiiiiii e 13
2.1.3.1. Rare-earth metal-mediated group-transfer polymerization ............. 13
2.1.3.2. Group IV metallocene catalysis .........ccccccvvririiiiiiiiiiiiiiiiiiiiiiiiiieeee, 18
2.1.3.3. Lewis Pair mediated group-transfer polymerization........................ 20

2.2. Ring-opening polymerization ...............coiiiiieiiiiiiiice e 22
2.2.1. General remarks and MONOMET SCOPE.......uuuiiireeeeierrriiiiiieeeeeeeeeeenrnnnnns 22
2.2.2. Terpenes in polyester Synthesis............ccovieiiiii i, 23
2.2.3. Catalysts for ring-opening polymerization .............cccccceveeeeeieeeeeeeeiinnnnnnn. 27
2.2.4. MeChaniStiC @SPECES......ccciiiiiie i 31
2.2.5 Copolymerization of GTP and ROP .........ccooviiiiiiiiiiici e, 35
2.3. Functional precision polymers in applications ...........cccccoveeviiiiiiiciiiinieeeennnn, 39
2.3.1. RESPONSIVE POIYMEIS....ccciiiiiiiiiiiiieeeeee e 39
2.3.2. Drug-deliVery SYSIEIMS .......ccoviiiiiiiiiiiiiiieeeeeeeeee e 45
2.3.3.  POIYMErs 0N SUIMACES .......ccoviiiiiiiiiiiiieeeeeeee e 49



Table of Contents

3. Aim — functionalizing POIYMEIS........cooiiiieeiee 52
3.1. Attachment of functional INItIAtOrS...........cooeeeeeiiiee e 53
3.2, Sidechain MOdifiCatIONS ...........ccuuiiiiiiiee e 54
3.3.  INtroducing NEW MONOIMENS ......ccvvriiiiiiieeeeeeeeeeitias e e e e e e e e e et e e e e e e e e eaaaaaas 55
3.4. Copolymerization of Michael-type monomers and lactones ...........cc........... 56

4. End-group MOdifiCatiONS ........ccoiiiiiiiiiii e 57

“C-H Bond Activation of Silyl-substituted Pyridines with Bis(phenolate)-yttrium

Catalysts as a facile Tool towards Hydroxyl-terminated Michael-type Polymers”.. 57

4.1. BibliographiC data...........ccooviiiiiiiiiiiiiiiiieeeeee 57
N O o 14 | (=] o | TSP PPPPPT 58
4.3, MANUSCIIPT...ceiiiieieieieee ettt 59
4.4. Addendum — additional INItIALOIS...........ccevviiiiiiiiiiiiiiieeeeeeeeee 77
4.4.1. Synthesis of functionalized pyridines ............cccvvviiiiiiiiiiiiiiiiiiiiieieeeeeee 78
4.4.2. C-HDbDONd QCHVALION ......uuviiiiiiiiiiiiiiiiiiieee e 79
4.4.3. Polymerization of diethyl vinylphosphonate ...............ccccooooiiiiiiiniiinnnnnn. 80
4.4.4. Utilization of the functionalized polymers ...........ccoovvviiiiiiiiieeeeeeen, 85

5. Synthesis and characterization of polymeric photocatalysts ..............ccccccevvunenn. 86

Macromolecular Rhenium—Ruthenium Complexes for Photocatalytic CO2

Conversion: From Catalytic Lewis Pair Polymerization to Well-Defined Poly(vinyl

bipyridine)—Metal COMPIEXES .........uuuiiiiiiiiiiiiiiii e 86
5.1. BibliographiC data..........cooooeiiiiiiii 86
5.2.  Abstract graphiC (TOC).....coooiiiiiee e 86
5.3. CONIENT...ceeiie e 87
o S V.o 11 1 ox o] PP 88
6. Biobased monomers for polyester synthesis..........ccccooeviiiiiiiiiiiieiii e, 98
6.1. BibliographiC data..........ccouiiiiiiiii i 98
6.2. Abstract graphic (TOC)......ii i 98
6.3, CONENT....coiiiiiitiie e 99



List of abbreviations

6.4, IMBINUSCIIPE . ...ttt 100
7. Copolymers from Michael-type monomers and lactones ..........cccccceeveeeeeieennnns 107
7.1. BibliographiC datal...........uuuiiiiiiieeiiieeis e 107
7.2.  Abstract graphic (TOQC)......uiiiiii e e e e eeaanns 107
7.3, CONIENT....coiiiiiiie e 108
A Y/ =T 10 ] o ) SRR 109

G TR0 | 110 4= V2SRRI 119
S B O 11 1 [ To | PO P TP TPRPPPP 121
L0, LIEEIAIUI. ...ttt e e e e e e e e e e e e e e e e an 124
S R A o] o= o o [ PP PP PPPPPPPP 148
11.1.  LiSE Of FIQUIES...uuiiiiiiiiiiiiiiitiittiittie it 148
11.2.  LiSt Of SCREMES......uiiiiiiiiiiiiii e 151
11.3. LISt Of TABIES .....uiiiiiiiiiiiii e 154
11.4.  Supporting INFOrMALION ........uuuiiiiiiiiiiiiiiibii e 155
11.4.1. Supporting Information for Chapter 4...........cccooeeee 155
11.4.2. Supporting Information for Chapter 5..........cccoooeii 167
11.4.3. Supporting Information for Chapter 6.............cccoooeeeiiiiiiiiiiiiiieeeeeeeees 205
11.4.4. Supporting Information for Chapter 7...........cccccoeeiieiiiiiiiiiieeeeeeeas 233
11.4.5. Reprint permissions for copyrighted material...............cccccoeeeeeiiiininnnn, 261
11.5. Statutory Declaration...........cccoooeeiiiiiiiiiiee e 267

- Xl -



List of abbreviations

List of abbreviations

Table 1: General abbreviations.

Abbreviation Signification

AMM activated monomer mechanism

BCF tris(pentafluorophenyl)borane

BenzPyOTBDMS 4-(((4 - (tert-butyl-dimethylsilyl)oxy)methyl)phenyl)-2,6-
dimethylpyridine

BID B-diiminato ligand

BIH 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole

CIM coordination-insertion mechanism

CLP classical Lewis pair

Cp cyclopentadienyl ligand

Cp* 1,2,3,4,5-pentamethyl cyclopentadienyl ligand

Cp’ 1,2,3,4-tetramethylcyclopentadienyl ligand

Cp™s trimethylsilyl cyclopentadienyl ligand

CTA chain-transfer agent

dcm dichloromethane

dmb 4,4’-dimethyl-2,2’-bipyridine

EBI ethylene bis(indenyl) ligand

Et ethyl-

FLP frustrated Lewis pair

GTP group-transfer polymerization

[ Integral

ILP interacting Lewis pair

iROP immortal ring-opening polymerization

LA Lewis acid

LB Lewis base

LCST lower critical solution temperature

LED light-emitting diode

Ln lanthanide

Ln ligand with n chelating positions

LPP Lewis pair polymerization

mMmCPBA meta-chloroperbenzoic acid

Me methyl-

MeCN acetonitrile

mn* metal cation with n+ positive charges
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Abbreviation Signification

Mon monomer

NHC N-heterocyclic carbene

NHI N-heterocyclic imine

NHO N-heterocyclic olefin

"Bu n-butyl

Oct 2-ethylhexanoate / n-octyl — as indicated

OERS one-electron-reduced species

(ONOO)®¢ 6,6’-(((2-methoxyethyl)azane-diyl)-bis(methylene)-bis(2,4-di-
tert-butylphenolate)) ligand

Ph Phenyl-

Pol Polymer

REM-GTP rare-earth metal-mediated group-transfer polymerization

ROP ring-opening polymerization

SKA silyl ketene acetal

sym-col 1,3,5-trimethylpyridine

'‘Bu tert-butyl-

TEOA triethanolamine

THF tetrahydrofuran as solvent molecule

thf tetrahydrofuran as coordinating molecule

TMPy 2,3,5,6-tetramethylpyrazine

TMS trimethylsilyl-

UCST upper critical solution temperature
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Table 2: Abbreviations for formula signs.

Sign Signification [Unit]

D Polydispersity index [-]

dn/dc refractive index increment [mL/g]

I.LE. initiation efficiency [%]

ki rate constant of initiation [M/s; 1/s; 1/(M-s); 1/(M"-s)]

Kpr rate constant of propagation [M/s; 1/s; 1/(M-s); 1/(M"-s)]
Kr rate constant of transfer reaction [M/s; 1/s; 1/(M-s); 1/(M"-s)]
Mn number average molecular weight [kg/mol]

Mw weight average molecular weight [kg/mol]

Mn,abs absolute molecular weight [kg/mol]

M rel relative molecular weight [kg/mol]

Ry Retention factor [-]

T temperature [°C]

Tg glass transition temperature [°C]

Tm melting temperature [°C]

TOF turnover frequency [s?]

TON turnover number [-]

Table 3: Abbreviations for methods.

Abbreviation

Signification

AFM
ATR-IR
CA

DLS

DSC

EA
ESI-MS
GPC
MALDI-MS
NMR
SCXRD
SEC

TGA

TLC
PXRD

atomic force microscopy

attenuated total reflection infrared spectroscopy
contact angle

dynamic light scattering

differential scanning calorimetry

elemental analysis

electron spray-ionization mass spectrometry
gel-permeation chromatography
matrix-assisted laser-desorption ionization mass spectrometry
nuclear magnetic resonance spectroscopy
single-crystal X-ray diffraction

size-exclusion chromatography
thermogravimetric analysis

Thin layer chromatography

powder X-ray diffraction
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Table 4: Abbreviations for monomers.

Abbreviation Signification

Acrylates

dcPA dicyclopentadienyl acrylate
EtA ethyl acrylate

MA methyl acrylate

"BuA n-butyl acrylate

'BUA t-butyl acrylate
Methacrylates

AMA allyl methacrylate

EGDM ethylenglycol dimethacrylate
EtMA ethyl methacrylate

FMA furfuryl methacrylate
MMA methyl methacrylate
"BUMA n-butyl methacrylate
'BUMA t-butyl methacrylate

VBM vinyl benzyl methacrylate
Acrylamides

APY acryloyl pyrrolidine

APP acryloyl piperidine
DAIAA diallyl acrylamide

DIPA di-iso-propyl acrylamide
DMAA dimethyl acrylamide
DMMA dimethyl methacrylamide
DPAA diphenyl acrylamide
MPAA methyl phenyl acrylamide

Alkyl vinylphosphonates
DAIVP

DEVP

DMVP

DPVP

DTPVP

Vinylpyridines & others
2VP

4VP

4VQ

DMVP

diallyl vinylphosphonate

diethyl vinylphosphonate

dimethyl vinylphosphonate

di-n-propyl vinylphosphonate
(1-phenylethoxy)piperidin-4-yl) vinylphosphonate

2-vinylpyridine
4-vinylpyridine
4-vinylquinoline

2,6-dimetyl vinylpyridine
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Abbreviation

Signification

VBpy
IPOXx
Lactones
aCarL
eCarL
3CarDiol
BBL / PHB
BPL

CL

oVL

GA

LA

M

4-viny-4’-methyl-2,2’-bipyridine

iso-propenyl-2-oxazoline

a-Carenelactone

e-Carenelactone

3-carene diol

B-butyrolactone / poly(3-hydroxybutyrate)
B-propriolactone

g-caprolactone

O-valerolactone

glycolide

lactide

(-)-menthide

The corresponding polymers to each monomer are denoted with capital letter P prior to the monomer

abbreviation unless indicated otherwise.

- XVI -



List of Publications

List of Publications

1. Kranzlein, M., Pehl, T.M., Adams, F. and Rieger, B., Uniting Group-Transfer and Ring-
Opening Polymerization — Block Copolymers from Functional Michael-Type Monomers and
Lactones, Macromolecules, 2021, 54, 23, 10860-10869.

2. Kranzlein, M.", Pongratz, S.”, Bruckmoser, J., Brati¢, B., Breitsameter, J.M. and Rieger, B.,
Polyester synthesis based on 3-carene as renewable feedstock, Polymer Chemistry, 2022, 13,
3726-3732. " These authors contributed equally.

3. Maier, A.", Thomas, C.", Kranzlein, M.", Pehl, T.M. and Rieger, B., Macromolecular Rhenium-
Ruthenium Complexes for the Photocatalytical CO2 Conversion — from catalytic Lewis-Pair
Polymerization to well-defined Poly(vinyl bipyridine)-Metal Complexes, Macromolecules, 2022,
55, 16, 7039-7048. " These authors contributed equally.

4. Pehl, T.M.", Kranzlein, M.", Adams, F.", Schaffer, A. and Rieger, B., C-H Bond Activation of
Silyl-Substituted Pyridines with Bis(phenolate) Yttrium Catalysts as Facile Tool towards
Hydroxyl-Terminated Michael-Type Monomers, Catalysts, 2020, 10, 4, 448." These authors
contributed equally.

Publications beyond the scope of this thesis:

5. Schaffer, A., Kranzlein, M. and Rieger, B., Precise Synthesis of Poly(dimethylsiloxane)
Copolymers through C-H bond-activated Macroinitiators via Yttrium-Mediated Group Transfer
Polymerization and Ring-Opening Polymerization, Macromolecules, 2020, 53, 19, 8382-8392.

6. Schaffer, A., Kranzlein, M. and Rieger, B., Synthesis and Application of Functional Group-
Bearing Pyridyl-Based Initiators in Rare Earth Metal-Mediated Group-Transfer Polymerization,
Macromolecules, 2020, 53, 11, 4345-4354.

7. Adams, F., Pehl, T.M., Kranzlein, M., Kernbichl, S.A., Kang, J.-J., Papadakis, C.M. and
Rieger, B., (Co)polymerization of (-)-menthide and B-butyrolactone with yttrium-
bis(phenolates): tuning material properties of sustainable polyesters, Polymer Chemistry, 2020,
11, 27, 4426-4437.

8. Pehl, T.M., Adams, F., Kréanzlein, M. and Rieger, B., Expanding the Scope of Organic
Radical Polymers to Polyvinylphosphonates Synthesized via Rare-Earth Metal-Mediated
Group-Transfer Polymerization, Macromolecules, 2021, 54, 9, 4089-4100.

9. Denk, A., Kernbichl, S.A., Schaffer, A., Kranzlein, M., Pehl, T.M. and Rieger, B.,
Heteronuclear, Monomer-Selective Zn/Y Catalysts Combines Copolymerization of Epoxides
and CO2with Group-Transfer Polymerization of Michael-Type Monomers, ACS Macro Letters,
2020, 9, 4, 571-575.

10. Watson, I.C., Zhou, Y., Ferguson, M.J., Kranzlein, M., Rieger, B. and Rivard, E.,
Trialkylaluminum N-Heterocyclic Olefin (NHO) Adducts as Catalysts for the Polymerization of
Michael-type Monomers, Zeitschrift fir anorganische und allgemeine Chemie, 2020, 646, 13,
547-551.

11. Spath, F., Donau, C., Bergmann, A.M., Kranzlein, M., Synatschke, C.V., Rieger, B. and
Boekhoven, J., Molecular Design of Chemically Fueled Peptide-Polyelectrolyte Coavervate-
Based Assemblies, Journal of the American Chemical Society., 2021, 143, 12, 4782-4789.

- XVII -



Abstract

Abstract

With the change from using polymer purely as commodity mass ware to utilizing polymers in
high-tech applications, precisely tuning and modifying these materials is a main requirement
to make them suitable for the desired use cases. Herein, several methods for modifying
polymers in the context of group-transfer and ring-opening polymerization are investigated.
The first modification point that will be addressed is the introduction of functional end-groups
to group-transfer polymerization-based polymers by means of C-H bond activation. Utilizing
this method, functionalized a-methylpyridines can be introduced to yttrium catalysts as
initiators, which are linked covalently to the polymer chain upon initiation. To make these
molecules applicable as initiators, functional groups are introduced and protected to facilitate
controlled C-H bond activation of yttrium bis(phenolate) and cyclopentadienyl catalysts.
Broadening the scope of introducible end-groups, different 2,6-dimethylpyridines are prepared,
bearing silyl-protected hydroxyls, a catechols, alkynes or an unprotected azide. These novel
initiators are used to prepare functionalized poly(diethyl vinylphosphonate). With regards to
sidechain functionalization, a vinyl bipyridyl-based Michael-acceptor monomer is polymerized
using catalytic Lewis pair polymerization, providing well-defined poly(vinyl bipyridines) with
narrow polydispersity. To these polymers, rhenium and ruthenium complexes are introduced
as pendent side groups, giving access to highly stable polymeric photocatalysts for CO»
reduction. Another tuning point for polymers in this context is the introduction of innovative
monomers based on biogenic feedstocks. To gain access to biobased polyesters, 3-carene is
chemically converted into different monomers and successfully polymerized via
polycondensation and ring-opening polymerization. Dependent on their structure, these
polyesters were either amorphous or semi-crystalline. The last and maybe most versatile
modification point addressed herein is the copolymerization of Michael-type monomers and
lactones by sequential, catalytic copolymerization using yttrium bis(phenolate) catalysts.
Different AB- and BAB- di- and triblock copolymers from 2-vinylpyridine and e-caprolactone or
(-)-menthide are prepared and investigated regarding polymerization catalysis and material
properties. Those copolymers exhibit microphase separation and pH-dependent micellization
in aqueous media. The kinetic investigation revealed a living-type polymerization for both
group-transfer and subsequent ring-opening polymerization and provided a deeper

understanding of the underlying copolymerization mechanism.



Zusammenfassung

Zusammenfassung

Seit Polymere nicht mehr nur als Gebrauchswaren genutzt werden, sondern zunehmend auch
in verschiedenen High-Tech Anwendungen zu finden sind, ist eine gezielte Einstellung und
Modifikation dieser Strukturen notwendig, um die geforderten Anforderungsprofile erfillen zu
konnen. Im Rahmen dieser Arbeit werden verschiedene Methoden zur Modifikation von
Polymeren im Kontext der Gruppentransfer- und Ringéffnungspolymerisation untersucht. Mit
Blick auf den ersten Modifikationspunkt wird die gezielte Einfihrung funktioneller Endgruppen
mittels C-H Bindungsaktivierung an Gruppentransferpolymerisations-basierten Polymeren
untersucht. Mithilfe dieser Methode konnen funktionalisierte a-Methylpyridine als Initiatoren in
Yitrium-Katalysatoren eingefihrt werden, die wéahrend der Initiation kovalent an die
Polymerkette gebunden werden. Um passende Molekiile als Initiatoren zu generieren, werden
funktionelle Gruppen eingefihrt und geschitzt, um eine selektive C-H Bindungsaktivierung am
Yttrium-Bis(phenolat)- und Yttrium-Cyclopentadienyl-Katalysatoren gewdahrleisten zu kénnen.
Um die Gruppe an funktionellen Initiatormotiven zu erweitern, werden 2,6-Dimethylpyridine mit
silylgeschitzen Alkoholen, Catecholen und Alkynen und einem ungeschitzten Azid
synthetisiert. Mithilfe dieser Initiatoren werden funktionalisierte Poly(diethylvinylphosphonate)
hergestellt. Im Rahmen von Seitenkettenmodifikationen wird ein Vinylbipyridin-basiertes
Michael-Monomer mittels katalytischer Lewispaar-Polymerisation kontrolliert polymerisiert. An
dieses Polymer werden Rhenium- und Rutheniumkomplexe als Seitenketten eingefiihrt, um
hochstabile, polymere Photokatalysatoren fir die CO2-Reduktion zu erhalten. Ein weiterer
Modifikationspunkt ist zudem die Synthese neuartiger Monomere aus biobasierten
Rohstoffquellen. Um biobasierte Polyester zu erhalten, wird 3-Caren chemisch in
verschiedene Monomere umgewandelt und mittels Polykondensation und Ringoffnungs-
polymerisation polymerisiert. Die so erhaltenen Polyester weisen entweder amorphe oder
semikristalline Eigenschaften auf. Als letzter Modifikationspunkt wird die Copolymerisation von
Michael-Monomeren und Lactonen mittels sequenzieller, katalytischer Copolymerisation mit
Yttrium-Bis(phenolat)-Katalysatoren untersucht. Es werden verschiedene AB- und BAB- Di-
und Triblockcopolymere aus 2-Vinylpyridine und e-Caprolacton oder (-)-Menthid hergestellt
und hinsichtlich Polymerisationskatalyse und Materialeigenschaften untersucht. Diese
Copolymere weisen eine Mikrophasenseparation auf und kénnen in wassigen Medien
pH-abhéngig mizellieren. Die kinetischen Untersuchungen zeigen eine lebende
Polymerisation fiir die Gruppentransfer- und die nachfolgende Ringdéffungspolymerisation und

geben ein tieferes Verstandnis fir den zugrundeliegenden Copolymerisationsmechanismus.



Introduction — polymers in the 21st century

1. Introduction — polymers in the 21t century

Since the introduction of the concept of macromolecules being many equal monomer units
covalently linked to each other by Hermann Staudinger in 1920, more than a century has
passed.? Within the last 100 years, the way we view and use polymer materials has
undergone a drastic change. Still the majority of polymers we encounter on a daily base is
made up from commodity polymers like polyolefins, polyesters, vinyl polymers or styrenics and
acrylics. However, by now, polymers can also be found in highly sophisticated areas of
applications, including heat insulation, fibers, apparel, mobility, construction materials,
microelectronics, green energy generation, soil fertility, food packaging, regenerative medicine,
drug-delivery, advanced manufacturing techniques, lightweight composite materials, e-mobility,

membrane technologies and many others.3

In a recent commentary article from the editors and advisory board of Macromolecular
Chemistry and Physics on the upcoming century of polymer chemistry, the authors identify
three different branches defining and influencing modern polymer chemistry. These branches
are (1) new properties and applications, (2) new synthesis methods and (3) sustainability,
impacting the way research is performed. Further the authors argue, that there is a “[...] tension
in research between developing fundamentally new methods without knowing what useful
materials they might give access to and creating new materials with specific functions by
applying the available toolbox”.® Building on a strong foundation of research, we now have a
broad understanding on how to perform and control polymerization reactions and
post-synthetically modify the obtained polymers in a way that we gain access to materials with
the desired property profiles. This allows modern day polymer chemists to choose from a
variety of different methods and tools for the synthesis of tailor-made polymer materials.
Throughout this thesis, different approaches towards introducing advanced functionalities are
explored, utilizing a more “retrosynthetic” approach. Starting from different requirements and
application scopes, known techniques and tools are used to address certain modification

points of synthetic polymers, tuning, and adapting them towards their supposed application.

Different modification points in the context of group-transfer and ring-opening polymerization
as new tools towards the generation of highly functional (co)polymers will be discussed within

the context of this thesis.
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2.  Polymerization techniques for functional materials

2.1. Group-transfer polymerization
2.1.1. General remarks and monomer scope

In search for new polymerization techniques for methyl methacrylate (MMA), Webster et al.
discovered the controlled polymerization of this monomer with a tandem system of dimethyl
ketene methyl trimethylsilyl acetal with bifluoride sources in 1983. Assuming a mechanism
where the trimethylsilyl group (TMS) is transferred onto the next monomer unit, they introduced
the term of “group-transfer polymerization” (GTP). While nowadays this reversible addition of
the TMS group has been refuted, the term GTP prevails, describing the repeated conjugate-
addition polymerization of 1,4-unsaturated Michael acceptor monomers, also referred to as

poly-1,4-addition, with various different catalysts (Scheme 1).4-°

A AL
~E [Catalyst] ~E
n %
group-transfer polymerization
H/Me N
H/Me
Michael monomer
A=0O,NE=C,P

Scheme 1: Generalized polymerization of a Michael-acceptor monomer (A = O, N; E = C, P) via catalytic

group-transfer polymerization.

Today, four different methods of polymerizing such monomers can be differentiated. By using
silyl ketene acetals with different nucleophilic sources, Michael-type monomers can be
polymerized in the so-called silyl ketene acetal group-transfer polymerization (SKA), this
polymerization method is also the first reported one for these systems.*>710 A major milestone
in GTP marks the year 1992, when both Yasuda et al. and Collins and Ward introduced
different metal catalysts for the polymerization of MMA. Yasuda et al. presented the neutral
samarocene catalyst [Cp*2SmH], (Cp* = pentamethyl cyclopentadienyl), marking the starting
point for rare-earth metal-mediated group-transfer polymerization (REM-GTP).!! Collins and
Ward found a group IV based, cationic zirconocene system Cp2ZrMe,/[Cp2ZrMe(thf)]*[BPha]
(Cp = cyclopentadienyl), introducing the group IV based GTP catalysts.!? As a latest method,
polymerizations using various Lewis pair systems can be performed as introduced by Chen et
al. in 2010.1 While initially, Frustrated Lewis pairs were used, nowadays a broad variety of
different Lewis Pairs are applied, generally referred to as Lewis Pair polymerization
(LPP).13-15

While all these different polymerization methods use very different catalyst systems, all of them

exclusively follow the conjugate-addition polymerization of Michael-type acceptor systems.

These Michael monomers consist of a vinyl group in conjugation to an acceptor atom-carbon

double bond, forming an a,B-unsaturated carbonyl system with nitrogen or oxygen as acceptor
-4 -
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atoms (Scheme 2A). The resonance structure exhibited by such systems allow coordination
and bonding to the catalyst systems in their respective keto- or enolate form, later on
responsible for the polymerization propagation. In the a-position of the carbonyl, either protons
or methyl groups can be found, severely influencing the polymerization behavior of different
monomer classes. This is caused by an interaction of steric influence of the side-group
functionalities and the a-position substituent. For sterically less demanding esters, little steric
repulsion allows for a good p-orbital overlap of the carbon-carbon bond between the ester and
the vinyl group, making both methyl acrylate (MA) and MMA polymerizable via GTP. Contrary,
for dimethyl acrylamide (DMAA) and dimethyl methacrylamide (DMMA), steric repulsion
between the amide substituents and the a-position either allow or distort the p-orbital overlap.
DMAA with a proton in a-position shows good overlap and is thus polymerizable via GTP, while
in DMMA with a methyl group in a-position the steric repulsion induces torsion around the
C-C bond between the vinyl group and the amide, decreasing the orbital overlap and making
it non-polymerizable via GTP (Scheme 2B). Additionally, protons in a-positions to carbonyls
possess relatively high C—H bond acidity, allowing additional side reactions. In the B-position
of the carbonyl usually protons are present, however recently B-substituted monomers have

been introduced as well.6710.16-21

A B
A AL —0,0) 0O -0, 0
NE E N\ QYR
i — 4 SN AN
H/Me + H/Me E=C P
L JE=C, MA MMA
A=N,O

/N/,,IV’:‘ *N/ {\\\Me
SN dTIN

- - DMAA DMMA

Scheme 2: General resonance structure of a,p-unsaturated Michael monomers with acceptor atom
A = nitrogen, oxygen and E = carbon, phosphorus (top), exemplary resonance structure of MMA (A) and
schematic representation of the p-orbital overlap in differently a-substituted monomers MA, MMA,
DMAA and DMMA (B).6:7:20

Initially, GTP research was heavily focusing on alkyl substituted methacrylates and acrylates
such as MMA or MA, as classical anionic or radical polymerization methods showed some
severe limitations for such systems. However, within the last 30 years, a plethora of different
monomers emerged, forming different classes of Michael monomers. Some common classes
of these monomers are methacrylates, acrylates, acrylamides, vinylpyridines and
vinylphosphonates, however also various other monomers have been reported. In recent years
also the topic of biobased monomer has been tackled successfully in the context of GTP with
the introduction of monomers based on crotonates, cinnamates or methylene butyrolactones.

An overview of this classification with different simple and advanced examples is given in
-5-
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Figure 1. Generally, due to the conjugation character of the vinyl bond to the acceptor function
resulting from p-orbital overlap, acrylamides, vinylpyridines and vinylphosphonates are limited
to protons in a-position. Due to the lower steric demand of the esters, both acrylates and

methacrylates can be polymerized via GTP. 710.13.1517-20,22-41
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Figure 1: Overview on the different classes of Michael-type monomers applied in group-transfer

polymerization with common and advanced examples for each class.”10:13,1517-20,22-41

Generally, GTP monomers can be considered a class of highly functional monomers based on
their chemical structure. For the acrylates, methacrylates, and acrylamides a multitude of
ester/amide substituents are known, introducing different types of functionalities to the
polymers obtained. Two polymer types from Michael-type monomers with special functionality
worth mentioning are the poly(vinylpyridines) and the poly(dialkyl vinylphosphonates). Due to
the pyridine function, poly(vinylpyridines) possess a pH-responsive character based on
reversible protonation of the nitrogen and are capable of interacting with metal ions/complexes
by metal-pyridine complexation. The poly(dialkyl vinylphosphonates), a class of partially water-
soluble polymers, exhibit a tunable lower critical solution temperature (LCST) with reversible
phase-transition in water due to temperature changes in the region of 30 — 50 °C. Another way
of exploiting the distinct 1,4-Michael acceptor character of such monomers is the incorporation
of vinyl substituents as side chains like in allyl methacrylate (AMA), vinyl benzyl methacrylate
(VBM), diallyl acrylamide (DAIAA), 2,5-divinylpyridine or diallyl vinylphosphonate (DAIVP). As
GTP, unlike e.g. radical polymerization, is highly chemoselective towards conjugate addition,
those vinyl functions remain intact, providing a starting point for polymer

functlonallzatlon .7,10,13,15,17—20,22—40,42—49
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2.1.2. Catalysts for group-transfer polymerization
2.1.2.1. Overview on different catalyst classes

Based on the four different methods capable of polymerizing the described Michael-type
monomers, different catalyst classes emerged. Within the last 40 years, a plethora of catalysts
has been reported, ranging from various rare-earth metals to group IV titanocenes or
zirconocenes to main group metal complexes, different Lewis pairs or organocatalysts. In
Figure 2, a short overview of the different catalyst classes with historic and recent examples is
shown, subdividing the different catalysts in classes based on their composition and reaction

mechanism.”1°

Organocatalysts / SKA-GTP | Lewis Pairs / LPP |
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Figure 2: Different historic and recent examples for catalysts subdivided into the four different GTP
catalysis methods of silyl-based organocatalysis (top left), Lewis Pair mediated polymerizations (top

right), group 1V metal complexes (bottom left) and rare-earth metal-based catalysts (bottom right).4%1-

13,27,39,50-52

The first class of catalysts for GTP are two-component systems using silyl ketene acetals (SKA)
as initiators in combination with nucleophilic anions like SiMesF;, HF>, F, CN, N3 or
oxyanions with sterically bulky cations like tetraalkylammonium or tris(dialkylamino)sulfonium.
In recent years, SKAs in combination with activating agents like (Lewis) acids, Lewis bases or
carbocations instead of the more classic nucleophiles have been reported, complemented by

the Tandem SKA with alkyl silanes and Lewis acids. A plethora of different combinations has
-7 -
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been investigated since, summarized nowadays under the term of organocatalytic GTP. While

these systems remain of high interest, they are beyond the scope of this thesis. 5285354

A versatile class of catalysts can be found in the Lewis Pair catalysts, consisting of a Lewis
acid (LA) and a Lewis base (LB) featuring distinct side-group design to facilitate targeted
reactivity. Dependent on their interaction strength, different kinds of Lewis Pairs can be
distinguished. As first class, so-called classic Lewis pairs (CLP) are defined, in which the LA
as electron-deficient species and the LB with an electron lone-pair share this electron pair by
interaction, severely altering the individual reactivity of both reaction partners forming a stable
Lewis adduct. CLPs like BMes/PMes with close contact of LA and LB are usually considered
dormant for polymerizations. This concept was extended with the discovery of so-called
Frustrated Lewis Pairs (FLP) as introduced by Stephan in 2006, in which no interaction of LA
and LB can be exhibited due to strong sterical hinderance between both, as it is the case for
B(CsFs)s and (CsH2Mes)2PH. While initially there was a discrete change between CLP and FLP
assumed, an intermediate state has been discovered for combinations like B(CsFs); and 2,6-
dimethyl pyridine, which behaves more like a CLP at low temperatures and exhibits FLP-like
reactivity in solution, coining the term interacting Lewis Pair (ILP). Both FLPs and ILPs have
successfully been used in polymerizations of various Michael-monomers, summed up under
the term of Lewis Pair polymerization LPP. An overview on different Lewis acids and bases
applied in the LPP of Michael-type monomers is given in Figure 3. The Lewis acids employed
are usually electron-deficient, electrophilic compounds with a single coordination side, capable
of stabilizing the active species and activating the next monomer unit. Commonly applied are
group 13 elements like aluminum or boron, but also rare-earth metal complexes or salts with
cations like Zn?*, Mg?*, Hg?* or Y3* exhibit suiting reactivity. The Lewis base is usually a neutral,
strong base which can also act as nucleophile. Here, a broad range of phosphines, SKAs,
phosphazene bases, but also more advanced structures like N-heterocyclic carbenes (NHC),

N-heterocyclic olefins (NHO), N-heterocyclic imines (NHI) or ylides has been reported. Also

bridged of covalently connected LA/LB combinations have been wused for
LPP 13-15,30,31,38,45,50,55-62
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Figure 3: Overview on different Lewis acids and Lewis bases used in the Lewis Pair mediated group-

transfer polymerization.13-1531,50,57-62
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Apart from those catalysts used in SKA-GTP and LPP, distinct single-site group IV metal
complexes for the polymerization of Michael-type monomers, with primary focus on acrylates,
methacrylates and acrylamides have been reported. Initially designed by Collins and Ward as
two-component systems as well, also monometallic catalyst structures have been prepared
based on titanium, zirconium, or hafnium. Today, these metallocenes and half-metallocenes
with various initiators and symmetries as one- or two-component systems are used for the
polymerization of different monomers. To induce fast polymerization initiation, bulky Lewis

bases are used as cocatalysts (Figure 4),10:12:39.63-66

Bimetallic Monometallic
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Figure 4. Selected examples of group IV based cationic bi- and monometallic complexes for the
polymerization of Michael-type monomers.10.39.63-66

As a last catalyst class, complexes based on rare-earth metals with various ligand spheres
can be distinguished. While the initial metallocene systems introduced by Yasuda et al. were
designed for the polymerization of MA and MMA, this class of catalysts has gained remarkable
attention focusing on the polymerization of vinylphosphonates, vinylpyridines and other
functional systems. Within the last 40 years, multiple different catalyst systems for the REM-
GTP of Michael monomers have emerged, which can be subdivided into metallocene catalysts,

half-metallocenes and non-metallocenes (Figure 5).71011
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Figure 5. Different REM-GTP catalysts subdivided into the three groups of metallocenes, half-

metallocenes and non-metallocenes.®.10.22,24,29,51,67-73

The metallocene-based catalysts form the largest group of REM-GTP catalysts, including the
first reported catalyst system [Cp*.SmH],, and are generally very well investigated and
understood.'>?268 Apart from the classic metallocenes, a sub-class of half-metallocenes
emerged, which only possess one Cp ligand and additional substituents as for example found
in the so-called constrained-geometry catalysts (CGCs), in which the geometry of the half-
metallocene is distorted by using a certain type of substituted Cp ligand.?**® REM-GTP
catalysts, however, are by no means limited to Cp-ligated complexes. A variety of different
complexes exist incorporating ligands like ene-diamido structures, bis(phenolates),
pyrolldiminates or guadinates, each exhibiting distinct reactivity towards different Michael

monomers.10,29,51,52,70—74

2.1.2.2. CH-bond activation

Within the group of rare-earth metal-based catalysts, a special type of reactivity can be
exploited to give access to even better adapted catalyst species (vide infra). Based on the
electronic configuration of most Ln3" systems with a d°" orbital occupation, no oxidative
addition/reductive elimination reactions can take place. First observed by Watson 1983, d°f"
lanthanide metal complexes can undergo o-bond metathesis, leading to ligand exchanges,
metal-element bond formation/cleavage or element-element bond formation/cleavage.”"°
One major transformation exploited in the context of catalyst synthesis is the CH-bond
activation of certain carbon-hydrogen bonds, introducing metal-alkyl moieties.”>""# This
CH-bond activation can mechanistically be described as o-bond metathesis via
[20+20]-cycloaddition. The reaction proceeds via a concerted reaction of a 4-membered ring

metalacyclic intermediate in a kite-like transition state (Scheme 3A).”>8! While CH-bond
-10 -
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activation is an interesting method for the activation of small molecules in general, in the
context of GTP, this reaction is mostly used for the attachment of alkynes or substituted
(bi)pyridines as functional initiator moieties of the catalyst as introduced by Mashima et al. By
reacting the precursor alkylyttrium ene-diamido complex 1 with different substituted alkynes or

pyridines, various CH-bond activated metal complexes 2-4 were obtained (Scheme 3B).72%82

L,M—Z + X—Y

LM—X + Y—Z

Scheme 3: Generalized reaction scheme and kite-like transition state of the o-bond metathesis of d°f"
lanthanide metal complexes (A) and CH-bond activation of an alkylyttrium ene-diamido complex 1 with
different substrates to complexes 2-4 as introduced by Mashima et al. (B).2%7°

The CH-bond activation of 2,4,6-trimethylpyridine (sym-col) on different lanthanocenes and
lanthanide bis(phenolate) catalysts by Rieger et al. led to the discovery of different tailor-made
catalysts with highly beneficial properties for the GTP of different Michael-type monomers.87°
Both Mashima et al. and Rieger et al. further successfully used 2,3,5,6-tetramethylpyrazine
(TMPy) for the synthesis of bimetallic catalysts (Figure 6A, 5-7).2%4 As derived from single
crystal X-Ray diffraction (SCXRD) of complexes 6 and 7, the binding motif of the pyridine can
best be described as n3-(C,C,N)-aza-allylic coordination, an intermediate of the n?-allylic-amine
and the n'-amido-olefinic coordination reported by Teuben et al.**+7%88 For complex 6, the
Y-N bond is shorter than the Y-C,, indicating a primary coordination by the nitrogen moiety. All
carbon-carbon bonds within the aromatic ring exhibit bond-length between those of single and
double bonds as expected for aromatic systems. Based on the binding motif, the activated
methyl group and the respective carbon-carbon bond Cs-C; has a reduced bond length with
predominant double bond character and conjugation to the aromatic ring. The other two, non-
activated methyl groups with the carbon-carbon bonds C,-Cs and C4-Cy exhibit bond lengths

in the normal single bond region with no conjugation to the aromatic system (Figure 6B). The
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same n?-(C,C,N)-aza-allylic coordination can be found for bimetallic catalyst 7, in which the

two adjacent methyl groups are activated.**
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Figure 6: CH-bond activated bis(cyclopentadienyl) yttrium complex 5 and bis(phenolate) yttrium
catalysts 6-7 (A) and close-up of the binding motif of complex 6 (B).4468.70

Both the CH-bond activated bis(cyclopentadienyl) yttrium complex 5 and the yttrium
bis(phenolate) complex 6 are prepared via the same activation of their respective CH,TMS
alkylyttrium precursor with sym-collidine. In terms of reactivity, the CH-bond activation of
yttrium metallocene compounds usually proceeds within 2-3 hours at room temperature with
little to no side reactions. Based on this behavior, an in-situ approach has been developed, in
which the CH-bond activation is performed prior to polymerization and the monomer is just
added to the catalyst without catalyst isolation.”58:85-88 Contrary, for the yttrium bis(phenolate)
catalyst 6, the activation has to be performed at elevated temperatures with prolonged reaction
times. This leads to some decomposition side reactions and makes catalyst purification
necessary.324470 While the in-situ approach is much faster to perform and requires no complex
catalyst purification, yttrium bis(phenolate) catalysts show higher versatility in terms of
monomer scope or stereo control. Yet, both ways additionally offer the possibility of introducing

functional groups to the polymers as well.4344.70.74.85-89
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2.1.3. Mechanistic aspects
2.1.3.1. Rare-earth metal-mediated group-transfer polymerization

One main mechanistic step in the polymerization of Michael-type monomers like
vinylphosphonates with rare-earth metal-based catalysts is the initiation reaction, in which the
catalyst-coordinated initiator moiety reacts with the first monomer unit to form an active chain-
end. In the REM-GTP of trivalent lanthanides, this initiation reaction can occur via different
pathways, depending on the catalysts’ structure and initiator motif.°®%* While the initiation
reaction is best investigated for bis(cyclopentadienyl) lanthanides, initiation behavior and
reaction pathways are generally quite similar for non-metallocene catalysts as well.”10:51.70.92
Depending on the initiator of the catalyst and whether pre-coordination with tetrahydrofuran as
loosely bound ligand is present (Scheme 4A), the initiation starts with either dissociation of
bimetallic catalysts or displacement of the THF moiety by coordination of the first monomer
unit. This step can severely influence the polymerization performance of the catalyst. If the
coordination strength of the monomer is not sufficient to intercalate between the two catalyst
moieties, no polymerization takes place, whereas a slow cleavage can lead to an initiation
delay and broadened polymer dispersity.3270:9:92 Moreover, different initiating groups undergo
different reactions to initiate the polymerization. The most common initiation is the nucleophilic
transfer of the initiator via a 6-electron process (Scheme 4B) in which initiators like tert-butyl
thiolate or N(SiMe;H). act as nucleophiles and are transferred onto the first monomer unit,
forming the active enolate-catalyst species responsible for propagation.®® For certain initiators
with a C=C double bond conjugation such as sym-collidine or Cp, this nucleophilic transfer can
also proceed as 8-electron process (Scheme 4C).6893% Both pathways have in common that
the initiator is irreversible transferred onto the first monomer unit and is present in the polymer
chain after polymerization, with some being stable and other such as S'Bu being prone to
elimination.3268:8890 Strongly basic alkyl initiators like methyl or CH,TMS can additionally initiate
polymerizations of non-a-substituted monomers via deprotonation of the acidic a-H leading to
an allenylic intermediate (Scheme 4D), however this type of initiation is usually disfavored as
it leads to low initiation efficiencies and long initiation delays, possibly broadening the
polydispersity. Yet, these initiators are not limited to this type of reactivity and can also undergo
nucleophilic transfers.®7%% Aside from these three major pathways, some additional
reactivities have to be considered for Cp.LnX (X = CI, OR) or CpsLn systems. In
tris(cyclopentadienyl) catalysts, two Cp-ligands are coordinated in a n®fashion and the third
unit is, depending on the central metals’ ionic radius, switching its hapticity between a n°- and
a n*-coordination. The n*-coordinated ligand is then acting as nucleophile and attacks either
via the 6-electron or the 8-electron nucleophilic transfer.?167° For the chlorido and alkoxylate

complexes, the interactions between the CI/OR ligand and the metal center is too strong to
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directly initiate a polymerization via nucleophilic transfer/deprotonation. Instead, a reversible
ligand transfer takes place, forming CpLnX; and CpsLn both coordinating monomer units and
the reaction is again initiated by one Cp-unit of CpsLn.?t® For the rare case of divalent

lanthanocenes like Cp,Sm, a radical initiation is proposed.®%

Generally, control of the initiation pathway is crucial for obtaining defined polymers. Usually,
very short initiation phases with high initiator efficiencies are desired, where only one initiation
pathway is possible. Deprotonation is not desired and catalyst design has focused on
optimizing the catalysts’ properties to facilitate controlled initiation of different monomers. One
very striking example is the introduction of a-methyl pyridine moieties to this class of catalysts
as a very suiting initiator group for a variety of monomers by mimicking the transition state of

the polymerization during initiation,”10.21:70.90.93
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Scheme 4: Initiation pathways of different bis(cyclopentadienyl) lanthanoid catalysts Cp2LnX (X = Cp,
Me, CH2TMS, CI, NR2, OR, SR, sym-col) (A) via 6-electron nucleophilic transfer of the initiator (B),

8-electron nucleophilic transfer of the initiator (C) or deprotonation by highly nucleophilic initiators
(D).6:21.68.90,94

After initiation, the first monomer unit is covalently bound to the catalyst in its enolate form with
a free coordination side on the metal center, where the next monomer is coordinating via its
keto form. With the monomer being activated by this coordination, the enolate is acting as a
nucleophile and attacks the monomer in an 8-membered ring transition state (Scheme 5,
state I). This 1,4-conjugate addition or Michael-addition catalyzed by the metal center is also
referred to as monometallic Yasuda-type mechanism and can be observed for the
polymerization of different monomers via REM-GTP.10.11:2251.96.97 After this nucleophilic attack,
a metallacycle is formed, in which the last attacked monomer unit is covalently attached to the
metal center in its enolate form, and the previous unit is coordinated in its keto form. This keto-
enolate structure is the resting state of the polymerization, in which the polymerization remains
-14 -
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upon full consumption of the monomer, being responsible for the highly living character of
REM-GTP (Scheme 5, state Il). This stable intermediate has been confirmed by Yasuda et al.
via X-Ray structure elucidation of Cp*,Sm(MMA). formed by addition of two equivalents of
MMA (per Sm center) to the catalyst [Cp*2SmH]. (Scheme 5, right).1911:21.22939 The rate-
determining step in the propagation of vinylphosphonates is the Sy2-type displacement of the
keto-coordinating polymer chain by the next monomer in a pentacoordinate intermediate
(Scheme 5, state 111).?! In the context of REM-GTP, the catalyst molecule serves as initiator

and catalyst responsible for stabilizing the polymerization propagation.®
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Scheme 5: Monometallic Yasuda-type propagation in the rare-earth metal-mediated group-transfer
polymerization of Michael monomers, adapted from Rieger et al. (left) and crystal structure of
Cp*2Sm(MMA): determined by Yasuda et al. (right).11.21.22

While the propagation is mechanistically indifferent for various types of monomers, the metal
center has a tremendous influence on the catalyst activity. The two best-studied systems in
this context are dialkyl vinylphosphonates and methyl methacrylate. As determined by Yasuda
et al., the activity of structural identical complexes with different central metal atoms in the
polymerization of MMA with Cp*.LnMe (Ln = Sm, Y, Yb, Lu) increases with increasing ionic
radius of the metal in the order Sm (1.11 A)>Y (1.04 A) > Yb (1.01 A) > Lu (1.00 A).?? Contrary,
Rieger et al. found an inverse dependency for the polymerization of diethyl vinylphosphonate
(DEVP) with Cp.LnClI (Ln = Th, Y, Tm, Lu), where the activity is enhanced by decreasing ionic
radii of the metal centers from Tb (1.06 A) < Y (1.04A) < Tm (1.02 A) < Lu (1.00 A).2
Investigations in the cause of this behavior revealed an activity independency on enthalpic
effects in DAVP polymerization, where the Lh—(O=P) bond strength based on Lewis acidity
and metallacycle ring strain does not influence reaction rates. They deduced the change in
activity from a change of the activation barrier resulting from an entropic change of the

metallacycle transition state. Based on further investigations on monomer size influence and
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results from Ziegler et al. and Chen et al., they were able to draw a set of conclusions for the
REM-GTP of Michael-type monomers like DEVP. Firstly, the steric demand of the incoming
monomer is of minor influence for the propagation of the polymerization, as the metal—(C=0)
bond of the monomer is much longer than for the polymer in the transition state lll, leading to
a low steric demand of the next monomer. Secondly, smaller metal centers in structurally
identical complexes destabilize the propagation state due to higher steric constraint of the
eight-membered metallacycle state Il. This destabilization results from entropic effects rather
than enthalpic effects due to the high steric demand of the metallacycle compared to the
ligands. At last, in terms of monomer size versus metal size, increasing steric demand of the
polymer chain destabilizes the metallacycle transition state Il due to entropic and enthalpic
effects, whereas the steric demand of the monomer is of minor influence for both alkyl
vinylphosphonates and alkyl methacrylates. While the behavior of lanthanocene catalysts is
well-investigated in the context of vinylphosphonates and in part for methacrylates, it remains

of major interest for understanding REM-GTP,10:21:22,33,39,90,98

As for the metal center, the ligand type does not influence the propagation type of the REM-
GTP, yet, it has an influence of the propagation rate and entropic and enthalpic behavior of the
polymerization. For lanthanocenes, the polymerization activity decreases with steric increase
of the ligand sphere, as observed for MMA polymerization by Yasuda et al. with Cp*;Ln
systems being considerably slower than Cp.Ln catalysts. Rieger et al. observed the same
trend for the catalysts CpsY > Cp™S3Y (Cp™S = CsH4TMS) > Cp'Y (Cp’ = CsMesH).22% While
lanthanocenes have been investigated thoroughly, they exhibit a major limitation of showing
poor performance for the polymerization of nitrogen-containing monomers like 2VP or 2-iso-
propenyl-2-oxazoline (IPOx).!” This lead later on to the emergence of non-metallocenes with
different ligand types like ene-diamido or bis(phenolates) for REM-GTP catalysts as a new,

versatile catalyst class.?%:5!
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Applying metal catalysts for the polymerization of Michael-type monomers offers a broad range
of unigue advantages. Not only do they feature high activities while maintaining narrow
polydispersity (£ < 1.05), but also the initiation pathway can be adjusted to the monomer
systems, allowing precise molecular weight control based on the used catalyst:monomer ratios
(M up to 500 kg/mol). Tailoring such properties appropriately to the monomer system enables
precise and adjustable polymer synthesis for a broad range of different functional
polymers.5.7:10.162290.9 Qther advantages are the high chemoselectivity of the polymerization,
leaving functional groups like allylic sidechains intact or the broad temperature range over
which the polymerization remains controlled.?#26344¢ Additionally, like most metal-catalyzed
polymerizations, REM-GTP is also suited for the introduction of different types of
stereoregularity to most of the polymers synthesized. This can, dependent on the combination

of monomer and catalyst, occur either via chain-end or enantiomorphic site control.22:69-72.74.92

Furthermore, due to stabilization of the active chain-end, REM-GTP exhibits a highly living
character of the polymerization even after full consumption of the monomer. This living
character usually can also be observed by a linear increase of the molecular weight with
monomer conversion. While this is inherently already an advantage of metal catalysis, also the
synthesis of (multi-)block copolymers is possible by means of (REM-)GTP. By using sequential
addition, different types of Michael-monomers can be copolymerized to block copolymers,
however, there is one major aspect one must consider. As during propagation of REM-GTP
the next monomer unit has to displace the polymer chain coordinating to the catalyst, its
coordination must be stronger than the coordination of the polymer carbonyl unit. While this is
the case within one class of monomers, e.g., alkyl vinylphosphonates, this does not hold true
for different classes of monomers. Via copolymerization screenings, the following relative
coordination strength series (with respect to the same central metal) has been determined:
DEVP > DMAA > MMA > IPOx > 2VP (Scheme 6). Accordingly, differently substituted
monomers from the same monomer class can be copolymerized statistically, while
combinations of different monomer classes are strictly limited to block structures. This is for
example the case for the differently substituted vinylphosphonates with ethyl (DEVP), methyl
(DMVP) or n-propyl (DPVP) side chains. If monomers from two different classes are added to

the catalyst at the same time, only the stronger coordinating one is polymerized.’-820:33.100.101

N - J I
\ S o & \ 0 o7 0
N~ < N - - O N < O\\F;/O\/ ~ O\\F;/O\ ~ O\\F;/O\/\
2VP IPOx MMA DMAA DEVP DMVP DPVP

Scheme 6: Relative coordination strength of different classes of Michael-type monomers to the same

metal center.”820:33100
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2.1.3.2. Group IV metallocene catalysis

In terms of catalytic behavior, many similarities can be drawn between trivalent, neutral
lanthanide catalysts and cationic group IV transition metal catalysts. Herein, generally two
different mechanisms can be distinguished, exhibiting either mono- or bimetallic polymerization
propagation. In terms of initiation, mono- and bimetallic systems behave very similar to each
other while both exhibit a distinct difference compared to the REM-GTP catalysts.”'° The main
class of monomers for this class of catalysts are methacrylates and acrylamides. 10126366

As initially reported by Collins and Ward, MMA is readily polymerized with the bimetallic
catalyst system [Cp2ZrMe(thf)]* [BPh4]/Cp2ZrMe..*? Again, first an initiation step has to take
place before the polymerization itself can be performed. As in the case of REM-GTP, a ligand
exchange from THF to a coordinated MMA unit takes place at the cationic [Cp2ZrMe(thf)]*
center. Subsequently, the methyl group attacks the B-carbon of the coordinated MMA in a 6-
electron nucleophilic transfer similar to the initiation in REM-GTP (Scheme 7, left initiation
pathway).1%192 However, the initiation by methyl groups is very slow, influencing the
polymerization negatively.5366.102193 Addressing this issue, a new class of initiators has been
developed using ester enolates covalently attached to the metallocene, severely increasing
the initiator efficiency.64192104105 Chen et al. further developed this principle presenting
zirconocene ester and amide enolate complexes like [rac-(EBI)ZrMe(OC(O'Pr)=CMe;)] or [rac-
(EBDZrMe(OC(NMe2)=CMe,)] (EBI = ethylenebis(indenyl)) exhibiting remarkable stability
upon activation.t¢9710 These neutral ansa-zirconocenes were not able to initiate the
polymerization of MMA or DMAA themselves due to a strong Zr—Me interaction. Activation with
bulky aluminum or boron Lewis acids like B(CsFs)s (BCF) generates a cationic zirconium active
center with a very loosely coordinating anions, allowing the first monomer unit to be
coordinated. Subsequently, the initiating ester/amide enolate moiety acts as nucleophile and
undergoes an 8-electron nucleophilic transfer similar to the REM-GTP initiation, starting the
polymerization (Scheme 7, right initiation pathway).1263697 This gave access to catalysts with
nearly quantitative initiation efficiencies, severely improving this class of catalysts. As reason
for this behavior, the structural similarity of the initiator and hence the similarity of the initiation

step to the propagation step is assumed.10:63.103

When looking at the propagation of this class of metal catalysts, again a difference has to be
made between the monometallic and the bimetallic systems. The initial two-component system
reported by Collins and Ward follows a bimetallic propagation pathway, in which one
metallocene is responsible for coordinating and activating the monomer, while the other
complex stabilizes the active enolate chain-end. Then an intermolecular 1,4-Michael addition
between the two species takes place, leading to chain elongation and recapture of another
monomer unit (Scheme 7, left propagation cycle). In this case, the propagation Michael-
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addition is the rate-determining step.1%12102105 Contrary, kinetic investigations on the
ansa-metallocenes introduced by Chen et al. revealed a first-order dependency on the catalyst
concentration, indicating a monometallic propagation of the polymerization. In fact, in these
systems the propagation again follows a Yasuda-type mechanism with an 8-membered ring
metalacyclic intermediate, which is also the resting state of this polymerization (Scheme 7,
right propagation cycle).53%697 Using these catalysts, narrow polydispersities have been
achieved while retaining a highly living character. Block copolymers of methacrylates and
acrylamides are accessible, however with the same addition sequence limitation as in REM-
GTP. Additionally, high degrees of tacticity could be induced to methacrylates and acrylamides,

based on enantiomorphic site control by the catalysts employed.10:63-65.97.106
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Scheme 7: Initiation and propagation of MMA polymerization by two-component zirconocene catalyst
systems as introduced by Collins and Ward (left) and initiation and Yasuda-type propagation of DMAA

polymerization by monometallic ansa-zirconocenes as proposed by Chen et al. (right).7+10:12,63,66,97,98,102
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2.1.3.3. Lewis Pair mediated group-transfer polymerization

To use Lewis Pairs for the polymerization of Michael monomers, the amphiphilic character of
the monomers is exploited. The carbonyl function itself is a Lewis basic site and has the ability
to form adducts with Lewis acids, activating the carbonyl function and thus the monomer. The
conjugated vinyl function is Lewis acidic and can react with Lewis bases to form adducts
(Scheme 8). By exploiting this reactivity, the (co)polymerization of various Michael monomers
like different (meth) acrylates and acrylamides has been successfully addressed. Additionally,
also vinylphosphonates or N-acceptor containing monomers like IPOx or 2VP, the extended
1,6-acceptor system 4-vinylpyridine, as well as cyclic monomers like methylene butyrolactones

or indenone could be polymerized by appropriate catalyst choice.!31530.38:45.50,57.59

Lewis basic
_ site
O (0] H,C O —
>_< LB >\ /< >\ /<
6] o] (6]
/ / /

amphiphilic Michael monomer

¥
LB—

Scheme 8: Amphiphilic character of Michael-type monomers like MMA and reactivity towards Lewis

acids and Lewis bases to form the respective LA/LB adducts.4

By exploiting this reactivity, the monomer can be activated by the LA, increasing its reactivity
and susceptibitliy towards nucleophilic attacks. Then the LB attacks the first monomer in a
conjugate addition, forming the active chain-end stabilized by the LA with the LB covalently
bound to the monomer (Scheme 9, top pathway). For the case of monomers substituted with
protons in a-positions like DEVP or MA, an additional initiation pathway is accessible, in which
the LB deprotonates the a -position, forming an allylenic monomer unit stabilized by the LA
(Scheme 9, bottom pathway). In the case of the conjugate addition, the polymer is terminated

by the LB, while for the deprotonation, olefinic chain-ends are generated.#154557

conjugate addition initiation
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Scheme 9: Initiation of the Lewis Pair mediated GTP of different a-H-substituted Michael-type
monomers (X = O, NR; R= OR, NRz, PO(OR)2, CHR) via conjugate addition pathway (top) or

deprotonation pathway (bottom).14.15.38,59
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Usually, Lewis Pair polymerizations are performed with one equivalent of LB and two
equivalents of LA, which is originating from the dual functionality of the LA. It is capable of
stabilizing the reactive enolate chain-end and is simultaneously responsible for activating the
monomer (Scheme 10, 1), which is inactive on itself. With respect to this reactivity, the applied
LA are usually electrophilic compounds with a single coordination site, which becomes
saturated upon stabilization of the chain-end anion. Based on this behavior, one LA molecule
is responsible for stabilizing the polymer chain while the other LA molecule activates a
monomer simultaneously. The propagation proceeds then via a bimolecular reaction of the
polymer chain with the activated monomer (Scheme 10, Il), in which the LA-stabilized enolate
attacks the LA-activated monomer nucleophilic in a conjugate addition (Scheme 10, Ill). This
reaction is the rate-determining step (r.d.s.) of the LPP, leading to the same stabilized enolate-
chain end and the second LA coordinating to the carbonyl function of the polymer chain
(Scheme 10, IV). In a last step, the active chain releases the coordinating LA, which

coordinates the next monomer unit, repeating the propagation cycle.43857
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Scheme 10: Catalytic propagation of a Lewis Pair Polymerization of Michael-type monomers catalyzed
by Lewis acids and initiated by Lewis bases.14:3850

Kinetically, the LPP of Michael monomers usually is zero-order in the monomer and first-order
in the LA, leading to a linear conversion over time profile. This behavior is caused by the
inability of non-activated monomers to react with the chain end, respectively by the inability of
the stabilized chain-end to attack any other carbonyl function than the activated one. Generally,
LPP can be considered a highly tunable polymerization technique capable of polymerizing
Michael monomers with high control and precision with respect to polymer parameters like
chain-length, macrostructure, dispersity, reactivity, or monomer selectivity. Based on the
tremendous number of reports on this technique, a broad library of (commercially) available
Lewis acids and Lewis bases can be used for tailoring suited LPP systems for various

(functional) monomers. 45057
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2.2. Ring-opening polymerization
2.2.1. General remarks and monomer scope

For ring-opening polymerization (ROP) in general terms, a plethora of different monomer
classes can be employed, involving different mechanisms ranging from radical and ionic
polymerizations to catalytic methods like metathesis or coordinative-anionic mechanisms. The
scope of available monomers comprises many different monomer classes, with all of them
being cyclic as the name of ROP implies. This includes olefins, (thio) ethers, disulfides,
silicones, phosphoesters, phosphazenes, carbonates, anhydrides, carboxyanhydrides,
morpholines, amides, lactames or esters (lactones) and diesters (glycolides) as well as their
sulfur derivatives.01% Generally, three different pathways for the synthesis of polyesters are
possible, involving polycondensation of diacids and diols, ring-opening copolymerization of
cyclic anhydrides and epoxides or ring-opening polymerization of lactones.'%®

o
[Catalyst]
n 0 %O
ring-opening polymerization n
o
(substituted)

lactone
Scheme 11: Generalized reaction scheme for the ring-opening polymerization of lactones.
In terms of monomer scope and synthesis, application profile and advanced properties like
degradability or feedstock sourcing, (aliphatic) polyesters from (substituted) lactones and
glycolides remain one of the most interesting and well-researched classes of ROP monomers,
on which also this work will focus. In Figure 8 different examples for lactones available for ROP

are shown.107.109-112
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Figure 8: Examples for lactones available for polyester synthesis, grouped by ring size.110.112-117
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2.2.2. Terpenes in polyester synthesis

While a broad range of different lactones are known for the synthesis of polyesters, within
recent years aspects like degradability and sourcing of monomer feedstocks have gained
increasing attention. Especially with depletion of fossil fuels, the main source of monomer
feedstocks, the search for replacement feedstocks based on renewable materials has
intensified. Bio-based polymers can be produced from a variety of different sources, involving
natural acids, sugars, terpenes, terpenoids, lignin-based structures or other sources.!14118-124
When looking for new, biobased feedstocks to produce polymer materials, several aspects
have to be considered. Two major points which need to be addressed are the pricing of the
product, making it necessary to use feedstocks with high abundance and easy/cheap isolation
and work-up, and the competition with crop space.120:122125-128 Qne class of feedstock materials
capable of addressing these issues are the terpenes/terpenoids, as some of them show high
natural abundance and are sometimes even byproducts from large-scale industrial
applications. The major feedstocks interesting for the production of polymeric materials in this
context are limonene, with menthol and carvone as derived terpenoids, and turpentine oil,
mostly consisting of a-pinene, B-pinene and 3-carene.!'9114130.131 These molecules can be
transformed into polymers by a variety of different routes, e.g. by direct cationic or radical
polymerization to polyhydrocarbons!®?-135, epoxidation and ring-opening polymerization to

polyethers3® or epoxidation and copolymerization with CO> to polycarbonates. 3138

With respect to polyester synthesis, four different pathways can be used, transformation into
diols/diacids for AA/BB-type polycondensation with suiting comonomers'?413, transformation
into difunctional carboxylic acid alcohols for AB-type polycondensation'’, ring-opening
copolymerization of epoxides and anhydrides4'142 or oxidation and ring-extension via Baeyer-
Villiger oxidation to lactones for subsequent ROP.11%143 For the last approach, various
synthesis pathways to the respective lactones based on (-)-menthol, (-)-carvone, a-pinene or
B-pinene have been introduced.1?8:130.139143-145 The terpenoids menthol and carvone used as
starting material are biosynthetically produced from limonene as terpene intermediate and can
be isolated from mint or caraway seed, while the terpenes a-pinene and (-pinene are
commonly abundant in turpentine oil as the two major compounds, obtained as byproduct from
pulp production,114126.127.131.139.143 The transformation of these terpenes and terpenoids usually
involves reactions such as oxidations, hydrogenations and/or rearrangements prior to the

synthetic key step, the ring expansion by oxidative Baeyer-Villiger oxidation (Scheme

12) . 128,130,139,143-145
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Scheme 12: Lactones obtained from chemical transformation of limonene-based terpenoids (-)-menthol

or (-)-carvone and turpentine oil-based terpenes a-pinene and B-pinene.110.114.130,139,143-147

The key step for those transformations is the ring-extension of cyclic terpene-based ketones
via Baeyer-Villiger oxidation, yielding the desired lactones by an insertion of an additional
oxygen atom into the bond between carbonyl carbon and the adjacent carbon atom. In 1899
Baeyer and Villiger reported the conversion of ketones to esters with Caro’s acid, introducing
a nowadays widely used synthetic tool.24814° Qverall, the Baeyer-Villiger oxidation is a versatile
reaction capable of transforming ketones into esters, cyclic ketones into lactones,
benzaldehydes into phenols or carboxylic acids into anhydrides while simultaneously showing
high chemoselectivity.1*° The reaction proceeds via a peroxydester intermediate, the Criegee
intermediate (1), formed by nucleophilic attack of the peracid onto the carbonyl unit, followed
by a concerted migration step (Scheme 13A).1°1152 Within this concerted rearrangement (1),
the migrating group RM is in an antiperiplanar position to the peroxide O-O leaving group

(primary stereoelectronic effect) while simultaneously also standing antiperiplanar to the
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hydroxyl group lone pair (secondary stereoelectronic effect). This rearrangement is usually the
rate-determining step of the Baeyer-Villiger oxidation and plays a crucial role as for what
isomers are formed during the reaction.#%1%0 For most systems, the migration aptitude of the
migrating rest R can be predicted as following: tertiary alkyls > cyclohexyl > secondary alkyls

> benzyl > phenyl > primary alkyls > methyl (Scheme 13B).150153

A) Baeyer-Villiger mechanism
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O/_;/O\o)kx 7 KO/ o 0 0
X e e DI
O

Lo e T e
Criegee intermediate (1) rR™ TR

concerted rearrangement (Il)

OH

B) Migration aptitude

XO&*Q/*@XAMX

Scheme 13: Mechanism of the Baeyer-Villiger oxidation of ketones to esters via Criegee intermediate (1)
and concerted migration (ll) involving primary and secondary stereoelectronic effects (A) and migration

aptitude of the migrating rest in decreasing order (B).

This highly controlled behavior makes the Baeyer-Villiger oxidation an interesting method for
the synthesis of lactones from cyclic ketones as new monomers, especially in a context of
biobased feedstocks. For this transformation, a broad variety of oxidants is reported.
Commonly used systems are for example meta-chloro perbenzoic acid (mMCPBA), perfluoro
acetic acid, performic acid, monopermaleic acid, monoperphtalic acid, tert-butyl hydroperoxide
or hydrogen peroxide.’®1%® Aside from those, recent research also focuses on more
sustainable approaches, involving e.g. Oxones™*, enzymatic approaches'®>*¢ catalytic
systems with hydrogen peroxide (derivatives)®’ or even heterogeneous catalyst systems like
Sn-B/H2028 or SN-MCM-41/H,0,.1%°16 Qverall, this reaction is a powerful tool for the
synthesis of new monomers from biogenic resources with potentially green, sustainable

synthesis routes.

For the limonene-derived and turpentine oil-based feedstocks, a variety of different lactones
have successfully been synthesized and polymerized within the last years. The most well-
known example is (-)-menthide derived from Baeyer-Villiger oxidation of (-)-menthol with
MCPBA, introduced by Hillmyer et al. in 2005. Catalytic ROP of (-)-menthide yields an aliphatic
polyester with an iso-propyl and a methyl sidechain with molecular weights of up to 91 kg/mol
(P =1.1), ultimately leading to an amorphous material with low glass transition temperatures
of about -25 °C.*3 Additionally, degradable poly((-)-menthide) has been investigated in much

more detail as comonomer for block copolymerizations targeting advanced polymeric materials
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like nucleation agents, elastomers, polyurethanes or thermoplastic elastomers,8145161-165
Anionic ROP of regioisomeric carvomenthide yields structurally very similar polyesters with
molecular weights of up to 62 kg/mol (b = 1.16) and again low glass transition points of -20 °C.
Contrary, if the double bond of the iso-propenyl function from the (-)-carvone feedstock is
preserved during the synthesis by omitting the intermediate hydrogenation step, the ROP of
the derived lactone dihydrocarvide yields lower molecular weights with broader dispersity
under the same conditions, exhibiting the same glass transition of about -20 °C.144162 Yet,
poly(dihydrocarvide) features a reactive iso-propenyl sidechain available for post-
polymerization functionalization, making it an interesting candidate for advanced polymer
materials like hydrogels.?1%1 |n a contrary approach, the already epoxidized dihydrocarvide
oxide monomer can be used for statistical ring opening copolymerization with CL to yield cross-
linked polyesters directly from the polymerization.’’ Switching to turpentine oil-based
feedstocks, Jones et al. introduced a multi-step synthesis pathway to transform B-pinene to
4-iso-propylcaprolactone, ultimately producing an aliphatic polyester with moderate molecular
weight (M, up to 23 kg/mol with £ = 1.34) and a very low glass transition temperature of -
50 °C.*% Utilizing a-pinene, Syrén et al. introduced a transformation yielding (-)-cis-verbanone
lactone, which upon ROP gives a semicrystalline polymer material with a glass transition
temperature of 47 °C and a melting point at 158 °C even at low molecular weights
(M, = 7.3 kg/mol, B = 1.1), showcasing the high potential of biobased monomers in aliphatic

polyester synthesis (Scheme 14).110.128.139
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Scheme 14: Polymerization of terpene-based lactones to aliphatic polyesters with their respective glass

transition temperatures Tg and melting points Tm,110.114,130,139,143-147
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2.2.3. Catalysts for ring-opening polymerization

While there are many different methods of polymerizing lactones, including cationic or anionic
pathways, they mostly suffer from uncontrolled side reactions (vide infra), broadening the
polymers polydispersity and hindering efficient, steerable polyester synthesis. This led to the
emergence of a variety of different (organo)catalysts for the ring-opening polymerization of
lactones, offering unique advantages like narrow polydispersity, molecular mass control,
introduction of stereoregularity, suppression of side reaction, fast reaction kinetics, targeted
synthesis of various polymer architectures or synthesis of (multi)block copolymers by exploiting

the living-type polymerization propagation,08111.116.167-170

In the field of metal-catalyzed ROP, pioneering work by Teyssié et al. achieving living-type
anionic coordination-insertion polymerization of ¢-caprolactone (CL), B-propiolactone (BPL)
and &-valerolactone (6VL) with soluble, bimetallic Alz/Zn(ll) and Al,/Co(ll) p-oxo alkoxides,
being one of the first examples of catalytic ROP (Scheme 15). For this system, high reaction
rates with suppression of side reactions like termination or transfer could be observed,

featuring a linear dependency of molecular weight with conversion due to a living character.'’*

bimetallic y-oxo alkoxides ’

BP" <://< /L A2 A %Jf P.L/\A} (RoTM2~0"M~0M2tor)

PBPL
M, = Cr(ll), Mn(ll), Fe(ll), Co(ll), Zn(I1), Mo(ll)

n
40 °C, (CH,Cl,), [Cat]:[M] = 1:140 PsVL ’ ’ ’ ’ ’
<:j( SVL 2Clp), [Cat]:[M] = M, = Al(IIT), Ti(IV)
OR = n-, sec-, tert-alkoxides; x = 2 (Al), 3 (Ti)

CL

g
: o

Scheme 15: Ring-opening polymerization of different lactones with bimetallic p-oxo alkoxides as
reported by Teyssié et al. in 1977.171

Since then, a multitude of different metal catalysts have been introduced. As for the GTP of
Michael-type monomers, an important class of catalyst involving rare-earth metals has been
developed, featuring various different elements like yttrium, lutetium, samarium, neodymium,
cerium, and many others. Different types of rare-earth metal-based catalysts have emerged,
varying from alkoxide-clusters to metallocenes or complexes with multidentate ligands like
bis(phenolate)s or salenes. In the 1990s, work by McLain and Drysdale, Hubert-Pfalzgraf et al.
or Feijen et al. expanded the scope of catalysts with the use of lanthanide iso-propoxide oxo-
alkoxide clusters like Lns(u-O)(O'Pr)s (Ln = Y, Er, La, Sm, Yb, Dm, Dy).9172-176 Those systems
have been extended to the use of more simple lanthanide systems, obtained by reacting
precursor complexes like Ln(N(SiMes)2)s (Ln=Y, Nd) or lanthanide tris(2,6-di-tert-
butylphenolate)s (Ln=Y, La) in-situ with alcohols.%17"~180 Switching to metallocene
complexes, both di- and trivalent complexes of various rare-earth metals can be used for the
ROP of a variety of lactones. Herein, various complexes based on samarium and yttrium
reported by Yasuda et al. like Cp*,SmMe(thf), [Cp*.SmH],, Cp*SMOEt(OEt,), [Cp*YOMe]. or

-27-



Polymerization techniques for functional materials

Cp*.YOMe(thf) were used for the polymerization of lactones like CL, 8VL or BPL.22181.182
Another important class of ROP catalysts make up the bis(phenolate) complexes as introduced
by Carpentier et al. in 2007. Those catalysts show high activities, allow for immortal ring-
opening polymerization (vide infra) and are capable of introducing stereoinformation to
demanding monomers like lactide or B-butyrolactone (BBL).1#-18 While those complexes
mentioned certainly play an important role in the ROP of different lactones, the rare-earth metal
complex are by no means limited to the ligands presented. Within the last 30 years, a multitude
of different systems have been introduced, including different ligands like salenes, salans,
guanidinates, oxazolylphenolates, diamine-diamines and many other, even including
supported systems. An overview of different rare-earth metal based ROP catalysts is shown

in Figure 9.111,167,186—194
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Figure 9: Overview of different rare-earth metal compounds active as ring-opening polymerization
Catalysts.96,172—176,182,183,194

Changing the central metal type from rare-earth elements to transition elements, especially
complexes with chromium, zirconium or zinc have shown interesting properties for ROP
catalysts. While there are some reports on complexes based on chromium, like the Cr(lll)
salophen complex introduced by Rieger et al. in 2008,1%1% zirconium based systems like
[Cp2ZrMe]*[B(CsFs)4] (Mukaiyama et al.)'®” or (ansa)-metallocene bis(ester enolate)s (Chen et
al.)’®® and many other active metals!®®, the most commonly found transition metal in ROP
catalysis is certainly zinc. Here, the pioneering work on zinc B-diiminates (BID) catalysts by
Coates et al. starting in 1999 followed by various complexes from Hillmyer, Tolman and
coworkers make up one of the most important classes of catalysts for the synthesis of aliphatic
polyesters. Those show unprecedented activity in the ROP of various lactones such as lactide,

BBL, CL or B-valerolactone. Some of these catalysts are exemplarily shown in Figure 10.2°°-
205
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Figure 10: Various transition metal-based ring-opening polymerization catalysts.195.197,198,200-204

Besides rare-earth elements and transition metals, various different main group element
complexes have successfully been introduced to ROP, mainly focusing on elements like
indium, aluminum, or tin. The most archetype catalysts in this context are aluminum based
alkoxide systems AI(OR); or the widely applied tin(ll) 2-ethylhexanoate catalyst SnOct,, which
are still used, even on industrial scale.'!'168206 Yet also more well-defined metal catalysts are
applied, with a strong focus on aluminum and indium based complexes with a variety of
different ligands.?°’-21 A broad range of different aluminum based salen catalysts have been
reported for example by Spassky, Gibson or Feijen, starting in the early 2000s. Salen and
salan-type ligands are amine- or imine-bridged phenolates, sharing a tetradentate ONNO
coordination motif. Those offer a broad range of substitution points, with different substituents
being introduced into the ortho- and para-position of the phenolates, the use of various different
bridging backbones, and, for the case of salans, additional substituents on the nitrogen atoms.
This makes this class of catalyst high adaptable, leading to the design of very well-adjusted
catalysts.208212-218 yet various different ligands with varying bonding motifs have been
explored, involving for example bidentate phenoxyimines, tridentate Schiff-bases, tetradentate
bis(pyrrolidine) and many others.2%8210211.219 \Wjijthin recent years, also the use of indium as
catalytically active metal has gained increased attention, as it is considered more active and
functional-group tolerant than aluminum catalysts. An entry point to these complexes marks
the work by Mehrkhodavandi et al., reporting the highly active and controlled polymerization of
lactide and BBL catalyzed by dinuclear indium complexes.16220-222. A selection of different

main-group metal based catalysts is exemplarily given in Figure 11.
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Figure 11: Selected examples for main-group element based ring-opening polymerization

CatalyStS. 111,168,208,211-213,216,219,221,223

While these complexes shown certainly mark important examples for ROP, there is almost no
limitation in the scope of these catalysts. Aside from organometallic complexes comprising a
broad variety of different active metals, also organo-catalyzed ROP, for example with urea
derivatives, has gained increasing attention. Generally, when ROP of lactones is performed
using (organometallic) catalysts, several different advantages can be exploited. Most
importantly, these catalysts are capable of introducing stereocontrol to the polymerization and
exhibit a living-type character with suppression of most side reactions like transesterification
or chain termination. This allows the synthesis of polyesters with steerable molecular weights
and narrow distributions. Additionally, those catalysts possess a high degree of tunability,
making them adjustable to the monomer by means of ligand, central metal, and initiator choice.

Dependent on the systems used, there exist some mechanistical differences.%1:169.199.224-234
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2.2.4. Mechanistic aspects

Generally, two different experimental approaches for lactone ROP can be employed
dependent on the catalyst system used. The classic ROP observed for a multitude of different
metal complexes uses catalysts which act as both initiator of the polymerization and stabilizing
agent of the propagating chain. The main requirement for such metal complexes is that they
carry a nucleophilic group capable of acting as initiator. For this mechanism, the ratio of
catalyst/initiator to monomer determines the number of chains started and thus the chain
length (Scheme 16A). This type of polymerization is to be performed under exclusion of protic
impurities or nucleophiles, as they quench the reactivity of the catalyst or the active chain,
which is the main drawback of this method. The second approach, the so-called immortal ring-
opening polymerization (iROP) as introduced by Inoue et al., utilizes the addition of an excess
of external nucleophiles with respect to the metal, acting as chain-transfer agents (CTA).
These react with the catalyst to form the active species, acting as initiators of the reaction,
while the catalyst molecule is only responsible for stabilizing the propagating species,
exhibiting true catalytic activity. The number of chains started is thus independent from the

number of catalyst molecules but is determined by the ratio of monomer to CTA (Scheme
168).91‘169’224_230

A) classic living ROP

o = monomer (lactone)

= catalyst/initiator

= chain-transfer agent (CTA),

e.g. alcohols
o%&o 333333333330
£ O — (GI333IIAAIA
g) QEE333I33I
%

Scheme 16: Differentiation between classic living ROP of lactones with a bifunctional catalyst/initiator
molecule (A) and catalytic immortal ROP with catalyst/chain-transfer agent systems (B), adapted from
Carpentier et al.?24

The iROP of lactones with alcohols as nucleophiles exhibits a certain kinetic behavior as

underlying reason for the catalytic activity of the metal complexes. For the classic ROP, the

catalyst-bound nucleophile initiates the polymerization by nucleophilic attack of the first

monomer unit. Contrary, for iROP a pre-activation is performed, where the catalyst is reacted

with an excess of nucleophile, e.g. alcohol, to form the active metal alcoholate (Scheme 17,

reaction I). As for ROP, in iROP the polymerization is initiated by nucleophilic attack on the
-31 -



Polymerization techniques for functional materials

first monomer, yet this time the alcoholate starts the reaction. Afterwards, the lactone is opened
and forms a new alcoholate coordinated to the catalyst, propagating the polymerization. For
both ROP and iROP, the rate constant of initiation k; should exceed the rate constant of the
propagation Ky in order to maintain a narrow polydispersity and to avoid initiation delays
(Scheme 17, reaction 11). Exclusively for iROP, an exchange reaction of the active site can
occur, in which the stabilized chain end alcoholate exchanges with either another CTA or a
hydroxyl terminated polymer chain. Herein, the active chain becomes the dormant, a-hydroxyl-
w-carboxylate terminated species while either the CTA starts a new chain or a formerly
dormant chain switches back into the active state (Scheme 17, reaction Ill). In terms of kinetics,
the rate constant of the transfer ky must exceed the reaction rate of the propagation Ky in order
to maintain control over the polymerization process. This exchange or transfer reaction is

responsible for the behavior observed for the CTA and the catalyst.?24225235236

1) formation of active species

L,M— + ROH —— L,M—OR
- NuH

1l) initiation & propagation
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B +
n (0] K >> kpr LM 51

1ll) exchange/transfer of active site

o} OR Ky o OR L,M—
LM + — +
ol, ~Pol- kir >> Kp; ol LM—

Scheme 17: Kinetics of the immortal ring-opening polymerization of lactones with metal catalysts
(LnM—Nu) and alcohols as chain-transfer agents.?24.236

Mechanistically, the propagation of ROP and iROP of lactones behave very similarly. Usually,
this type of catalysis proceeds via the coordination-insertion mechanism (CIM) of electrophilic,
Lewis acidic metal complexes bearing g-bonded, nucleophilic ligand groups capable of acting
as initiators, like alkoxides. The propagation cycle starts with a coordination of the catalyst to
the carbonyl moiety of the monomer to the Lewis acid metal center. Then the monomer inserts
into the metal-alkoxy bond by nucleophilic attack of the alkoxide on the carbonyl carbon atom,
followed by ring opening of the monomer by acyl-oxygen cleavage (vide infra). This cleavage
leads to an ester-terminated metal alkoxide complex, reforming the active, nucleophilic species
and allowing propagation to the next monomer unit (Scheme 18A). When comparing ROP and
IROP, no difference in the propagation step itself can be seen, but in the initiation. In classic
ROP, the first monomer unit has to insert into the metal-nucleophile bond of the o-bonded
initiator, while for iROP, in-situ metal alkoxides are formed with the CTAs added. Also, in

classic ROP, the resting state metal-polymer-alkoxide species cannot interchange with other
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chains, while in iROP, rapid chain-exchange reactions take place (vide supra).?24229237 A
special case can be observed for Lewis acidic metal salt catalyzed iROP reactions, like for
example triflate salt alcohol systems M™(F;CSO3)/ROH. Herein, the activated monomer
mechanism (AMM) takes place, in which the metal salt activates the monomer by coordination
of the carbonyl moiety, making it more susceptible to nucleophilic attacks. Now the alcohol as
external nucleophile attacks the carbonyl carbon, leading to ring-opening of the lactone and
formation of a new a-hydroxy-w-carboxyl species, which can again act as nucleophile for
subsequent propagation. This species is still coordinated with the Lewis acid, which upon
reaction with another monomer unit is transferred onto the monomer, activating the next unit
(Scheme 18B). The main difference between AMM and CIM s, that in AMM the
catalyst/initiator system is a true two-component system, while for CIM, the catalyst acts as

one-component catalyst-initiator tandem system,175:224.238,239

A) Coordination-insertion mechanism (CIM) B) Activated monomer mechanism (AMM)
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Scheme 18: Propagation cycle of lactone ROP for the coordination-insertion mechanism (A) or the

activated monomer mechanism (B).111:170,224,238

Generally, in anionic and coordinative-anionic polymerization of lactones, and especially for
B-substituted lactones like the widely investigated B-butyrolactone, two different ring-opening
mechanism exist. For strong nucleophiles, an acyl-oxygen cleavage between the carbonyl
carbon and the ring oxygen takes place, accompanied by a retention of stereoconformation,
generating alcoholate chain-ends (Scheme 19, pathway I). Contrary, weak nucleophiles open
the lactones via alkyl-oxygen cleavage of the (-carbon atom and the ring oxygen, leading to
stereoconformation inversion and carboxylate chain-ends (Scheme 19, pathway II). This
behavior is an important influencing factor when considering stereocontrol of the polymers
prepared, often addressed by introducing elaborate metal complexes for ROP

catalysis.167.168.224
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Scheme 19: Ring-opening of B-substituted lactones via nucleophilic attack and acyl-oxygen cleavage
to a metal-alcoholate with stereoconformation retention (I) or alkyl-oxygen cleavage to a metal-

carboxylate with stereoconformation inversion (ll).167

Due to coordination and stabilization of the chain-ends by the metal catalyst, side reactions in
catalyzed ROP are largely suppressed. The main side-reaction type observed in ROP is
transesterification, as the active chain is not only capable of attacking the next lactone but can
also react with every other ester unit present in the polymer chain. This can happen either
between chains (intermolecular backbiting), or within the active chain (intramolecular
backbiting or end-to-end cyclization), leading to a broadening of the polydispersity and/or
cyclization of the polymer (Scheme 20). For B-lactones, also hydrogen transfer reactions or

transfer of the active chain onto the monomer are known as side reactions.67:168.240
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Scheme 20: Transesterification side reactions via intermolecular backbiting (1), intramolecular

backbiting (1) or end-to-end cyclization (lll), Nu = nucleophilic initiator.?4
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2.2.5 Copolymerization of GTP and ROP

To gain access to more functional polymer materials, the (block) copolymerization of
monomers from different monomer classes with distinct chemical characteristics remains an
interesting method. In the context of group-transfer and ring-opening polymerization, this
combination remains a highly challenging task. So far, the scope of Michael-type monomers
comprises only MMA (derivatives) in combination with some lactones like CL, BPL, dVL or
lactide.?2241 While there are some examples involving combinations of ROP and radical
methods like atom-transfer radical polymerization (ATRP) or reversible-addition-fragmentation
chain-transfer polymerization (RAFT) using polymer postfunctionalization steps or bifunctional

initiators (Figure 12), there are only few examples of true catalytic, one-pot approaches.?42-24°

Figure 12: Different examples for bifunctional initiators used in ROP/RAFT and ROP/ATRP approaches

towards block copolymers from Michael-type monomers and lactones.243:245.246,248,249

The first reported example of a catalytic copolymerization of GTP and ROP has been reported
by Yasuda et al. in 1995, copolymerizing MMA with BPL, dVL, or CL sequentially, using
Cp*:LnMe(thf) as catalyst. The copolymers prepared exhibited molecular weights in the range
of 23 — 42 kg/mol with narrow polydispersity of 1.11 — 1.32 , matching in their observed
molecular composition with the used feed ratio of MMA:lactone = 50:50 (Scheme 21).%¢
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Scheme 21: Copolymerization of MMA and BPL, dVL or CL with Cp*.LnMe(thf) as reported by Yasuda
etal. in 1995.2

They found that block copolymerization is only possible when the Michael-type monomer is
added first, followed by the lactone, as no MMA polymerization was observed for reversed-
order addition of the monomers. This indicates that the coordination strength of the monomers,
similar as for pure GTP block copolymers (vide supra) plays a role for this copolymerization as
well. However, little characterization of the obtained materials has been performed.?® Similar

polymers were prepared by Chiellini, Solaro and Cantoni in 1995 — 1997, who reported the
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copolymerization of MMA with CL, &VL, yVL, and BBL with bis(diethyl aluminum) sulfate
(DEAS) or tri-iso-butyl-aluminum (TIBA) as catalysts, obtaining semi-degradable thermoplastic
block copolymers and mixtures of two homopolymers. Yet, the presented systems showed
severe limitations in terms of monomer conversion (X = 4-79%), adjustability of composition
by feedstock and polydispersity of the obtained materials (P = 1.5-12.9), showcasing the
challenges faced for this type of monomer class combination (Scheme 22).25025

g [ PR
n j\/ W M,, = 21 - 277 kg/mol
fo) 0 ring-opening polymerization Pb=15-129
\

varying conversions
non-matching feed/composition

Scheme 22: Copolymerization of MMA with BBL, yVL, 6VL or CL using TIBA, or DEAS as reported by
Chiellini, Solaro and Cantoni in 1995 — 1997.250.251

Another attempt has been made by Hadijichristidis et al. in 2007, copolymerizing MMA with CL
or dVL using Cp2ZrMe.,/B(CsFs)s as catalyst system (Scheme 23).252 In their experiments, they
obtained the block copolymers of MMA with CL and &VL with high molecular weights
(Mw = 280 — 300 kg/mol) and narrow polydispersity (D = 1.21 — 1.29), yet again the feed ratio
of MMA:lactone of 1:1 differed from the obtained molecular composition of the copolymers,
which were in the range of 4.2 — 4.7:1. In accordance with the experiments by Yasuda et al., it
was found that the addition sequence again plays a crucial role in whether MMA is polymerized
or not. For the first time, they proposed a mechanism of the active MMA chain acting as ester
enolate, initiating the ROP by ring-opening of the first lactone unit in a mono- or bimetallic
mechanism. Additionally, thermal analysis of the polymers showed a depression of the melting
point of the polyester block with little to no influence on the glass transition point of PMMA,
proofing successful block copolymerization and indicating microphase separation of the block

copolymers.?2252
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Scheme 23: Copolymerization of MMA and &VL or CL using Cpz2ZrMe2/B(CsFs)s as reported by
Hadjichristidis et al. in 2007.252

A similar approach was utilized by Li et al. in 2022, copolymerizing MMA and lactide using the
organocatalytic system benzyl alcohol with the phosphazene base 'BuP, and di-iso-propyl

thiourea (Scheme 24). Rapid consumption of both monomers (usually within an hour) with high
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conversions (X =74-99%) was observed, yielding block copolymers with narrow
polydispersity (D < 1.66) and molecular weights in the range of 15 — 35 kg/mol. In terms of
monomer addition sequence, they again observed no conversion of MMA for sequential
polymerization of lactone followed by MMA and full polymerization of both monomers for the
reversed addition order MMA-lactone and their polymers behaved similar in terms of thermal

transitions.2%3
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Scheme 24: Copolymerization of MMA with rac-lactide or CL using the organocatalytic system benzyl

alcohol, ‘BuP4, di-iso-propyl thiourea as reported by Li et al. in 2022.253

The last remarkable study on the copolymerization of Michael-type monomers and lactones
has been published by Mehrkhodavani et al. in 2020, who introduced a neutral indium complex
capable of sequentially copolymerizing MMA with either CL or rac-lactide regardless of
monomer addition order (Scheme 25). Their copolymers from MMA and rac-lactide exhibited
molecular weights from 110 — 140 kg/mol with narrow dispersity (D = 1.46 — 1.95) and their
copolymers from MMA with CL showed molecular weights of about 60 kg/mol (P = 1.50 — 1.60),
regardless of addition order, with the conversion of MMA ranging between 53 — 87% and high
conversion of the lactone (X > 95%). Dependent on addition order, they proposed two transfer
mechanisms of the active MMA chain for subsequent ROP and of the active PLA chain with
subsequent GTP vice versa, following a coordination-insertion mechanism in the lactone ROP
and a Michael addition polymerization in the GTP polymerization with no further specification

on the exact mechanistic details.?**

ring-opening iolymerization ! My = 60 - 140 kg/mol
sequential addition D=146-1.95
both orders possible matching feed/composition

no addition sequence dependence

Scheme 25: Copolymerization of MMA with rac-lactide or CL using a neutral indium complex in a

one-pot approach allowing both addition orders as reported by Mehrkhodavandi et al. in 2020.24!
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All those examples highlight the interest in obtaining block copolymers comprising a block of
Michael-type monomers linked to aliphatic polyester chains. Yet so far, only little is known
regarding variation of the Michael-type monomer, or the material properties of the block
copolymers obtained. Yet, this combination of different monomer class would offer access to
a variety of different, functional materials. Polyesters based on ROP could be incorporated in
such systems utilizing their main chain cleavability and biocompatibility, while polymers from
Michael-type monomers show a high degree of tunability in terms of their functional sidechains
and inherently possess interesting properties such as pH- or temperature responsiveness.
Combining these polymer types into (multi-) block copolymers might generate a highly versatile
class of polymer materials comprising the unique properties of the respective homopolymers.
Such materials could for example be used in different biomedical applications like drug-delivery,
exploiting their responsive behavior to external stimuli. The overall scope of applicable
monomers for both the GTP- as well as the ROP block is much broader than currently covered
in literature, including interesting monomer (classes) like (substituted) vinylphosphonates or
vinylpyridines, biobased lactones and many more. In the following chapter, some of the
polymer response behaviors are explained in more detail to highlight the functionality of such

polymers and their potential scope of applications.
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2.3. Functional precision polymers in applications
2.3.1. Responsive polymers

With advanced monomers being introduced to polymer science, so-called “smart” polymers,
possessing responsiveness to external stimuli like pH, temperature, specific molecules,
irradiation, ionic strength, light, electric or magnetic field or heat compose a new class of highly
interesting materials. This responsiveness allows for dynamic modulation of the polymer
behavior based on its surrounding, making them interesting materials for use in application
fields like drug delivery, cell culture technologies, separation, sensors or actuators. Such
polymers can be responsive to one stimulus or multiple stimuli, or different monomers with

various responses can be connected in (block) copolymers,42:44.254.255

One such response is the change of behavior towards heat/cold by temperature-responsive
polymers as exhibited by poly(N-iso-propylacrylamide). Such polymers can be described best
using the terms lower critical solution temperature (LCST) and upper critical solution
temperature (UCST) based on their phase behavior. When mixing the polymer with a suitable
solvent, mostly water, intermolecular interactions between hydrophilic parts of the polymer with
the solvent molecules like hydrogen bonding allow for the formation of a homogeneous, single-
phase system, in which the polymer is dissolved as random coil. Upon heating, the solvent
molecules show increasing mobility, exposing the hydrophobic parts of the polymer, leading to
an increase in intramolecular hydrophobic interactions. If the LCST is surpassed, those
hydrophobic interactions lead to a collapse of the random coils to globule and agglomeration

and thus, demixing into a two-phase system of non-dissolved polymer and the solvent (Figure
13)_33,254,256,257

two phases
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dissolved H
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ucsT ho i H
A r»@

intermolecular
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Temperature
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Xa=0 Composition Xa=1
Figure 13: Phase diagram of a polymer-solvent mixture with TLcst > Tucst and schematic representation
of the hydrophobic interactions within the collapsed globule in the two-phase regime and the hydrophilic

interactions of the random coils with solvent molecules in the one-phase regime.254.257
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The reverse effect is exhibited when the UCST is surpassed upon further heating. Important
characteristics of the LCST effect are reversibility, with or without resolution hysteresis, and
the entropic nature of the effect. For the determination and characterization of this effect, cloud
point determination by turbidity measurements as well as dynamic scanning calorimetry can
be used.33254.2% While there is a wide variety of thermoresponsive polymers, especially those
with a response within a physiological range make interesting candidates for advanced
polymer applications in a biomedical context. Some common examples of thermoresponsive
polymers are for example poly((vinyl methyl ether), poly((vinyl methyl ether)-co-(vinyl acetate)),
poly(N-vinyl caprolactam), poly(ethylene oxide), poly(2-oxazoline), poly(propylene oxide) or
poly(2-dimethylamino)ethyl methacrylate).2542%

From the class of GTP polymers, the dialkyl vinylphosphonates possess a LCST within a
physiological range. Based on the length of the alkyl chain attached to the side-group of the
poly(vinylphosphonate), the hydrophobicity of the respective polymer is altered. Rieger et al.
performed a detailed characterization of the LCST behavior of these polymers in dependency
on the copolymer composition. For the pure PDEVP homopolymer with only ethyl sidechains
in water with a concentration of 1.0 wt%, an LCST of 42 °C without any precipitation/dissolution
hysteresis is measured via cloud point determination. By statistical copolymerization of DEVP
with the shorter-chain and thus more hydrophilic methyl derivative DMVP, the cloud point could
successfully be increased to a range of 56 °C — 92 °C, while incorporation of the more
hydrophobic, longer-chain n-propyl derivative DPVP resulted in an LCST depression down to
arange of 5 °C — 34 °C, depending on composition (Figure 14). This high tunability of the LCST
in a physiological relevant range makes the GTP-based poly(vinylphosphonates) interesting
polymers for biomedical applications.334244
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Figure 14: LCST determination via turbidity measurements of statistical copolymers of DPVP-stat-
DEVP (left) and DMVP-stat-DEVP (middle) and cloud point dependency on the percentage of DEVP
content (right), adapted from Rieger et al.33
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The second stimulus with broad application range is the responsiveness towards changes in
the pH value. Polymers are considered pH-responsive, if their solubility, hydrodynamic volume,
configuration, or conformation can be altered by means of changing the external pH-value of
the media.?*® pH-responsive polymers are considered polyelectrolytes which contain weak
acidic or basic groups within their main chain or sidechains, which are capable of reversibly
accepting or releasing protons depending on the pH of the medium. Based on the ionization
of these groups, the polymer reacts with changes of the formerly stated parameters. Different
functional groups like carboxylates, pyridines, sulfonic acids, phosphates, or amines are
commonly applied to synthesize polymers with variable pKa values over the range of 1 — 14,
Depending on their chemical structure, pH-responsive polymers can be divided into the two

sub-classes of acidic or basic polymers (Scheme 26).2°%:260

acidic polymers / polyanions

+H* +H*
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Scheme 26: Responsiveness of acidic and basic polyelectrolytes to a change in pH by reversible
protonation/deprotonation.251

The first sub-class are polymers with acidic pendent groups, forming so-called polyacids or
polyanions. These polymers are capable of accepting H* at low pH values (high H*
concentrations), forming neutral polymers and accordingly release H* at neutral or high pH
(low H* concentration), resulting in a negatively charged polymer. Some common polymers
studied in this context are poly(acrylic acid) or poly(methacrylic acid), poly(vinylphosphonic
acid), poly(4-styrenesulfonic acid) or poly(aspartic acid) and a multitude of their structural
derivatives (Figure 15, top).%%2%2 Contrary to those polymers, the second sub-class of pH-
responsive polymers comprises polybases or polycationic polymers which accept H® at low
pH-values and release them again under basic conditions. Such polymers use amines,
morpholine units, pyrrolidines, piperazines, pyridines or imidazoles as reactive groups for their
responsiveness. In this context, polymers like poly((2-dimethylamino)ethylmethacrylate),
poly(acryloyl-morpholine), (branched) poly(ethyleneimine), poly(N-vinylimidazole) or
poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine) (P4VP) have been reported (Figure 15,

bottom).259:262
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Acidic polymers / Polyanions
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Figure 15: Examples of acidic pH-responsive polymers (top) and basic pH-responsive polymers
(bottom).25°

Based on their high degree of tunability in terms of polymer structure, (block) copolymerization,
polymer morphology or pKa value, pH-responsive polymers are widely used with a focus on a
biomedical context, compromising material uses involving dendrimers, polymerosomes,
micelles, polymer-drug conjugates or hydrogels with adjustable properties.?6?2¢3 Some of those
polymers can be prepared by means of precision polymerization techniques like GTP as more
elaborate synthesis method compared to other polymerization techniques, leading to precisely

defined polymers with tunable molecular weights, morphologies and compositions.522.67

Very similar in terms of polymer responsiveness is the interaction of such polymers with metal
ions or metal complexes. Instead of protons, the pendent sidechains interact with the metal
ions or complexes in a specific way to form polymeric metal complexes or ionomers, again
resulting in a response of the polymer regarding its properties. Interactions between metal ions
or complexes and polymers result mainly from electrostatic forces or formation of coordinative
bonds, accompanied by weak interactions such as trapping. Those interactions are usually
described using coordination theories, yet there are some small differences when considering
macromolecules as ligands like total saturation of the metal ions ligand sphere, resulting in
high chemical and thermal stability of the polymer metal chelates. There can either occur
interactions of the metal ions with a single polymer chain — mono- or multidentate, or by
intramolecular interaction of the ions with multiple polymer chains. A further distinction is made
between polyelectrolytes and polychelatogenes. Polyelectrolytes, like the pH-responsive
polymers, possess charged groups along their chain which are ionizable, binding to their
respective counterions by electrostatic interaction, involving territorial binding, site binding and
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hydrophobic binding, leading to a non-specific bonding of the metal to the polymer chain. Such
interactions are of particular interest in applications like electrolyte membranes, ionomers,
shape-memory materials, or metal ion sensing. Contrary, polychelatogenes carry functional
groups along the polymer capable of forming coordinative bonds to the ions or complexes,
which can be found in a variety of applications like homogeneous catalysts, light-emitting
devices, sensors, or conductive polymers (Figure 16). Such interactions often lead to

increasing thermal and chemical stability.?%-273

A) Polyelectrolyte - metal interactions B) Polychelatogene - metal interactions
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Figure 16: Interactions between polyelectrolytes and metal ions via electrostatic interactions (A) and

interaction of polychelatogenes with metal complexes via coordinative bonding (B).264:267.274

Especially the polychelatogenes have attracted increasing attention within the last years, as
they combine the processability of the polymeric ligand with the reactivity of the interacting,
coordinatively bound complex. There is a variety of different ways of incorporating suitable
structures into polymer materials (Figure 17). The different approaches include attachment of
(multifunctional) end-groups (l), synthesis of (co)polymers with suiting sidechains (ll),
incorporation of the ligand motif into the main chain (lll) or formation of polymer chains by
ligand-metal interactions (IV). Additionally, the binding can again occur in a monodentate or
multidentate way, involving only one polymer chain or intramolecular interaction between
different polymer chains, dependent on the valency of the metal ions/complexes and the
ligands involved. By means of polymer synthesis, a broad variety of tuning points can be
addressed, allowing for targeted macroligand design. The preparation of such compound
materials can be performed via two different synthesis approaches. In the first approach,
polymers are synthesized via various methods carrying appropriate ligand motifs, for example
by initiation with suiting molecules or by polymerizing monomers with pending ligand structures.
After polymerization, these macroligands reacted with precursor complexes in a polymer-
analogous reaction to form the polymeric metal complexes. In the second approach, initiators
or monomers are prepared, to which the metal complexes are already linked coordinatively

prior to the polymerization. One class of materials of particular interest are bipyridine and
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terpyridine derived polymer metal complexes, which have been addressed in various

publications and reviews,268269.274-282

Synthesis of polymers with
functional sidechains (ll)

N
N A
7N\
N (¢]
70
L . : .
Attachment of functional N= 0— C1oHa4

end groups to polymers (I) N\ / Incorporation into polymer main chain (lll)

— z+

Polymer chain formation by metal-ligand interactions (IV)

Figure 17: Approaches for the synthesis of polymer-metal complexes via attachment of functional end-
groups (), synthesis of polymers with functional sidechains (ll), incorporation of functional units into

polymer main chains (lll) or formation of polymer chains via metal-ligand interactions (IV).268:269.276-279

Again, especially with focus on P2VP, P4VP, PDEVP and its derivatives, group-transfer
polymerization can provide a useful tool for the synthesis of (multi)responsive polymers,
combining the advantages of catalytic precision polymerization with targeted polymer design
for certain applications. Overall, group-transfer polymerization has shown to be an interesting

tool in this context.15:29.33,42,44,48,82
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2.3.2. Drug-delivery systems

By using (multi)responsive materials, polymers can be designed with specific reactivities
towards certain environmental parameters, allowing them to address certain tasks. One such
application is the use of (co)polymers for drug-delivery systems, targeting specific parts of the
body for drug administration. According to Kankane et al. controlled drug release can have a
variety of benefits. By means of drug-delivery, the concentration of the active substance can
be held constant over a longer period of time, avoiding fluctuation and thus side-effects, waste,
and frequent dosing. Overall, the release of the drug is more predictable and reproducible,
leading to an optimized therapy and better patient compliance. Additionally, the active
compound is protected by the polymers, overcoming problems like short half-life or drug
stability. Generally, there are five different release profiles desired in drug-delivery, which are

shown in Figure 18.168.283
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Figure 18: Five different controlled drug-release profiles |-V according to Kankane et al.?8

The most commonly encountered drug-delivery profiles are | and Il, showing either
conventional, non-constant release after a specific delay (1) or constant release (II). Profile IlI
shows the same constant compound concentration as profile 1l, but with a specific delay
between drug administration and drug release. Contrary, in profile 1V, the drug is released as
very tight pulse, again with a specific delay. Similarly, for profile V, multiple pulses with specific
periods between pulses is desired.?®® According to Khare et al., those specific release profiles
can be achieved by diffusion-controlled systems, with either reservoirs or matrices, by
chemically-controlled systems based on degradation or pendent sidechains, by solvent-
activated systems (osmosis or swelling) or by modulated release.?®3284 There is a variety of
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different polymeric systems, which can be used for drug-delivery applications, including
hydrogels, polymerosomes, polymer-drug conjugates, nanocapsules, nanoparticles
dendrimers or micelles, opening up a very broad application field for specifically designed
(co)polymers. There is a broad variety of different review articles regarding structure-property
relationships, response mechanisms or influencing parameters for polymer-based drug-

delivery applications.262:285-2%0

With respect to group-transfer polymerization-based polymers for drug delivery, the work by
Rieger et al. has successfully shown the huge potential of this technique for the synthesis of
multiresponsive drug carrier systems. By sequential copolymerization of 2-vinylpyridine with
diethyl vinylphosphonates and its methyl and propyl derivates using the monometallic yttrium
bis(phenolate) catalyst 6 and the bimetallic yttrium bis(phenolate) catalyst 7, they were able to
synthesize amphiphilic AB-, ABB’- and BAB-type block copolymers with hydrophobic P2VP
block covalently linked to hydrophilic poly(vinylphosphonates) blocks. Those precisely defined
copolymers are pH- and temperature responsive with a tunable LCST and a hydrodynamic
diameter Dy, of the micelles under aqueous conditions of < 100 nm, being in a physiologically

relevant size (Scheme 27).4244.168
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Scheme 27: Synthesis of amphiphilic, micelle-forming AB- and ABB’-type block copolymers by
sequential copolymerization of hydrophobic 2VP with hydrophilic dialkyl vinylphosphonates by
monometallic yttrium catalyst 6 and synthesis of a BAB-type copolymer from 2VP and DEVP with

bimetallic yttrium catalyst 7 .4244

Based on the response mechanism of the P2VP block towards pH and the temperature-
response of the PDEVP block, such copolymers are promising candidates for targeted drug
delivery. The pH-responsiveness can either be used for drug-delivery into cells, utilizing the

pH-gradient observed between the extracellular fluid (pH=7.35-7.45), endosomes
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(pH = 5.5 — 6.0) and lysosomal compartments (pH = 4.5 —5.0), with P2VP showing a response
in the corresponding region, or targeting cancer cells with their slightly lower overall pH value
of 5.7 — 6.8. Additionally, the temperature-responsiveness of the PDEVP blocks can be
exploited as well for a sustained drug release. The synthesized BAB-type block copolymers
PDEVP-b-P2VP-b-PDEVP have been investigated thoroughly regarding their fluoresceine
release behavior upon changes of pH and temperature, critical micellization concentration and

particle size via transmission-electron microscopy and dynamic light scattering (Figure
19)_44,291—293
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Figure 19: TEM image of a BAB micelle with Dn = 54 nm (A), cloud point determination by turbidity
measurements of AB- and ABB’-diblock copolymers (B), micelle size determination via dynamic light
scattering (Dn = 46 nm) (C) and fluoresceine release experiments of loaded BAB micelles (Dh = 88 nm)

towards pH 4.5 and a temperature of 44 °C (D). (Reprinted with permission from ref. [7]. Copyright 2017
John Wiley and Son)

Cytotoxicity assays of the micelles revealed a high biocompatibility and low toxicity of the
polymer material. Loading with the anticancer drug doxorubicin and its release into HelLa cells
has been investigated, revealing a prolonged release and good apoptosis induction activity,
making the presented polymers interesting candidates for targeted drug delivery.** Since then,
PDEVP based, functionalized (co)polymers have been used for different biomedical

applications involving polymer-drug conjugates, micelle-based drug-delivery or
nanoparticles.34'42'44'46'70'86'88'283'294'295
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While examples of GTP-based polymers remain sparsely throughout literature, aliphatic
polyesters from ROP have been used extensively in medical applications and drug-delivery.
One major advantage of these materials is their susceptibility towards degradation via random
hydrolytic scission along the polymer backbone by cleavage of the labile ester bonds. Some
of the most commonly applied polymers remain poly(lactic acid) (PLA), poly(glycolic acid)
(PGA), PCL, PHB as well as their copolymers and many other polyester (co)polymers,168:296.297
This degradation behavior makes aliphatic polyesters interesting candidates for drug-delivery
systems based on a compound release upon degradation of the polyester matrix. One major
advantage of this material class is their adjustability of their physical properties and
biodegradability by changing structure and composition of the repeating unit in terms of chain
flexibility, presence of polar groups, adjustment of molecular mass, crystallinity or orientation
and by tuning (co)polymer composition or architecture during polymer synthesis.168297.2% pye
to this versatility, various approaches have been reported, utilizing polyesters and their
copolymers as micellar systems, polymer-drug conjugates, microcapsules or hydrogels for

drug-delivery systems,?8%296-305

As ROP catalysis offers a variety of different advantages like controllable molecular weight and
microstructure, precisely defined polymers, or access to a variety of different polymer
architectures, it remains a tool of high interest for the synthesis of functional polyesters for
drug-delivery applications. In an example presented by Cheng et al., the authors exploited the
characteristics of the immortal ring-opening polymerization (vide supra). They used the mitotic
inhibitor paclitaxel with three free hydroxyl groups within its structure as chain-transfer agent
in combination with the zinc catalyst (BDI-X)ZnN(TMS). for the ring-opening polymerization of
rac-lactide, preparing linear polymer-drug conjugates while maintaining excellent molecular
weight control (M, = 7.8 — 31.4 kg/mol, © = 1.03 — 1.30) and achieving a living polymerization,

allowing copolymerization with other lactones like dVL or CL (Scheme 28).3%?
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Scheme 28: Immortal ring-opening polymerization of rac-lactide with a (BID-X)ZnN(TMS): catalyst and
the bioactive compound paclitaxel as chain-transfer agent for the synthesis of well-defined polymer-drug
conjugates.39?
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2.3.3. Polymers on surfaces

Another important aspect of modern biomedicine is the use of medical devices inside the body,
like artificial joints or implants, stents, catheters, or replacements for blood vessels. Such
devices can be produced from a variety of different materials including polymers like
poly(tetrafluoroethylene), silicones, various polyesters, glass, or steel. As they come into
contact with the surrounding body fluids, these materials have certain requirements regarding
mechanical strength, surface friction, corrosion, or cell-adhesion. One way of modulation of

these properties is by coating the surfaces of these materials with polymers,168306-308

Generally, there are two different approaches conceivable when surfaces are to be coated with
polymer materials. In the graft-to method, the surface of the substrate is functionalized
molecules with distinct reactivity and a preformed polymer with a suiting functional group
corresponding to the surface molecules is immobilized to the surface (Figure 20A). Contrary,
in the graft-from method, the substrate is covered with molecules capable of inducing a

polymerization reaction, allowing the polymer to grow from the surface (Figure 20B).309:310

A) Graft-to approach

B) Graft-from approach
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Figure 20: Methods for anchoring polymer materials to surface subtrates via graft-to of a preformed,
functionalized polymer to an anchoring group on the surface (A) or graft-from by polymerization using

surface-attached initiators (B).311

For graft-to approaches, a chemical reaction between reactive groups of polymer chains and
corresponding functionalities attached to surfaces is performed, creating a covalent bond
between the surface-anchored molecules and the polymer. Main advantages are a simpler
experimental procedure in terms of functionalization and preparation as well as analytics.
However, graft-to approaches are considered to be insuitable for the preparation of dense
surface coverings.®'® To ensure high surface coverage, usually highly efficient conjugation
reactions are applied like thiol-ene reactions, hetero Diels-Alder reactions, azide-alkyne
cycloaddition reactions, or esterifications.3'23!2 Darcos et al. used this graft-to approach for the
synthesis of silica nanoparticles functionalized with well-defined polyesters. By immortal ring-
opening polymerization of D,L-lactide with Sn(Oct)./benzyl alcohol they prepared hydroxyl-

terminated polymers with defined chain-length and narrow polydispersity (D < 1.16).
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Subsequently, they converted the hydroxy-terminus to a carboxylic acid before transforming it
into a N-hydroxy succinimide (NHS) active ester. In parallel they prepared silica nanoparticles
by a modified Stéber process followed by amino-functionalization with (3-aminopropyl)trieth-
oxysilane. In a final step, they performed the graft-to of the PLA chains onto the silica
nanoparticles by esterification of the NHS-active ester polymer chain with the pendent amino-
functions on the nanoparticles (Scheme 29). The functionalized nanoparticles were
investigated thoroughly by means of TEM, TGA, IR and solid-state 2°Si-NMR, ultimately aiming

for applications in biomedical scaffold materials.3#
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Scheme 29: Synthesis of an NHS-ester functionalized PLA via ROP and subsequent functionalization
steps (A), preparation of amine-functionalized silicon nanoparticles (SiNP) (B) and graft-to of the
functionalized PLA onto the SiNP surface via amide bond formation (C).314

For graft-from approaches, the polymer is grown on the surface rather than attaching a
preformed polymer, induced by molecules anchored to the substrate. Herein, different
approaches of surface-induced polymerizations have been presented, including various
radical, ring-opening, or ring-opening metathesis polymerization techniques.3!131531¢ While
graft-from approaches can achieve higher graft densities, they suffer from disadvantages like
tedious synthetic procedures, low initiator efficiencies, broadening of the molecular weight
distribution or monomer diffusion problems.3° One example for a graft-from approach in the
context of group-transfer polymerization has been presented by Rieger et al. They
functionalized H-terminated silicon substrates with a poly(ethylene glycol dimethacrylate)
(PEGDM) precoating by photoinduced hydrosilylation and photo-polymerization, providing
dangling methacrylate moieties. By addition of Cp.YbMe as catalyst and dialkyl
vinylphosphonates (DEVP, DMVP and DPVP), they achieved a surface-initiated group-transfer
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polymerization, successfully grafting PDEVP and its derivatives from the silicon surface.
Analysis by means of time-resolved atomic force microscopy (AFM) revealed a rapid growth
of the polymer chains from the surface within a timescale of minutes (Figure 21A). Attachment
of these poly(vinylphosphonates) to the surface allowed for a modulation of the surface contact
angle (CA) to water depending on the hydrophilicity of the vinylphosphonates sidechain, with
PDVMP showing the lowest CA of 17 ° and PDPVP showing the highest CA of 76 °C.
Additionally, they were able to show that the polymers retained their LCST on the surface, with
PDEVP exhibiting a CA of 46 ° at 25 °C and a CA of 66 ° at 50 °C (Figure 21B).3%/

A) Time-resolved AFM B) CA measurements of coated surface
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Figure 21: Time-resolved AFM measurements of a surface-initiated GTP of DEVP on a PEGDM-
functionalized silicon wafer (A) and CA measurements of water on silicon wafer surfaces functionalized
with PDMVP, PDEVP or PDPVP and temperature-response of the contact angle (B). (Reprinted with

permission from ref. [317]. Copyright 2012 American Chemical Society.)
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3.  Aim - functionalizing polymers

Throughout this thesis, group-transfer and ring-opening polymerization as precision
polymerization methods are to be used as tools to introduce functionality in different forms to
the polymers synthesized, targeting certain application profiles. With regards to the different
modification points conceivable for such catalytic polymerization techniques, different
approaches will be tested to obtain new, smart polymeric materials. To fine-tune the properties

of these polymers, the following points are addressed:

» End-group modification (1)

» Sidechain functionalization (2)

» Monomer variation (3)

» Copolymerization (4)
Both end-group and sidechain functionalization allow bringing polymeric materials into different
applications, for example by introducing anchoring moieties for surface coatings or coupling
metal complexes to the polymers. In a more retro-synthetic approach, structural variation of
the monomers used can help achieving desired properties and understand structure-property
relationships. The last modification point, the copolymerization of different monomers into a
variety of different polymer architectures allows for the synthesis of advanced materials like
responsive micelles. Overall, the high tuneability of these modification points offers a broad
toolbox for the synthesis of advanced polymer structures, which will be explored in more detalil
throughout this thesis (Figure 22).

2. Sidechain modifications
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different monomer classes
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Figure 22: Possible modification points in the context of group-transfer- and ring-opening polymerization

investigated throughout this thesis.
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3.1. Attachment of functional initiators

With focus on the attachment of functional initiators as end-groups of the polymers, different
approaches are possible for GTP and ROP. In GTP, the CH-bond activation of yttrium catalysts
can be utilized to introduce a-methylpyridines with (masked) functional groups as initiators,
which are transferred onto the polymers upon initiation,2°-32:44.68.70.82:85-88,318 Harein, two different
approaches have been established, either the in-situ activation of the cyclopentadienyl yttrium
pre-catalyst Cp.Y(CH.TMS)(thf) at ambient temperature without catalyst isolation or the
synthesis and isolation of the corresponding C-H bond activated yttrium bis(phenolate)
catalysts,%888 derived from activation of the pre-catalyst [[ONOO)®UY(CH,TMS)(thf)].3244.70.82
To gain access to new functionalities, a-methylpyridines with various functional groups are
synthesized and introduced to the catalysts, ultimately leading to incorporation of those into

the polymers (Figure 23).
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Figure 23: Introduction of functional groups to GTP-based polymers by C-H bond activation of yttrium

catalysts with functionalized a-methylpyridines.
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3.2. Sidechain modifications

With regards to sidechain modifications, especially polymers from Michael-type monomers
show a broad platform of applicable pendent groups with distinct functionalities. In the context
of this work, the class of poly(vinylpyridines) have been selected as functional polymer building
blocks due to their responsiveness to changes in the pH as well as their capability of interacting
with metal complexes. While the pyridiyl moiety of P2VP or P4VP itself introduces a certain
degree of functionality to the polymers and is capable of interacting with metal ions as
polyelectrolyte, modulation of the sidechain structure from a monodentate to a bidentate ligand
motif allows for targeted use as macroligand for different metal complexes. Using bipyridines
as pendent sidechains for metal complexation is a method widely used for the synthesis of
polymer-metal complex compound materials and has been explored in great detail regarding
a variety of different metal complexes for numerous applications.?42® By using the readily
accessible 4,4’-dimethyl-2,2’-bipyridine as starting material, it is possible to introduce a vinyl
bond in 4-position of the ring-nitrogen in a two-step synthesis, ultimately creating the conjugate
1,6-Michael acceptor system and 4VP derivate 4-vinyl-4’-methyl-2,2-bipyridine (VBpy).2"°
While there are various polymerization methods for this monomer, involving free radical
polymerization,31°320 ATRP,27® or electropolymerization,?’>321:322 ng catalytic polymerization
method has been reported so far, despite offering unique advantages like tunable molecular
weight with narrow dispersity. Herein, the LPP of 4VP with aluminum-based Lewis acids and
phosphine-based Lewis bases as reported by Rieger et al. is used as template to synthesize
precisely defined PVBpy.r® This polymer will be used as macroligand for rhenium and
ruthenium complexes to gain access to a highly active and stable macromolecular
photocatalysts for CO; reduction by forcing these metal complexes into spatial proximity
(Figure 24).
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Figure 24: Catalytic Lewis pair polymerization of 4-vinyl-4’-methyl-2,2’-bipyridine towards well-defined

polymer ligands for photocatalytically active complexes.
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3.3. Introducing new monomers

While the two modification points discussed priorly are mainly focusing on introducing
functionality to known polymer systems, the introduction of new monomers offers the
opportunity of generating completely new polymers directly targeting issues like monomer
sourcing or polymer material properties. Especially in the context of polyesters, a major task
remains converting abundant bio-based feedstocks into suitable monomers, as the resulting
polymers would not only incorporate structures from biogenic resources but might offer
advantages such as main chain degradability via hydrolysis or tuning of the thermal properties.
One such feedstock is the cheap and abundant turpentine oil, a wood-based terpene source
with high annual production volume and barely any value-added post-processing, making it an
ideal candidate for polymer synthesis.®>!2%122 Tyrpentine oil contains a variety of different
terpene structures with a-pinene, B-pinene or 3-carene being the most abundant ones. These
terpenes feature interesting bicyclic structures, whose incorporation into the polymer backbone
might modulate the polyesters properties in a beneficial way. This behavior has been observed
by Syrén et al., who presented an a-pinene based lactone, allowing incorporation of the
4-membered ring into the main chain upon ROP, obtaining a semi-crystalline, fully aliphatic
polyester with a melting point at 158 °C.*3° Herein, synthesis pathways towards monomers and
polymers from B-pinene and 3-carene are explored, ultimately aiming at polyesters utilizing the

skeletal structure of these terpenes (Figure 25).
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Figure 25: Utilization of turpentine oil-based B-pinene and 3-carene for polyester synthesis.
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3.4. Copolymerization of Michael-type monomers and lactones

Overall, the last modification point, the copolymerization of different monomers or monomer
classes, is a very versatile method of obtaining new, highly functional, and smart polymers by
utilizing the distinct reactivity and structure of each block in one material. For GTP, various
functional copolymer materials have been reported so far.10:16:3542:4482 However, this technique
suffers from the major drawback of being strictly limited to block copolymerization when dealing
with different monomer classes (vide supra).0?22633 Contrary, ROP is far more versatile in
terms of copolymerization, giving access to different architectures such as gradient copolymers,
statistic copolymers or (multi)block copolymers, based on the monomers used and the
synthesis procedure.!'11 While there is a multitude of reports on new copolymers, one way
of accessing new functional materials, however, is notably overlooked with only few examples
of copolymerization of Michael-type monomers and lactones. While there are some examples
of combining ROP with Michael-type monomers, those usually involve radical techniques such
as ATRP or RAFT polymerization. Those often require reactions on polymeric intermediates,
multi-functional initiators, or difficult purification steps.242-249:323-326 gparsely reported however
is the utilization of catalytic methods for the synthesis of such copolymers, as it could offer
different advantages such as better polymerization control, functionalization, or a broader
monomer scope in general. Within the last 30 years, there have been some examples reported
by Yasuda,?? Hadjichristidis,?*? Chiellini,?>* Li?*® or Mehrkhodavandi,?** yet those are limited to
the catalytic copolymerization of different (meth)acrylates with few lactones (vide supra).
However, for both polymerization types, GTP and ROP, the scope of available monomers is
much broader, offering a wide range of applicable monomers. Herein, catalytical pathways to
block copolymers from GTP and ROP are explored in more detail, addressing this gap of
knowledge (Figure 26).

Catalysis
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Figure 26: Sequential copolymerization of Michael-type monomers and lactones via GTP and

subsequent ROP.
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4.2. Content

As explained in detail in the previous chapter 2.3, polymers especially from group-transfer
polymerization offer a high degree of functionality due to their responsiveness towards different
stimuli like temperature or pH. To further increase the amount of functionality of these polymers,
the selective attachment of end-groups can provide reactive groups, which can ultimately be
used for advanced functionalizations like the formation of polymer-biomolecule conjugates®
or can help modulating the polymer architecture by the use of multifunctional initiators.8® In this
context, the concept of C-H bond activation of yttrium pre-catalysts like Cp.Y(CH2TMS)(thf) or
[(ONOO)®UY(CH,TMS)(thf)] with a-methylpyridines like sym-collidine for the generation of
highly active GTP catalysts can be utilized.®®’° During this C-H bond activation, the pyridine is
covalently attached to the catalysts metal center and transferred irreversibly during the
initiation of the group-transfer polymerization as explained in chapter 2.1.3.1. Dependent on
the pre-catalyst used, the activation itself can either be performed in-situ (as for the
Cp2Y(CH2TMS)(thf) system) without catalyst isolation or requires work-up of the prepared
catalyst (as for the [(ONOO)®UY(CH,TMS)(thf)] pre-catalyst). If now a functional group is
attached to the pyridine prior to C-H bond activation, it is transferred onto the polymer and
remains covalently bound to the chain as an end-group, allowing quantitative chain
functionalization. When designing suited molecules for the C-H bond activation, low-reactive
functional groups like double-bonds or bipyridines can be used directly, while functional groups
capable of interacting with the pre-catalyst must be protected to ensure a side-reaction free
catalyst synthesis.?28¢ |n these cases, post-polymerization reactions are required for end-
group deprotection and retention of the original functional group. In order to broaden the
versatility of this concept, a silyl-protected alcohol pyridine is designed, which has been applied
in the C-H bond activation with both Cp,Y(CH.TMS)(thf)®® as well as with the pre-catalyst
[(ONOO)®BUY(CH,TMS)(thf)] as presented herein. Additionally, the scope of applicable
pyridines is broadened by introduction of pyridines functionalized with a (protected) catechol,
a (protected) alkyne or an azide, which were successfully introduced to PDEVP as end-groups.
These molecules have been prepared in order to ultimately facilitate surface immaobilization of

GTP-based polymers, which has to be tested in the future.
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Abstract: Herein, silicon-protected, ortho-methylated hydroxy-pyridines were reported as initiators
in 2-aminoalkoxy-bis(phenolate)yttrium complexes for rare earth metal-mediated group-transfer
polymerization (REM-GTP) of Michael-type monomers. To introduce these initiators, C—H bond
activation was performed by reacting [(ONOO)'BUY(X)(thf)] (X = CH, TMS, thf = tetrahydrofuran) with
tert-butyl-dimethyl-silyl-functionalized a-methylpyridine to obtain the complex [(ONOOBUY (X)(thf)]
(X = 4-(4’-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-2,6-di-methylpyridine). These initiators
served as functional end-groups in polymers produced via REM-GTP. In this contribution,
homopolymers of 2-vinylpyridine (2VP) and diethyl vinyl phosphonate (DEVP) were produced.
Activity studies and end-group analysis via mass spectrometry, size-exclusion chromatography
(SEC) and NMR spectroscopy were performed to reveal the initiator efficiency, the catalyst activity
towards both monomers as well as the initiation mechanism of this initiator in contrast to commonly
used alkyl initiators. In addition, 2D NMR studies were used to further confirm the end-group
integrity of the polymers. For all polymers, different deprotection routes were evaluated to obtain
hydroxyl-terminated poly(2-vinylpyridine) (P2VP) and poly(diethyl vinyl phosphonate) (PDEVP).
Such hydroxyl groups bear the potential to act as anchoring points for small bioactive molecules, for
post-polymerization functionalization or as macroinitiators for further polymerizations.

Keywords: rare earth metal-mediated group-transfer polymerization; homogeneous catalysis; C-H
bond activation; end-group functionalization; poly(diethyl vinyl phosphonate); poly(2-vinylpyridine);
non-metallocenes

1. Introduction

Since the initial discovery of group-transfer polymerization (GTP) of methyl methacrylate (MMA)
using silyl ketene acetals by Webster et al. in 1983 [1], this polymerization type has been continuously
refined. The application of a neutral samarocene-based complex for the polymerization of MMA by
Yasuda et al. in 1992 [2] introduced the field of rare earth metal-based group-transfer polymerization
(REM-GTP). Mechanism elucidation on this reaction revealed a repeated 1,4-conjugate addition
(Michael-addition) during propagation with a keto-enolate 8-membered cyclic intermediate [1-8].
Since the first polymerization attempts, various organocatalysts, metallocenes and non-metallocenes

Catalysts 2020, 10, 448; doi:10.3390/catal10040448 www.mdpi.com/journal/catalysts
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were established for the synthesis of highly precise, tailor-made and functional polymers [3,5,7-14].
The scope of available 1,4-Michael-type monomers ranges from differently substituted acrylates,
methacrylates, acrylamides or nitrogen bearing monomers (e.g., 2-vinyl pyridine (2VP)) to vinyl lactone
systems and phosphorous containing monomers, i.e., dialkyl vinyl phosphonates (DAVP) [5,7,15,16].

The broad variety of monomers comes along with individual challenges for each monomer type,
such as low activities or initiator efficiencies of the catalysts that have to be solved by the development
of catalysts with enhanced performance. These catalysts were able to overcome the obstacles and
produced high molecular weight polymers with very narrow molecular weight distributions and
were in addition able to induce stereoinformation [10,15,17-21]. This enhanced performance was
achieved by e.g., introducing highly sterically demanding ligands to non-metallocenes for stereoregular
polymerization of MMA or 2VP [9,10,21], by controlled polymerization of vinyl phosphonates
using non-metallocenes, frustrated Lewis pairs or trivalent metallocenes [12,14,15,17,22-24] or by
utilizing C-H bond activation to obtain catalysts with higher initiator efficiencies [18]. Further to this,
the synthesis of block copolymers was facilitated due to the living character of this polymerization
type by simple sequential addition of different monomers with respect to their coordination strength
to the metal center [7,25,26]. Additionally, C-H bond activation gave access to post-polymerization
functionalization and facilitated the synthesis of new block copolymer structures and polymer
architectures [7,18,27-34].

Lanthanide complexes can undergo o-bond metathesis in a [20 + 20] cycloaddition which is a very
effective method for cleaving C—H bonds in metalorganic chemistry. Trivalent lanthanide and transition
metal complexes with a d’-configuration do not possess the ability to undergo oxidative addition
or reductive elimination, making o-bond metathesis via C-H bond activation the only possibility of
introducing new molecules to this kind of complexes [35-38]. This principle of C-H bond activation was
introduced in 1983 by Watson et al. [39,40], showing the activity of Cp*;LuX (X = H, CH3) complexes
(Cp* = pentamethylcyclopentadienyl) towards [20 + 20] cycloaddition with pyridine, benzene or
a phosphorylidene. They further discovered the activation of methane in a C-H bond activation
reaction with Cp*,LuCHj by '3C isotope labelling. This is the first example of activating the very inert
sp3-hybridized carbon-hydrogen bonds in methane, which are known to be reluctant to undergo any
kind of activation [38—40].

The first example of polymerization catalysts obtained by C-H bond activation was developed by
Mashima et al. in 2011 using an yttrium ene-diamido complex for enhancing the initiator efficiencies,
but was also used for end-group functionalization of GTP-based polymers as the initiators serve as the
end-groups of the polymers (Scheme 1) [18,27,28].
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Scheme 1. Synthesis of an end-group functionalized poly(diethyl vinyl phosphonate) (PDEVP) via
nucleophilic attack of an a-methylated pyridine initiator of a bis(phenolate)yttrium complex to the first
monomer molecule during initiation [9,18,28].

The accessibility to phosphorus- and nitrogen-containing polymers in REM-GTP,
especially, poly(diethyl vinyl phosphonate) (PDEVP) with its thermoresponsive behavior and
poly(2-vinylpyridine) (P2VP) with its pH-dependent solubility, highlights the potential of this
polymerization type to generate smart polymers. After developing capable catalysts using C-H
bond activation or catalyst immobilization, differently constituted polymers from vinyl phosphonates
and/or 2VD, e.g., block copolymers as drug carriers [29,33], polymer-metal complex conjugates [30],
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polymer-biomolecule conjugates [31,32,41] or responsive polymer surfaces were synthesized as smart
polymers so far [7,42].

Within this paper, a pathway towards hydroxy-functionalized P2VP and PDEVP is
established, since commonly used initiators (e.g., alkyl initiators, cyclopentadienyl) led to solely
hydrocarbon-containing end-groups. In this contribution, C-H bond activation is applied as
a facile tool towards introduction of hydroxy-groups to Michael-type polymers. Since free hydroxyl
groups cannot be introduced to rare earth metals directly due to their high acidity, protection
group chemistry was utilized. The complex [(ONOO)* Buy (CH,TMS)(thf)] was functionalized with
4-(((4-(tert-butyl-dimethylsilyl)oxy)methyl)phenyl)-2,6-dimethylpyridine (BenzZPyOTBDMS) in a C-H
bond activation reaction to yield the desired catalyst ((ONOO)'BuY(BenzPyOTBDMS)(thf)). This catalyst
gave access to P2VP and PDEVP with a silyl ether end-group, which was transformed into a hydroxyl
end-group via a deprotection reaction (Scheme 2). Different deprotection reactions of the end-groups
were carried out.

— -
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> o) o
DEVP silyl ether end-group ( K deprotected hydroxyl end-group ( k
Scheme 2. Synthesis of P2VP (top) and PDEVP (bottom) with hydroxyl end-groups via REM-GTP using
the functionalized yttrium catalyst [[ONOO)' BuY(BenzI’yOTBDMS)(thf)] and subsequent deprotection.

The hydroxyl end-group was chosen as it could not only be used as a functional group for
post-polymerization functionalization (e.g., coupling to biomolecules, fluorescent markers or dyes),
but can also act as an anchoring point on surfaces, as a macroinitiator or chain transfer agent for
subsequent copolymerization e.g., using immortal ring-opening polymerization [43] enabling the
coupling of polyesters with Michael-type polymers. In addition, a commonly used strategy is
the application of hydroxy-terminated polymers as precursors for macroinitiators for living-radical
polymerizations (ATRP, SET-LRP) facilitating the coupling with non-polar vinyl monomers [44,45].

2. Results and Discussion

2.1. Synthesis of the Functionalized Pyridine 2

By using purchased 2,6-dimethylpyridine as starting material, 4-chloro-2,6-dimethylpyridine
was synthesized according to the literature [32]. Afterwards, Suzuki-coupling was used to react
4-chloro-2,6-dimethylpyridine with 4-hydroxymethyl benzyl boronic acid resulting in the coupling
product 1. To enable C-H bond activation with rare earth metals, acidic protons were masked by
protection group chemistry. The hydroxy-group of 1 was converted to a tert-butyl-dimethylsilyl
protection group (TBDMS) by reaction of 1 with TBDMS-CI, yielding the protected x-methylated
pyridine 2 (Scheme 3). The formation of a trimethyl silyl (TMS) ether instead was not applicable,
because hydrogen chloride formed in this reaction cannot be fully quenched, resulting in a pyridinium
salt. Using an alkaline work-up, this salt-formation is reversible when using the TBDMS-group instead
of the TMS group due to its stability in an aqueous, basic medium [41].
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Scheme 3. Synthesis of silyl-protected pyridine 2 starting from 4-chloro-2,6-dimethylpyridine,
Suzuki-coupling and subsequent protection.

2.2. C-H Bond Activation of 2 Using 2-Methoxyethylamino-Bis(Phenolate)Y ttrium Complex 3

To reveal the general activity of 2 towards C-H bond activation using 2-methoxyethylamino-
bis(phenolate)yttrium complex 3 [(ONOO)BUY(CH, TMS)(thf)], the reaction was first monitored in
an "H-NMR kinetic experiment. 3 can undergo fast and selective C-H bond activation (Scheme 4) with
a variety of different methylated pyridines via [20 + 20] cycloaddition as previously reported [28,30,33].

O—YE'O: ‘ [206+20] cycloaddition ; ‘ y/j-o: ‘ + Si(CHa)g

[(ONOO)EUY(CH,TMS)(thf)] (3) H H

/

BenzPyOTBDMS (2)

[(ONOO)®BUY(BenzPyOTBDMS)(thf)] (4)

Scheme 4. 0-Bond metathesis of silyl ether functionalized pyridine 2 and complex 3 to obtain catalyst
[(ONOO)'BuY (BenzPyOTBDMS)(thf)] (4).

For the 'H-NMR kinetic investigation on the C-H bond activation, complex 3 and the silyl-protected
pyridine 2 were dissolved in deuterated benzene, the mixture was heated to 60 °C and an 'H-NMR
was performed at regular time intervals (Figure 1). As the reaction progresses, the signals of the
trimethylsilyl group (8 = 0.49 ppm) and the CHj-group (8 = —0.40 ppm) (Figure 1, yellow) of the
CH;TMS-initiator binding to the yttrium center decrease, and simultaneously, a new signal emerged at
5 = 0.00 ppm, which corresponded to tetramethyl silane (Figure 1, orange). The signal of the methyl
groups in a-position (8 = 2.51 ppm) (Figure 1, light blue) to the nitrogen atom of 2 decreased over time,
while two new signals at 8 = 2.22 ppm and & = 2.67 ppm with an integral ratio of 3:2 were measured
(Figure 1, dark blue). [20 + 20]-cycloaddition of one of the methyl groups in x-position of the pyridine
with the CH,TMS group of 3 takes place, resulting in the successful attachment of 2 to the yttrium
center. Furthermore, the signal of the two protons adjacent to the methyl groups of 2 (6 = 6.97 ppm,
Figure 1, light green) split into two new signals with a ratio of 1:1 at § = 6.25 ppm and & = 7.07 ppm
(Figure 1, dark green) over the course of the reaction due to an asymmetry caused by coordination
to the yttrium-complex. Additionally, the 'H-NMR kinetic indicates a selective C-H bond activation
without the formation of side products.
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Figure 1. 'H-NMR kinetic reaction of the o-bond metathesis of complex 3 with the protected pyridine
2 to obtain silyl-protected catalyst 4 in benzene-dg.

As the activation of compound 2 with yttrium-complex 3 on NMR scale was feasible, the catalyst
synthesis was scaled up using toluene as the solvent and stirring of the mixture at 60 °C for 17 h to
ensure full conversion. After purification by washing with pentane several times, catalyst 4 could
be isolated in 72% yield. The complex was characterized by 'H-/">*C-NMR spectroscopy (Figures S1
and S2) and elemental analysis. All methods indicated that despite the highly sterically demanding
initiator, tetrahydrofuran is still present in catalyst 4.

2.3. Investigation on Catalytic Activity of Catalyst 4

Initially, the catalytic activity of catalyst 4 towards DEVP and 2VP polymerization was investigated.
Therefore, the turnover frequency TOF [h™!], initiator efficiency and normalized turnover frequency
TOF* [h~!] were determined (Table 1). For determination of the turnover frequency of catalyst 4
towards DEVP, conversions over time were measured via aliquots of a polymerization of DEVP in
a catalyst-to-monomer ratio of 1/600 in toluene. Conversions were calculated from 3'P-NMR spectra
(Figure 2, left) by integration of polymer (8 = 30-31 ppm) against monomer (8 = 15 ppm) signals.
After plotting the conversion vs. time, the highest slope of this plot was used for calculating the turnover
frequency. For the DEVP polymerization, the turnover frequency is 4320 h!. Regarding the incomplete
initiation shown by an initiator efficiency below 100%, a normalized turnover frequency (TOF*) of
6350 h~! was determined with regards to an initiator efficiency of 68%. Molar masses at the respective
conversions were used to reveal the living character of the polymerizations. The living character of the
polymerization is confirmed by a linear growth of the molecular weight with increasing conversion of
the monomer and narrow polydispersities throughout the whole polymerization (Figure 2, right).
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Table 1. Results from kinetic measurements of DEVP and 2VP polymerization with catalyst 4.
Entty M [MJ/[4] Conv.? M, caic © My * p I*¢ TOF  TOF*/
£ (%) (kg mol~1) (kg mol-1) ) (%) (h1) (h~1)
1 DEVP  600/1 86 83.1 139 1.29 68 4320 6350
2 2VP  400/1 99 40.8 55.7 1.02 67 500 750

7 Monomer-to-catalyst ratio, ccai0 = 2.3 mmol/mL, toluene, 25 °C; b Conversion calculated via aliquot method;
'H-NMR (2VP) or 3'P-NMR (DEVP) spectra, ¢ My, cale from My, catc = M x (([M]/[Cat]) x conversion) ¢ Determined
via SEC (P2VP: DMF+LiBr, 30 °C, dn/dc = 0.149 mL g~! with triple detection SEC; PDEVP: THF:H,0 = 1:1, 40 °C,
dn/dc = 0.0922 mL g~!, SEC-MALS), polydispersity calculated from My, abs/My, abs © Initiator efficiency I* at the
highest slope in time-conversion plot via [* = Mn,calc/Mn,,,bs;f normalized TOF using I*; TOF* = TOF/I*.
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The turnover frequency of catalyst 4 for 2VP polymerization was determined by performing
a polymerization with a monomer-to-catalyst ratio of 400/1 in toluene at room temperature.
Aliquots were taken from the reaction mixture at regular time intervals and conversions were
calculated from 'H-NMR via conversion = (Ipoj+Mon (8 = 7.9-8.6 ppm) — Ivon (8 = 5.4 ppm))/Ipol+Mon
(5 =7.9-8.6 ppm) (Figure 3, left). A turnover frequency of 500 h™! and a normalized turn over frequency
of 750 h™! were calculated. For 2VP polymerization, the living character was confirmed with the
conversion-molar mass plot (Figure 3, right).
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Figure 3. Time—conversion plot (left) and conversion-molar mass plot (right) of 2VP polymerization

with catalyst 4 (Table 1, entry 2).
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Because the initiator is not involved in the propagation step, the initiator has no influence
on the catalyst activity, which is only determined by the metal center and the steric hinderance
of the ligand. Catalyst 4 should therefore have a similar normalized turn over frequency
as bis(phenolate)yttrium catalysts bearing the same ligand system such as complex 3 or
a structure analogue bis(phenolate)yttrium complex such as [(ONOO)! BuY(sy711-col)(thf)] (sym-col =
2,4,6-trimethylpyridine), which only differs in the initiator [9,28].

For DEVP, the polymerization proceeds without an initiation delay in the expected fashion,
however, the turnover frequency of 4320 h™! is about one magnitude higher than reported in the
literature for complex 3, indicating a different polymerization mechanism [19]. For 2VP, the normalized
turnover frequency of 750 h™! is in the same range as reported in the literature for complexes with
the same ligand system [19,28,30], but in the time—conversion plot, an initiation delay of about 5 min
was observed. This is in contradiction to the behavior of the other C-H bond activated catalysts
reported in literature, which do not show initiation periods [28]. We suggest that catalyst 4 may not be
present in the assumed monometallic state, but rather in a bimetallic state, since bimetallic complexes
showed initiation periods in 2VP polymerization [9]. The dimerization might cause a detachment of the
aminomethoxy handle from the metal center and the silyl ether group could be coordinating the yttrium
instead. Due to a different chemical structure of the ligand after dissociation into a monomolecular
species, the turnover frequency for DEVP could be higher than those reported [19]. As the coordination
strength of 2VP is weaker than the one of DEVP [7,28], the dissociation period might be longer for
2VP resulting in an initiation delay. Despite this behavior, catalyst 4 polymerized DEVP and 2VP
in a highly controlled way under mild conditions with very low polydispersities. In comparison,
2VP polymerization seems to be more controlled than DEVP polymerization, because the polydispersity
of PDEVP increased over the course of the reaction, most likely due to undesired side reactions.

2.4. Polymerization Results

2.4.1. End-Group Analysis of PDEVP and P2VP Produced with Catalyst 4

For obtaining highly defined, hydroxyl-terminated Michael-type polymers, a quantitative
attachment of initiator 2 as an end-group is the main prerequisite. Therefore, a detailed end-group
analysis of PDEVP and P2VP was performed via NMR spectroscopy, mass spectrometry and SEC to
validate the attachment of initiator 2 to the polymer chains.

An ESI-MS of oligomeric DEVP (Figure 4) was recorded after reacting catalyst 4 with DEVP
in a 1:6 ratio in toluene, quenching the polymerization with ethanol after 5 min and by immediate
measurement of the reaction mixture in acetonitrile. The initiating pyridine 2 attached to the oligomer
was observed in the ESI-MS spectrum by a mass shift of 327 m/z (mass of initiator 2 minus one proton)
of the DEVP oligomers (m/z = (Myy; — H) + n X Mpgyp + H + H)*, n = 2-5), while unreacted pyridine
2 (m/z = 328.5) and ligand (m/z = 512.9) were observed as well. Since the initiating groups were clearly
visible in the ESI-MS, a nucleophilic transfer reaction of the initiator via a monomer insertion into
an yttrium carbon bond during the initiation is evident, leading to the desired end-group (Scheme 1).
Due to the exclusive presence of signals corresponding to nucleophilic transfer reaction, an initiation
via deprotonation is excluded [15,19,30].
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Figure 4. End-group analysis via ESI-MS of oligomeric DEVP (n = 2-5) produced with catalyst 4
([4)/[DEVP] = 1:6, 25 °C, 10 min, toluene) in acetonitrile.

For P2VP, a MALDI-MS spectrum was recorded of purified 2VP oligomers from a reaction of
catalyst 4 with 24 equivalents of 2VP in toluene (Figure 5). In this spectrum, a series of signals
corresponding to m/z = [(Mp,; — H) + n X Mayp +H + H]* with n = 7-37 were observed, representing
the 2VP oligomers functionalized with the protected initiator 2. This not only underlines a covalently
bonded initiator to the polymer chain, but also further substantiates the assumed initiation mechanism
of a nucleophilic attack of the methyl pyridine 2 to the first monomer unit [19,30].
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Figure 5. End-group analysis of oligomeric 2VP (n = 7-37) produced with catalyst 4 ([4]/[2VP] = 1:24,
25°C, 3 h, toluene) via MALDI-MS in a dithranol matrix and sodium trifluoroacetate as matrix additive.

As free initiator or unfunctionalized polymers would disturb a successful post-polymerization
functionalization, diffusion ordered spectroscopy (DOSY) was applied. To check whether the unbonded
initiator is still present in the purified polymers, a DOSY of PDEVP with a number-average molecular
weight of about 45 kg mol~! was recorded (Figure S3). In this spectrum, the signals assigned to the
methyl groups (8 = 0.10 ppm) and the tert-butyl group (5 = 0.94 ppm) of the silyl protection group of
the initiator can be observed at the same diffusion coefficient as the polymer signals, indicating that no
free initiator 2 is present in the PDEVP polymer. Analogously, a DOSY spectrum of purified P2VP with
a number-average molecular weight of about 35 kg mol~! (Figure S4) is recorded to check for the free
initiator in the polymer sample. The silyl signals of the TBDMS-group at 6 = 0.11 ppm (methy] silyl)
and & = 0.95 ppm (tert-butyl silyl) appear at the same diffusion coefficient as the polymer. Combining
the results from mass spectrometry and DOSY-NMR measurement, a functionalization of the polymers
with initiator 2, without free initiator remaining in the polymer samples, can be confirmed.

2.4.2. Polymerization of DEVP and 2VP with Catalyst 4

Catalyst 4 was further studied in homopolymerizations of DEVP and 2VP to evaluate the influence
of the solvent and the monomer-to-catalyst ratio on the molar masses and polydispersities of the obtained
polymers and the initiator efficiency of 4, as these are critical parameters for obtaining highly defined
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polymers with a high end-group integrity. As similar heteroaromatic bis(phenolate)yttrium catalysts
are well-known to polymerize 2VP and DEVP rapidly at room temperature, higher temperatures were
not used in this study [28]. In Table 2, the homopolymerization results of DEVP are summarized.

Table 2. Results of the REM-GTP of DEVP with catalyst 4.

a b Conv. ¢ Mn,calc " Mn,abs £ Mn,NMR f b¢ 18

Entry [DEVP]/[4] Solvent (°/o) (kg mol‘l) (kg mol"l) (kg mol‘l) (_) (°/o)
il 200/1 toluene 99 31.8 34.6 423 1.07 92

2 200/1 thf 99 32.8 38.0 48.3 1.13 86

3 200/1 dem 44 14.8 25.0 34.0 1.29 59

4 100/1 toluene 99 15.8 16.6 22.5 1.04 95

5 400/1 toluene 96 61.8 104 122.3 1.33 58

 Monomer-to-catalyst ratio, nc,e = 13.5 mmol; b Reaction time 60 min at 25 °C, 2 mL of solvent; ¢ Calculated from
SIP_NMR spectrum of aliquots at the end of the reaction via ratio of signals of the polymer (5 = 30-31 ppm) and the
monomer (§ = 15 ppm); “ M, calc from My, ca1c = M X(([M]/[Cat]) x conversion); ¢ Determined via SEC-MALS in
50:50 THF/H,0 = 1:1, 40 °C, dn/dc = 0.0922 mL g‘l, polydispersity calculated from Mw,abs/Mn,abs,f calculated from
TH-NMR MunMR = (E/4) Mpeve + Mini; € I = Mp cale/Mn abs at the end of the reaction.

As the kinetic measurement of DEVP with catalyst 4 has shown, the initiator efficiency was
reduced when using a high monomer-to-catalyst ratio. Therefore, lower monomer-to-catalyst ratios of
100/1 to 400/1 were used in batch reactions, as these polymerizations proceeded too fast for kinetic
measurements. Different solvents were chosen to study their influence of different solvents on the
initiator efficiency and activity of 4. For both toluene and tetrahydrofuran, full conversion was
reached within the reaction time of 60 min. These polymers had a very narrow molecular weight
distribution and initiator efficiencies were high (86-92%) when using a monomer-to-catalyst ratio
of 100/1 or 200/1. The polymerization in dichloromethane proceeded much slower, with only 44%
conversion after 60 min, broader polydispersity of the polymers and lower initiator efficiency of 4.
When the monomer-to-catalyst ratio for the polymerization in toluene as the most suiting solvent
is increased, the polydispersity increased while the initiator efficiency decreased. The decreased
initiator efficiency was most likely attributed to impurities, deactivating the catalyst species when the
monomer loading was too high. Comparing the initiator efficiencies of catalyst 4 (86-92%) for 1/200
catalyst-monomer ratios to the initiator efficiency of the non-C-H bond activated complex 3 (36%) [28],
I is significantly increased. This is due to a suppression of deprotonation as the initiation pathway
for DEVP by C-H bond activation on such bis(phenolate)yttrium catalysts. The initiator efficiency of
[(ONOO) B“Y(sym-col)(thf)] of I =73% [28] is also slightly lower than those of catalyst 4 despite the
high steric demand of 4. The polydispersities of PDEVP prepared with catalyst 4 were in the same
range as those reported in the literature (D = 1.02-1.10) [18,28].

Additionally, the incorporation of the TBDMS-functionalized pyridine 2 in the polymers facilitates
a reliable calculation of the number-average molecular weight from 'H-NMR spectroscopy via the
silyl ether end-group, and allowed a comparison with the number-average molecular weight obtained
from absolute size-exclusion chromatography (SEC). For PDEVP, the molecular weights from 'H-NMR
spectra (Figure S5) were calculated by normalization of the silyl methyl signals (5 = 0.10 ppm, Infe(rBDMS)
= 6) of the TBDMS-group to 6 and calculation of the molar mass with using the integral of the methylene
unit in the ethyl groups on the PDEVP side chain (8 = 4.11 ppm, Ig, 4 protons per repeating unit).
The signals corresponding to the methyl groups of the PDEVP side chains and to the tert-butyl group in
the initiator have shown to be unsuited due to overlapping with other signals in some polymer samples.
The molecular weight was then calculated as M, xnmr = (Igt/4) Mpgyp + My, assuming a quantitative
incorporation of the initiator as proved by ESI-MS and DOSY measurements. The absolute molar mass
is determined using SEC-MALS (Figure S7). The low deviation between the number-average molar
masses obtained from SEC and calculated from 'H-NMR (1%-24%) underline again a quantitative
incorporation of the initiator. The deviations all show the same trend of overestimating the molecular
weights from 'H-NMR compared to those determined via SEC-MALS.
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The polymerization behavior of catalyst 4 towards 2VP was investigated with regard to the same
parameters as tested for DEVP polymerization (Table 3).

Table 3. Results of the REM-GTP of 2VP with catalyst 4.

a b Conv.© My calc ? My, abs Mynvr/ P€ 18

Entry  [2VP)/4] Solvent (%)  (kgmol-) (kgmol) (kgmol-1) ) (%)
1 200/1 toluene 99 2.1 25.0 27.2 104 89

2 200/1 th 2 53 215 215 131 25

3 200/1 dem 99 19.0 226 26.9 106 84

4 100/1 toluene 99 105 12.8 111 109 82

5 400/1 toluene 98 02 58.4 58.8 01 72

“ Monomer-to-catalyst ratio, nc,y = 13.5 mmol; b Reaction time 60 min at 25 °C, 2 mL of solvent; ¢ Calculated
from 'H-NMR of aliquots via conversion = (Ipo+mon (8 = 7.9-8.6 ppm) — Iyjon (8 = 5.4 ppm))/IpoisMon (8 = 7.9-8.6
ppm), ¢ My cale from My, caic =M x (([M]/[Cat]) X conversion) ¢ Determined via SEC in DMF+LiBr (30 °C, dn/dc =
0.149 mL g~!) with triple detection, polydispersity calculated from My, aps/Mp abs;/ calculated from 'H-NMR as
M nMR = Tar X Mayp + Mpni; € I = My, cale/Mp,abs at the end of the reaction.

Toluene and dichloromethane were appropriate solvents for the synthesis of P2VP,
as polymerizations in both solvents reached full conversion within 60 min while maintaining
narrow polydispersities and high initiator efficiencies (I = 72-89%) at all monomer-to-catalyst ratios.
The polymerization of 2VP in tetrahydrofuran proceeds much slower, with only 22% conversion after
60 min, while leading to broader polydispersities of the polymers. In addition, catalyst 4 only showed
a low initiator efficiency (25%). This behavior is attributed to the weak coordination strength [6,28]
of 2VP to the yttrium center and a competitive coordination of 2VP and tetrahydrofuran leads to
an initiation delay, broadening of the polydispersity, lowering of the initiator efficiency and enhancing
potential side reactions. Since DEVP is known to have a higher coordination strength to rare earth
metal complexes, this phenomenon was not observed during DEVP polymerization. In general,
tetrahydrofuran can be considered a well-suited solvent for REM-GTP as long as the coordination
strength of the monomer to the metal center is stronger in comparison to the coordination strength
of THF. Additionally, the tacticity of the P2VP was determined using > C-NMR according to the
literature (Figure S9). As expected for this metal center and ligand, atactic P2VP was obtained, since
the initiator did not influence the tacticity [9]. Comparing the initiator efficiencies of 72-89% of
complex 4 to those reported in the literature (complex 3: I = 99% [9,28]; [[ONOO)’ BuY(sym-col)(thf)]:
I =42% [28]), the initiator efficiency of complex 4 is slightly decreased compared to 3 but is considerably
higher than those reported for the C-H bonded analogue. This decrease in I of 4 compared to 3
for 2VP can be attributed to an electronic overload on the yttrium center, however, the initiator
efficiency using the new initiator 2 is still increased compared to sym-collidine as initiator [30]. As for
PDEVP, the polydispersities of P2VP synthesized with catalyst 4 matched with values reported in the
literature [9,28,30].

Regarding the molecular weight calculation using 'H-NMR spectroscopy, the calculation was
performed using the integral of the protons in x-position of the nitrogen atom in the aromatic ring
(5 =8.0-8.6 ppm, I, one proton per repeating unit) (Figure S8), giving M, nmr = Iar X Moyp + My,
which was compared to the absolute number-average molecular weight determined from SEC using
triple detection (Figure S10). The signals of the tert-butyl group as well as other aromatic signals
from P2VP have shown to be unsuited for calculation due to signal overlapping issues. Molecular
weights determined via 'H-NMR and SEC deviate only by 0-16% and are in quite good agreement,
again indicating full end-group functionalization.

Overall, highly defined PDEVP and P2VP with tunable molecular weights and narrow
polydispersities under mild conditions were synthesized using catalyst 4. For different catalyst-
monomer ratios in suiting solvents, a high end-group integrity was achieved. The combination of NMR
analytics, mass spectroscopy, DOSY and SEC confirmed a quantitative end-group functionalization.
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2.5. Deprotection of PDEVP and P2VP

To recover the free hydroxyl group from the silyl ether protected polymer, different deprotection
strategies (A/B/C) were tested for PDEVP and P2VP (Scheme 5) [46—49]. TH-NMR spectra of the
polymers were used to evaluate the degree of the silyl group removal upon deprotection. With regards
to possible side reactions at the pendant groups or chain cleavage, SEC and NMR spectroscopy were
used to check the structural integrity of the polymer after the deprotection reaction.

A) TBAF, 24h, RT, (thf)
B) HCl(aq), 24 h, RT, (EtOH)
Polymer C) AcOH, 24 h, RT, (thf:H20) Polymer

w0 S

>Esli,0 O

Scheme 5. Removal of the TBDMS protection group of PDEVP and P2VP using different reaction
conditions (A/B/C).

As a first approach (A), deprotection using tetra-n-butyl ammonium fluoride (TBAF) as
an anhydrous fluorine source in dry tetrahydrofuran was tested. An excess of 50 equiv. TBAF was
used for the deprotection of PDEVP and P2VP. The reaction was stirred under ambient conditions
overnight and purified with an aqueous work-up. While this reaction ensured a quantitative cleavage
of the TBDMS ether for PDEVP with no side reactions or chain-breakage, it was not applicable for
P2VP, because polymer deprotection was incomplete and side reactions were detected by "H-NMR
spectroscopy. In a second approach, deprotection strategy B, an acid-based deprotection with HCl5q)
in ethanol under ambient conditions, was performed, which gave fully deprotected P2VP after a basic
work-up. No alteration of the P2VP chain itself was verified using NMR spectroscopy and SEC
(Figure S11 and S12). However, this reaction leads to the formation of side products for PDEVP,
which were insoluble in dioxane, indicating side-reactions such as saponification to the free phosphonic
acid or crosslinking between polymer chains. To obtain a method suitable for both polymers, and able
to also deprotect block copolymers consisting of both subunits, strategy C was tested. This method
involved the treatment of the polymers with glacial acetic acid in a tetrahydrofuran-water mixture under
ambient conditions. Both polymer types, PDEVP (Figures S13 and S14) and P2VP, were deprotected
completely within 24 h without the occurrence of side reactions or polymer degradation. Using this
reaction, hydroxyl-terminated PDEVP and P2VP were synthesized. All polymers were analyzed using
"H-NMR and SEC (Table 4).

Table 4. Results from SEC before and after deprotection of PDEVP and P2VP with the different reactions

A/B/C.
Hity ol Deprotection Before Deprotection After Deprotection
Procedure Mpabs “ (kgmol™l) D () Mp,ps “ (kgmol™l)  D()
1 PDEVP A 43.4 1.11 40.6 1.18
2 P2vP B 252 1.05 29.0 1.05
3 PDEVP C 38.0 1.13 343 1.11
4 P2VP C 25.8 1.09 28.7 1.10

“ Determined via SEC-MALS (PDEVP) or SEC using triple detection (P2VP).

3. Materials and Methods

3.1. Materials

All air and moisture sensitive compounds were prepared using Standard Schlenk techniques in
dried glass flasks, using argon as inert gas or handled in an argon-filled glove box. Chemicals were
purchased from Sigma-Aldrich (St. Louis, MI, USA), ABCR (Karlsruhe, Baden-Wuerttemberg,
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Germany) or TCI Chemicals (Tokyo, Japan) and were used without further purification unless
stated otherwise. Diethyl vinyl phosphonate and 2-vinylpyridine were stirred at room temperature
over CaH, and distilled prior to use. Dry solvents were obtained from a MBraun MB-SPS-800
(Garching-Hochbriick, Bavaria, Germany) solvent purification system by drying over activated alumina,
and were stored on 3 A molecular sieve. DEVP, the (ONOO)! Bu_ligand, 2,6-dimethylpyridine-N-oxide,
4-chloro-2,6-di-methylpyridine, LICH, TMS, Y(CH, TMS)(thf), and [(ONOO)!BuY(CH, TMS)(thf)] were
synthesized according to the literature [19,32,50-52].

3.2. Instrumentalization

Nuclear magnetic resonance spectroscopy (NMR) was performed at room temperature on either
a Bruker Ascend spectrometer (Billerica, MA, USA) or a Bruker AV500C cryo-NMR spectrometer
(Billerica, MA, USA) as indicated ("H-NMR: 400 MHz/500 MHz; *C-NMR: 125 MHz; %’Si-NMR:
80 MHz; 3'P-NMR: 162 MHz). All 'H-NMR spectra were referenced to the residual proton signal of the
deuterated solvent, >*C-NMR spectra were referenced to the carbon signal of the deuterated solvent,
background correction and phase correction were performed using MestreNova. Diffusion-ordered
spectroscopy (DOSY) was measured on a Bruker AV-HD400 (Billerica, MA, USA) with 16 scans
at room temperature and was transformed using the Bayesian method with a resolution factor of
5 using MestreNova. Signal multiplicities were abbreviated as following: s—singlet, d—duplet,
t—triplet, m—multiplet.

Average absolute molecular weights and polydispersities of the polymers were determined via
size-exclusion chromatography (SEC) with a sample concentration of 2 mg mL™'. Measurements
of PDEVP were performed using size-exclusion chromatography coupled with multi-angle light
scattering (SEC-MALS), with THF:H,O = 1:1 (with 9 g/L tetra-butyl-ammonium bromide and 272 mg
L~! 2,6-di-tert-butyl-4-methylphenol) as eluent at 40 °C, equipped with two Agilent PolarGel M
columns (Santa Clara, CA, USA). For detection, a Wyatt Dawn Heleos I MALS light scattering unit
(Santa Barbara, CA, USA) and a Wyatt Optilab rEX 536 RI unit (Santa Barbara, CA, USA) were
used, the absolute molecular weight was determined using an experimentally measured dn/dc =
0.0922 mL g~!. Measurements of P2VP were performed on an Agilent PL-GPC 50 (Santa Clara, CA,
USA) with an integrated RI unit, two light scattering detectors (15° and 90°) and a differential pressure
viscosimeter with two Agilent PolarGel M columns. As eluent N,N-dimethylformamide (with 2.096 g/L
lithium bromide added) at 30 °C was used, absolute molecular weights were determined using dn/dc
=0.1499 mL g_l from the literature [30].

Electron-spray ionization mass spectrometry (ESI-MS) measurements of DEVP oligomer samples
(catalyst-to-monomer ratio = 1:6, reaction time 5 min in toluene, quenched with ethanol) were performed
on a Varian 500-MS (Palo Alto, CA, USA) with MeCN as the solvent in positive ionization mode (70 eV).
Recorded mass spectra were analyzed using MS Data Review.

Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) was performed
on a Bruker Daltonics ultraflex TOF/TOF (Billerica, MA, USA). Oligomer samples of 2VP with
a concentration of 2 mg mL~! in THF were prepared and 3 pL of this solution was mixed with 1 pL
of matrix solution (saturated dithranol in H,O (+ 0.1 vol % TFA):MeCN = 2:1) and 1 pL of 5 mg
mL~! sodium trifluoroacetate in HyO(+ 0.1 vol % TFA):MeCN = 2:1. The mass spectra were recorded
in linear positive mode without deflection and gating. Spectra interpretation was performed using
Bruker FlexAnalysis.

Lyophilization was performed on a VaCo 5-1I-D from Zirbus technology GmbH (Bad Grund,
Lower Saxony, Germany), with a pressure of 2 mbar and a condenser temperature of —90 °C. PDEVP was
dissolved in either water or 1,4-dioxane, P2VP is dissolved in either benzene or 1,4-dioxane prior to
freezing in liquid nitrogen.

Elemental analysis was performed by the Laboratory for Microanalytics at the Institute of Inorganic
Chemistry at the Technical University of Munich, Department of Chemistry, Catalysis Research Center.
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3.3. Synthesis of Catalyst 4 [[ONOO)"B*Y(BenzPyOTBDMS)(th)]

In total, 2.77 g (3.33 mmol, 1.0 equiv.) of complex 3 (ONOO'BY)Y(CH, TMS)(thf) were dissolved in
30 mL dry toluene and 1.09 g (3.66 mmol, 1.1 equiv.) of the protected pyridine 2 dissolved in 6 mL dry
toluene were added. The reaction mixture was stirred at 60 °C for 17 h before the solvent was removed
in vacuo leaving a red, oily solid. Upon addition of 2 X 20 mL dry pentane and subsequent removal of
the solvent in vacuo, a yellow precipitate was formed, which is subsequently washed with 2 x 25 mL
dry pentane before drying under vacuum. Catalyst 4 [[ONOO)' Buy(BenzPyOTBDMS)(thf)] is obtained
as yellow solid (2.57 g, 2.63 mmol, 72%).
TH-NMR (400 MHz, C¢Dg, 300 K): & (ppm) = 0.08 (s, 6H, Si(CH3),), 1.02 (s, 9H, SiC(CH3)3), 1.16-1.22
(m, 4H, CHy th¢), 1.47 (s, 18H, 'Bujigand), 1.63 (s, 18H, ‘Buyjigana), 2.21 (s, 3H, CH3 pyridine), 241 (t, *Jru =
4.8 Hz, 2H, NCH,CH,0OMe), 2.66 (s, 3H, OCH3), 2.80 (t, *Jy p1 = 4.8 Hz, 2H, NCH,CH,;OMe), 2.96 (s,
2H, YCH; pyridine), 3.01 (d, ?Jy,1 = 12.5 Hz, 2H, ArCH) jigand), 3.73-3.77 (m, 4H, OCHy tr¢), 4.07 (d, *J11 1
=12.5 Hz, 2H, ArCH; jigand), 4.65 (s, 2H, CHOSiR3), 6.24 (s, 1H, Harpyridine), 7-06 (s, 1H, Harpyridine),
7.13 (d, *Ju,u = 2.6 Hz, 2H, Hagligand), 7-39 (d, *J,u = 8.0 Hz, 2H, Hagpenzy1), 7.56 (d, 4J,u = 2.6 Hz,
2H, HAr,Iigand)/ 7.70 (d, 3]H,H =8.2Hz, 2H, HAr,benzyl)-
13C-NMR (125 MHz, C¢Dg, 300 K): 6 (ppm) = 5.1, 18.6,23.7, 25.2, 26.2, 30.3, 32.3, 34.3, 49.5, 54.5, 59.7,
65.1,65.2,70.9,72.9,105.8, 113.9, 124.2,124.5, 125.8, 126.8, 127.0, 136.6, 136.8, 139.6, 141.7, 147.3, 156.8,
161.7 (d, 'Jyc = 2.5 Hz), 167.4.
298i-NMR (80 MHz, C4Dg, 300 K): 8 (ppm) = 19.7.
EA: Calc: C 68.65, H8.79, N 2.81, O 8.02, Si 2.82, Y 8.91. Found: C 68.53, H9.12, N 2.81.

For the TH-NMR kinetic experiment, 10 mg (0.013 mmol, 1 equiv.) of complex 3 were dissolved in
0.4 mL deuterated benzene and 6.88 mg (0.021 mmol, 1.6 equiv.) protected pyridine 2 were dissolved
in 0.1 mL deuterated benzene. Both solutions were mixed inside a Young NMR tube and the reaction
mixture was heated to 60 °C. Every 30 min, a proton-NMR spectrum was measured to evaluate the
reaction progress.

3.4. Polymerization Procedure

For the polymerization of DEVP or 2VP, 13.5 mg (13.5 umol, 1.0 equiv.) of catalyst 4 were weighed
into a dried screw cap vial and dissolved in 2 mL dry solvent (toluene, thf or dichloromethane).
Under vigorous stirring the calculated amount of monomer (50 equiv., 100 equiv., 200 equiv., 400 equiv.
or 600 equiv.) was added in one portion and the reaction was stirred at 25 °C for 60 min. An aliquot
of 0.1 mL of the reaction mixture was taken and quenched in wet CDCl3 (PDEVP) or MeOD (P2VP)
before stopping the reaction with 0.5 mL methanol. The polymers were precipitated in 50 mL pentane,
centrifuged, and the solution was decanted off and the residue was freeze-dried. All polymer samples
were analyzed using NMR and SEC.

3.5. Activity Measurements

For measuring the activity of catalyst 4 towards 2VP and DEVP polymerization, 22.5 mg
(22.5 pmol, 1.0 equiv.) of 4 were weighed into a screw cap vial and were dissolved in 10 mL dry toluene.
Under vigorous stirring, the monomer (2VP: 400 equiv., DEVP: 600 equiv.) was added in one portion.
At certain time intervals, 0.2 mL aliquots of the reaction mixture were taken out and quenched by
addition of 0.4 mL wet methanol-dy. The conversion of 2VP was determined from 'H-NMR, while for
DEVP, conversion was calculated from *'P-NMR. The aliquot NMRs were precipitated in 12 mL
pentane, decanted off and dried in vacuo. The number-average molecular weight and polydispersity
were determined using SEC (P2VP) or SEC-MALS (PDEVP). The turnover frequency was determined
from the highest slope in the time—conversion plot and the normalized turnover frequency from
an average initiator efficiency of these points. The living-type character of the polymerizations are
determined from a linear increase of molecular weight in a conversion-molar mass plot.
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3.6. Polymer Deprotection

(A) TBAF-deprotection: 150 mg PDEVP were dissolved in 10 mL dry tetrahydrofuran and
0.1 mmol of a 1 M TBAF solution in tetrahydrofuran was added. The reaction mixture was stirred for
24 h under ambient conditions. The solvent was removed in vacuo and the residue was subjected to
dialysis in water (Spectra/Por 1 dialysis tubing, regenerated cellulose, molar-mass cut-off 5 kg mol ™!,
2 L water, five-fold solvent exchange). The residual polymer solution was dried and freeze-dried twice
from high purity water.

(B) HCl-deprotection: 170 mg P2VP was dissolved in 6 mL ethanol and 0.6 mL concentrated
HCl(5q) were added. The reaction mixture was stirred for 24 h under ambient conditions and afterwards
the solvent was removed in vacuo. The residue was dissolved in dichloromethane and an excess of
concentrated sodium hydrogen carbonate solution was added to deprotonate the pyridine side chain
protonation of the P2VP polymer. After phase separation, the aqueous phase was extracted with
dichloromethane twice. The organic phases were combined, and the solvent was removed in vacuo
prior to freeze-drying from 1,4-dioxane.

(C) AcOH-deprotection: The polymer (140 mg P2VP/250 mg PDEVP) was dissolved in 5 mL of
a mixture of glacial acetic acid-tetrahydrofuran-water in a ratio of 3:1:1, and the mixture was stirred
for 24 h. For P2VP, the work-up from reaction (B) was applied, while PDEVP was dissolved in
dichloromethane after solvent removal and purified via precipitation in excess of pentane and followed
by freeze-drying from 1,4-dioxane.

4. Conclusions

Anovelsilicon protected hydroxy-pyridine initiator was synthesized and used for functionalization
of [[(ONOO!BUY(CH,TMS)(thf)] via C—H bond activation to obtain a novel [[ONOOBUY(X)(thf)] (X =
4-(4'-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-2,6-di-methylpyri-dine) complex in high purity
and yield. Activity measurements of this complex showed a high initiator efficiency in the REM-GTP
of DEVP and 2VP and the living character of the polymerization was proven. A series of well-defined
polymers with different molecular weights and small polydispersities were obtained. End-group
characterization via mass spectrometry and 2D-NMR studies revealed a covalent attachment of the
silicon protected initiator to the obtained polymers. A good agreement between the absolute number
average molecular weights obtained via SEC and those calculated via NMR-spectra using the silyl
end-group also proof a quantitative attachment. Different deprotection routes for the silyl-protection
group were evaluated for all polymers and with the use of glacial acetic acid full deprotection was
facilitated obtaining hydroxyl-terminated PDEVP and P2VP while maintaining full structural integrity
of the polymers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/4/448/s1,
Figure S1: I'H-NMR (400 MHz, CgDg, 300 K) of catalyst 4; Figure S2: 13C.NMR (125 MHz, C¢Dg, 300 K) of catalyst
4; Figure S3: DOSY-NMR (CDCl3, 400 MHz) of PDEVP (M,, = 43.4 kg mol~!, D = 1.11); Figure S4: DOSY-NMR
(MeOD, 400 MHz) of P2VP (M, = 34.7 kg mol™!, b = 1.07); Figure S5: 'H-NMR (CDCls, 400 MHz) of PDEVP
produced with catalyst 4 (Table 2, entry 4, M,, ,ps = 16.6 kg/mol, D = 1.04), impurities and artefacts are marked

with *; Figure S6: 3IP-NMR (CDCl3, 162 MHz) of PDEVP produced with catalyst 4 (Table 2, entry 5, My, abs =
104 kg/mol, D = 1.33); Figure S7: Representative SEC-MALS trace (top) and resulting fitting plot (bottom) for
molecular weight determination of PDEVP produced with catalyst 4 (Table 2, entry 5, M, ,,,s = 104 kg/mol, D
= 1.33); Figure S8: 'H-NMR (CDCl3, 400 MHz) of P2VP produced with catalyst 4 (Table 3, entry 1, My, 5ps =
25.0 kg/mol, D = 1.04), impurities and artefacts are marked with *; Figure S9: 1BC.NMR (MeOD, 500 MHz) of
P2VP and section of the quaternary '*C atom resonance of atactic P2VP produced with catalyst 4, resonance
assignment and microstructure determination according to ref. [1], impurities and artefacts are marked with *;
Figure S10: Representative SEC-trace (top) and distribution plot of molecular weight determination (bottom) of
P2VP produced with catalyst 4 (Table 2, entry 3, M,, ,ps = 22.6 kg/mol, D = 1.06). Signals in the light scattering
detectors (orange, red) with retention time below 10 min are not detectable via RI (dark blue), therefore signals
do not belong to polymeric material; Figure S11: Representative comparison of 'H-NMR spectra of protected
(bottom) and deprotected (top) P2VP (Table 4, entry 2) with close-up of the silyl region (TBDMS signals marked
blue); Figure S12: Overlay of SEC RI traces of P2VP protected and deprotected (Table 4, entry 2) (protected black,
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deprotected blue); Figure S13: Representative comparison of 'H-NMRs of protected (bottom) and unprotected
(top) PDEVP (Table 4, entry 1) with close-up of the silyl region (TBDMS signals marked blue); Figure S14: Overlay
of SEC-MALS RI traces of PDEVP (Table 4, entry 1) protected and deprotected (protected black, deprotected blue,
Synthesis procedures of 1 and 2.
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4.4. Addendum — additional initiators

To further broaden the scope of available end-groups, several substituted a-methyl pyridines
were synthesized. With a special focus on grafting GTP-based polymers onto surfaces, two
different approaches have been identified. For a direct grafting-to of the polymers, the catechol
moiety has been chosen as novel initiator motif, as it has a high affinity towards almost all kinds
of surfaces (Scheme 30A).3°7327 Utilizing the same surface covering affinity of catechol, a
modal approach has been designed as well, where the surface coupling shall be achieved by
an azide-alkyne cycloaddition between the functionalized polymer and suiting surface groups,
like for example a dopamine-based azide (Scheme 30B). Therefore, polymers bearing either
an azide or an alkyne chain end are required, which are introduced to a-methyl pyridines as

well.

A) Direct anchoring approach

o=P
N\ catechol anchoring
Initiator ~—> ‘ nH >
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OH
OH
B) Modular anchoring approach
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:Ej/V anchoring
T e _
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Scheme 30: Possible graft-to approaches towards anchoring GTP-based polymers via direct anchoring
of an attached catechol moiety (A) or modular anchoring by azide-alkyne cycloaddition of an alkyne-

modified polymer with an azide-functionalized dopamine on the surface (B).
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4.4.1. Synthesis of functionalized pyridines

All syntheses routs towards the functionalized a-methylpyridines start from 4-chloro-2,6-
dimethylpyridine (1), which is prepared from 2,6-dimethylpyridine via an established synthesis
route.!5 For the preparation of the catechol-functionalized pyridine, a Suzuki-coupling of
4-chloro-2,6-dimethylpyridine (1) with the methoxy-protected 2,3-dimethoxyphenyl boronic
acid (2) is performed, yielding 7.81 g (32.1 mmol, 91 %) of the desired 4-(3,4-dimethoxy-
phenyl)-2,6-dimethylpyridine (3) in good purity with high yields after recrystallization from
diethyl ether. The subsequent deprotection of the methoxy groups with BBr; as deprotection
agent failed, most likely due to methylation of the pyridyl unit by the in-situ formed side-product
methyl bromide. Deprotection by stirring with an excess of 40 % HBr under reflux for two days
resulted in complete cleavage of the methoxy groups, yielding 1.73 g (8.03 mmol, 65 %) pure
4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine (4). To be able to perform a selective C-H bond
activation, the hydroxyl units are reprotected with a tert-butyl-dimethyl-silyl protecting group.
After column chromatography, 440 mg (1.00 mmol, 44 %) of pure 4-(3,4-di(tert-butyl-
dimethylsilyl)oxy)-phenyl)-2,6-dimethylpyridine (5) were isolated (Scheme 31).

1.) 2.6 eq. NaH,
N HO\B/OH %Ooséq{gzdg’jphm' ‘ Ns xs. HBr(aq) ‘ NS g)(;ggqm?Bgl\ll_llg():I | ™S
U . (NaHCO, Toluene, EtOH) ~  138°C,48h, () = 50 °C, 18 h, (THF) Z
= 919 65 % 4%
£
I o o} HO 0

‘.
_Si O\Si/
1 2 3 4 ){\ \ j< 5

Scheme 31: Synthesis of the tert-butyl-dimethylsilyl protected catechol-pyridine (5) via Suzuki coupling,

deprotection and reprotection.

For introduction of the last functional group, the alkyne, 4-chloro-2,6-dimethylpyridine (4) is
converted to 4-iodo-2,6-dimethylpyridine (6) by a nucleophilic aromatic substitution via a
modified, literature-known synthesis procedure.®® By performing a copper-catalyzed
Sonogashira coupling with 1-trimethylsilyl acetylene, 270 mg (1.32 mmol, 62 %) of the pure,
already protected 4-trimethylsilylacetylene-2,6-dimethylpyridine (7) could be isolated after

column chromatography in moderate yield (Scheme 32).328

1.4 eq. C,HSI(CHg)3

N 1.5 eq. Acetylchloride, 6.0 eq. Nal, N 0.02 eq. Pd(PPh3)ZCYI2v 0.01 eq. Cul, N
‘ B 140 °C, 18 h, (MeCN) ‘ A 75 °C, 3 h, (NEt3) ‘ =
Z 50 % = 62% =

Cl |
1 6

Scheme 32: Synthesis of the alkyne-pyridine (7) via nucleophilic aromatic substitution and Sonogashira

coupling.
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The synthesis of 4-azido-2,6-dimethylpyridine has successfully been realized by reacting
4-chloro-2,6-dimethylpyridine (4) with hydrazine-hydrate to 4-hydrazinethyl-2,6-dimethyl-
pyridine (8) and subsequent diazotisation with sodium nitrite and 5 % hydrochloric acid.?*® The
synthesis yielded 376 mg (2.54 mmol, 18%) of pure 4-azido-2,6-dimethylpyridine (9) with low
yield (Scheme 33). The prepared azido-pyridine is directly used for C-H bond activation without
prior introduction of a protecting group.

N 3.2 eq. No,Hy H,0, N 1.5 eq. NaNO,, N
‘ X 90 °C, 19 h, (EtOH) ‘ x 5 % HCl,q), 0 °C, 0.5 h, (H,0) ‘ X
= no isolation = 18 % =

Cl HN. N
NH, 3

1 8 9

Scheme 33: Synthesis of the azido-pyridine (9) via nucleophilic aromatic substitution and diazotisation.

The three newly synthesized a-methylpyridines are next investigated regarding their reactivity
towards C-H bond activation for the generation of catalysts, which transfer the functionalized

pyridyl moieties to the polymers.

4.4.2. C-H bond activation

Contrary to the previously described C-H bond activation using the yttrium bis(phenolate)
precursor catalyst [(ONOO)®UY(CH,TMS)(thf)], the prepared functionalized pyridines are
activated using Cp2Y(CH.TMS)(thf) to allow a fast assessment of their activation and
subsequent initiation behavior. To investigate whether the in-situ C-H bond activation with the
yttrium precursor proceeds without side-reactions, kinetic monitoring of the activation using
'H-NMR spectroscopy has been performed. The monitoring of the C-H bond activation is
performed as described in chapter 4.3 using the methyl signals and aromatic ring proton
signals of the pyridyl unit as well as the CH,TMS signal and the corresponding evolution of a
tetramethylsilane signal. The C-H bond activation of the alkyne-pyridine (7) and the catechol-
pyridine (5) proceeded without observable side-reactions within 2 hours at room temperature,
facilitating an in-situ activation prior to polymerization without catalyst isolation and work-up.
When reacting azide-pyridine (9) with the pre-catalyst Cp.Y(CH,TMS)(thf), no clean activation
but catalyst decomposition can be observed as indicated by precipitation of a black solid and
vanishing of defined signals in the !H-NMR. A similar activation protocol with
[(ONOO)®UY(CH,TMS)(thf)] lead to catalyst decomposition at room temperature and elevated
temperatures as well. The azide group seems to be too reactive to undergo controlled C-H
bond activation with yttrium catalysts. In order to facilitate attachment of azide-groups
nevertheless, the activation of 9 with the lutetium precursor Cp,Lu(CH,TMS)(thf) has been

tested, as lutetium usually reacts much slower in C-H bond activation reactions.”® This
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approach allowed for a more controlled C-H bond activation of 9 within 24 hours at room
temperature, yet appearance of some additional signals indicate minor side-reactions taking
place. For all subsequent polymerizations, the respective C-H bond activated catalysts are
generated in-situ by reacting 1.1 equivalents of the functionalized pyridine with 1.0 equivalents
of with the respective pre-catalyst Cp.Ln(CH2TMS)(thf) (Ln=Y, Lu) catalyst at room
temperature as indicated.

4.4.3. Polymerization of diethyl vinylphosphonate

For all polymerization reactions, DEVP is chosen as model monomer, as the obtained
polymers remain water-soluble with an LCST at 42 °C, making them interesting candidates for
surface modifications. Additionally, the molecular weight of the PDEVPs obtained can be
determined absolutely via SEC-MALS, allowing accurate assessment of the initiation efficiency
I.E. of the prepared pyridines. In a first step, the catechol-pyridine based catalyst 10 is formed
in-situ and DEVP is added to generate catechol-functionalized polymers (Scheme 34). The

polymerization results are summarized in Table 5.

in-situ activation

e
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Scheme 34: Polymerization of DEVP with catalyst 10 generated in-situ from reacting the pre-catalyst
Cp2Y(CH2TMS)(thf) with catechol-pyridine 5.

Table 5: Results from DEVP polymerization with catalyst 10 generated in-situ from catechol-pyridine 5
with Cp2Y(CH2TMS)(thf).

Entry  [DEVPJ/[Y]? X [%] ® Mntheo © M abs 9 bd ILE. ¢
[kg/mol] [ka/mol] [] [%0]

1 100/1 99 16.2 19.0 1.13 85

2f 175/1 99 29.7 48.7 1.02 62

3 200/1 99 35.2 47.9 1.03 73

2 13.5 umol catalyst, 2 mL toluene, rt, 2 h; ® conversion determined via integration of 3'P-NMR, © theoretical molecular weight
determined as My eo = X-Mpevp- [DEVP]/[Y]+Min; ¢ absolute molecular weight and polydispersity determined via SEC-MALS in
THF:H,O with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; © initiator efficiency determined via I.E. = M heo/Mn.ans:100%; * double

scale.

- 80 -



End-group modifications

For the tested monomer/catalyst ratios of 100/1 and 200/1, the catalyst rapidly polymerized
DEVP with full conversion as determined via **P-NMR spectroscopy, obtaining polymers with
narrow polydispersity, indicating a very controlled polymerization. The initiation efficiency at
100/1 is with 85 % very high, slightly decreasing to 62 — 73 % for increased monomer amounts.
Based on the high initiation efficiency, the determined absolute molecular weights are in good
agreement with the theoretically calculated molecular weights at full initiation efficiency. To
check if the attachment of the catechol-pyridine has been successful, *H-NMRs (Figure 27A)
and DOSY-NMRs (Figure 27B) of the prepared polymers are measured. As the signals from
the initiating group and especially from the protecting groups appear at the same diffusion
coefficient as the polymer signals, attachment of the pyridyl unit is confirmed. By applying the
same deprotection protocols as described in chapter 4.3, full removal of the silyl protecting
groups of the catechol moiety was achieved as observed in *H-NMR (Figure 27C). Overall, the
established protocol for in-situ C-H bond activation, polymerization and subsequent

deprotection allows the attachment of the desired catechol moiety to PDEVP polymers.

A) B)
‘ M _ [L 110?
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o

cm2/se

................................................................................... , e %10

75 70 65 60 55 50 45 40 35 30 25 20 15 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
&/ ppm &1 ppm

before deprotection

3 0 i
after deprotection

51 48 45 42 39 36 33 30 27 24 21 18 15 12 08 06 03 00 -03
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Figure 27: H-NMR spectrum of PDEVP prepared with catalyst 10 with close-up of silyl region (A),
DOSY-NMR of the same PDEVP sample, showing only one diffusion coefficient (B) and stacked
1H-NMRs of catechol-functionalized PDEVP before and after deprotection (C).
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Now, the alkyne-pyridine based catalyst 11 is tested towards DEVP polymerization. Again, the
catalyst is formed in-situ from reaction of Cp.Y(CH.TMS)(thf) with pyridine 7 prior to monomer
addition (Scheme 35). The polymerization results are summarized in Table 6.

in-situ activation
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Scheme 35: Polymerization of DEVP with catalyst 11 generated in-situ from reacting the pre-catalyst
Cp2Y(CH2TMS)(thf) with alkyne-pyridine 7.

Table 6: Results from DEVP polymerization with catalyst 11 generated in-situ from alkyne-pyridine 7
with Cp2Y(CH2TMS)(thf).

Entry  [DEVP]/[Y]? X [%] P Mn,heo © Mn,abs ¢ pd ILE.®

[kg/mol] [kg/mol] [] [%0]
1 50/1 99 8.7 19.6 1.09 44
2 100/1 99 16.7 315 1.09 53
3 200/1 99 33.3 66.1 1.05 50

3 13.5 umol catalyst, 2 mL toluene, rt, 2 h; ° conversion determined via integration of >:P-NMR, °© theoretical molecular weight
determined as Mpmeo = X-Mogve- [DEVP)/[Y]+Myy; ¢ absolute molecular weight and polydispersity determined via SEC-MALS in
THF:H,0O with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; © initiator efficiency determined via I.E. = My meo/Mn,ans-100%;  double
scale.

Similar to catalyst 10, catalyst 11 is capable of fully polymerizing DEVP at room temperature
within two hours. For all tested catalyst loadings from 50/1 to 200/1, the polymers obtained
showed narrow polydispersity, indicating a very controlled polymerization reaction. For all
tested ratios, the initiation efficiency is between 44 — 53 % and therefore about 20 — 30 % lower
than the initiation efficiency of catalyst 10. Nevertheless, PDEVPs with tunable molecular
weights and narrow polydispersity can be prepared with catalyst 11 as well. Analogous to the
catechol derivative, the initiator attachment is verified by *H-NMRs and DOSY-NMRs of the
polymers, revealing the desired attachment of the TMS-protected alkyne (Figure 28A and B).
To regain the reactivity of the alkyne, the TMS group is removed by stirring the polymer with
potassium carbonate in methanol for two to three days at room temperature, fully cleaving of
the protecting group as indicated by *H-NMR (Figure 28C). Summarizing, the attachment and
deprotection of alkynes-bearing initiator groups to PDEVP by the presented approach has

been successful.
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Figure 28: 1H-NMR spectrum of PDEVP prepared with catalyst 11 with close-up of silyl region (A),
DOSY-NMR of the same PDEVP sample, showing only one diffusion coefficient (B) and stacked
1H-NMRs of alkyne-functionalized PDEVP before and after deprotection (C).

Lastly, the azide-pyridine based lutetium catalyst 12 is tested towards DEVP polymerization

(Scheme 36), the corresponding polymerization results are summarized in Table 7.

in-situ activation
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Scheme 36: Polymerization of DEVP with catalyst 12 generated in-situ from reacting the pre-catalyst
Cp2Lu(CH2TMS)(thf) with azide-pyridine 9.
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Table 7: Results from DEVP polymerization with catalyst 12 generated in-situ from azide-pyridine 9 with
CpzLu(CH2TMS)(thf).

Entry  [DEVPJ/[Y]? X [%] ® Mn,theo © M abs 9 bd ILE. ¢
[kg/mol] [kg/mol] [] [%]
1 25:1 99 4.3 40.1 1.21 10.7
2 50:1 99 8.4 69.6 1.15 12.1
3 100:1 99 16.6 219 1.19 7.6
4 200:1 99 33.0 391 1.16 8.4

13,5 umol catalyst, 2 mL toluene, 11, 2 h; ° conversion determined via integration of :P-NMR, © theoretical molecular weight
determined as M eo = X-Mpeve- [DEVP]/[Y]+Myy; ¢ absolute molecular weight and polydispersity determined via SEC-MALS in
THF:H,0 with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; © initiator efficiency determined via |.E. = My teo/Mn ans-100%; * double
scale.

Like catalysts 10 and 11, catalyst 12 is capable of polymerizing DEVP with full conversion
within 2 hours at room temperature. However, the polydispersity of the polymers obtained is
considerably higher than for catalyst 10, indicating a less controlled polymerization. This is
underlined by the much lower initiation efficiency between 8.4 — 12.1 %, leading to a drastically
increased measured molecular weight compared to the theoretically calculated molecular
masses. As the C-H bond activation with yttrium as central metal failed and led to catalyst
decomposition, a similar behavior might cause the deviating behavior observed for the DEVP
polymerization. As the activation kinetics already hinted, there are some minor side-reactions
occurring during the C-H bond activation, leading to an overall decreased amount of active
polymerization catalyst, explaining the lower initiation efficiency. Overall, the initiator efficiency
is about half of the reported value for the structural analogue sym-collidine derivative
CpzLu(sym-col)(thf) of 21 %.% The increased polydispersity might be caused by the overall
faster polymerization of DEVP by the lutetium catalyst compared to the yttrium catalyst in
combination with a less precise initiation reaction.®® At low monomer/catalyst loadings of 25/1
and 50/1, the ultrafast polymerization of DEVP with lutetium in combination with the low
initiation efficiency leads to a broadening of the dispersity, while this effect is less pronounced
at higher monomer loadings. Yet catalyst 12 is capable of producing defined PDEVPs with
steerable molecular weights and moderate polydispersities. Again, to verify the attachment of
the initiator, DOSY-NMRs of the polymers prepared are measured. However, as the molecular
weight is considerably higher than for the polymers prepared with catalysts 10 or 11 and as
the initiator is both considerably smaller with overall less detectable proton signals and no silyl
protecting groups, verification of the attachment via NMR failed. Additionally, structural integrity
of the azide group cannot be confirmed using *H-NMR, as decomposition of the azide moiety
during C-H bond activation cannot be neglected. Therefore, oligomeric DEVP is prepared with
catalyst 12 and an ESI-MS is measured (Figure 29), revealing covalent attachment of an intact

azide moiety (black series) as well as partial recombination to the dimeric azo-species (blue
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series). Yet overall, the attachment of an azide to PDEVP by using the in-situ approach seems

to be successful as well.

A) B)
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Figure 29: 1H-NMR of PDEVP prepared with catalyst 12, without signals from the initiator (A) and
ESI-MS spectrum of PDEVP oligomers prepared with catalyst 12 showing to series, one with an intact

azide attached and one with an initiator with decomposed azide (B).

4.4.4. Utilization of the functionalized polymers

With the prepared functionalized polymers, different functionalization approaches will be tested.
The catechol-functionalized polymer will be tested towards direct surface coating of different
substrates due to the anchoring affinity of the catechol-function, while the azide-functionalized
PDEVP is intended for a direct functionalization of carbon nanotubes. The alkyne as the most
versatile end-group will be tested in the previously described modular azide-alkyne
cycloaddition coating approach with dopamine-azide as functional group on the surface.
Overall, these functional initiators serve as anchoring moieties for polymers prepared via
group-transfer polymerization, possibly providing a versatile tool which can be used to

immobilize a variety of different, functional, and responsive polymers on a variety of surfaces.
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5.3. Content

With respect to sidechain modifications, the monomer 4-vinyl-4’-methyl-2,2’-bipyridine (VBpy)
as extended 1,6-Michael acceptor monomer is chosen to act as modifiable moiety for the
synthesis of highly stable photocatalysts. The concept of using PVBpy as macromolecular
ligand is widely known and used for a variety of different applications, yet no catalytic
polymerization of VBpy is known so far. The pioneering work by Rieger et al. on the catalytic
polymerization of 4-vinylpyridine using interacting aluminum/phosphine-based Lewis pairs for
a controlled LPP?*® is used as a blueprint to find suitable Lewis acid/base pair combinations
capable of polymerizing VBpy in a controlled, catalytic way. Various combinations of aluminum
acids and phosphine bases are screened towards VBpy polymerization, and the obtained
polymers are characterized regarding their absolute molecular weight and polydispersity. By
using tri-iso-butyl aluminum and trimethyl phosphine as Lewis pair, PVBpy with narrow
polydispersity could be obtained, while an end-group analysis revealed the presence of two
different initiation pathways, conjugate addition and deprotonation. The main purpose of
PVBpy is to act as a macromolecular ligand, forcing rhenium and ruthenium complexes into
spatial proximity. This is done in order to increase the stability of photocatalytically active
rhenium complexes by the photosensitizing effect of rhenium moieties. With these well-defined
polymers, polymer-metal complexes are synthesized in a two-step loading with the pre-cursor
complexes Re(CO)sCl and Ru(dmb).Cl> (dmb = dimethyl bipyridine) and thoroughly
characterized using UV-Vis, photoluminescence, and IR spectroscopy as well as ICP-MS to
determine the metal loading. This characterization revealed an incomplete loading of the
polymer with metal complexes with the herein presented synthesis pathways, achieving total
metal loadings between 14 — 41 %. Nevertheless, the polymeric photocatalysts showed high
activity and stability towards photocatalytic CO; reduction, with turnover numbers (TON) of up
to 5650 and turnover frequencies (TOF) of 66 h, while maintaining activity up to 30 days. This
successfully shows that the use of PVBpy as macromolecular ligand influences the stability of
this tandem system of a rhenium photocatalyst with a ruthenium photosensitizer beneficially.
By means of LPP a catalytical polymerization of VBpy is now possible, allowing the synthesis

of precisely defined polymers to be used as macroligands.
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ABSTRACT: Herein, the first catalytical polymerization of 4-
vinyl-4'-methyl-2,2"-bipyridine (VBpy) via Lewis pair-mediated
group-transfer polymerization using different combinations of
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Lewis acidic trialkyl aluminum compounds and Lewis basic ; Q

phosphines is reported. In this context, a broad screening of )e'
different Lewis pairs is conducted, demonstrating the necessity of %

an adjustment of the steric and electronic properties of the Lewis ) co,
pair to the demands of the monomer. Further, end-group analysis o g (

of short-chain oligomers via electrospray ionization mass Al/P - Lewis pair Re-Ru- co
spectrometry (ESI-MS) for the experimentally determined polymerization loading Photocatalysis

optimum combination Al(i-Bu);/PMe; (P = 1.31-1.36, LE. =

45—51%) reveals the presence of two initiation pathways via conjugate addition and deprotonation. The well-defined polymers are
subsequently loaded in a two-step synthesis protocol with different ratios of Re(CO);Cl and Ru(dmb),Cl, forming a
photocatalytically active rhenium—ruthenium polymer complex with poly(vinyl bipyridine) as the macroligand. Catalyst loadings are
characterized thoroughly by means of Ultraviolet—visible (UV—vis), photoluminescence (PL), and IR spectroscopy as well as
inductively coupled plasma (ICP)-MS. Finally, a comparison of the photocatalytic CO, reduction performance of the polymeric
catalysts in irradiation experiments is presented, revealing particularly high photostabilities and activities for PVBpy*'** (TON =
5650, TOF = 66 h™'). This is due to an efficient electron transfer of the Ru(II)-one-electron-reduced species (OERS) to the
rhenium centers facilitated by the spatial proximity of both metals attached to the macromolecular ligand PVBpy.

B INTRODUCTION

Mononuclear rhenium complexes of the type [Re(dmb)-
(CO)5X] (X = CI', Br) with 4,4'-dimethyl-2,2"-bipyridine
(dmb) ligands were established as catalysts for the photo-
catalytic reduction of CO, to CO due to their high activity and
excellent product selectivity, favoring the formation of CO over
other reduction products. In this context, the Re(I) centers
were shown to act as photosensitizers, as well as the
photocatalytic units, in the CO, conversion.”” However,
those photocatalysts suffer from premature catalyst deactiva-
tion due to the insufficient photostability of the Re(I)-OERS.’
An increase in the photostability of Re(I)-based catalyst
systems was achieved upon covalent linkage of rhenium
centers, resulting in a binuclear mechanism that combines an
effective two-electron transfer caused by the spatial proximity
of the metal centers with the smooth generation of a free
coordination site." Further enhancement of the photocatalytic
performance of multinuclear rhenium complexes is possible
upon integration of ruthenium moieties as photosensitizing
units for light capture.” The incorporation of Ru(II) into the
rhenium-based photocatalytic systems allows for the utilization
of lower energy light and thus helps suppress light-induced
deactivation reactions.” Among those multinuclear systems for

© 2022 The Authors. Published by
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7039

photocatalytic CO, reduction, particularly catalysts with
[Ru(dmb);]** moieties as photosensitizers covalently linked
to [Re(dmb)(CO)4Cl] derivatives, as the catalytic centers are
very well studied.”"’ Upon light absorption, the exclusive
population of the *MLCT (metal-to-ligand charge-transfer)
state of the ruthenium complexes was observed, which was
transformed into the Ru(II)-OERS by reductive quenching
with a suitable electron donor. Subsequent intramolecular
electron transfer to the covalently bound Re(I) unit leads to
the generation of the Re(I)-OERS capable of entering the
catalytic cycle for the reduction of CO,. In this context, the
rate of the intramolecular electron transfer is of secondary
importance, as the reduction of CO, at the Re(I) center was
identified as the rate-limiting step of the overall process.”
Nevertheless, studies revealed that supramolecular rhenium—
ruthenium complexes with short, saturated linkers between the
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Scheme 1. Polymerization of 4-Vinyl-4'-methyl-2,2’-bipyridine Mediated by Different Lewis Pairs
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metal centers exhibited the highest photocatalytic activities and
stabilities.'"'* This was attributed to z-conjugation signifi-
cantly lowering the reduction potential of the Re(I)-OERS,
therefore worsening the photocatalytic abilities of complexes
with conjugated bridging ligands.'* A concept for a trinuclear
photocatalyst bearing two rhenium and one ruthenium moiety
was introduced by Ishitani et al., revealing high photostability
and high catalytic activities due to an efficient intramolecular
electron transfer."* This fast and quantitative electron transfer
is the main reason for a substantial stability increase, as light-
induced deactivation reactions of the Ru(II)-OERS are
generally considered the main route for catalyst degrada-
tion.”"> One main advantage regarding the photocatalytic
performance of multinuclear rhenium—ruthenium complexes is
their lower concentration dependency compared to a
combination of mononuclear systems of Ru(II) and Re(I).

This is again due to the efficient electron transfer from
photosensitizer to catalyst unit because of the covalent linkage
of both key components of the photocatalytic system, enabling
the electron and energy transfer also at very low concen-
trations.”'® To facilitate more spatial proximity for the
photocatalytically active units, covalent linkages of multiple
bipyridine units to a macromolecular ligand might be beneficial
for the catalysts’ stability.'” Such polymers acting as macro-
ligands for metal complexes have been long-known, and
application of this principle to the photocatalytic reduction of
CO, can eventually facilitate the formation of highly stable
photocatalysts combir}ing photocatalysis with properties
inherent to polymers."”~"” Usually, vinyl bipyridines can be
applied in this context, being polymerized using free-radical
polymerization,”””' atom-transfer radical polymerization
(ATRP),”” or electropolymerization,'”*>** yet accessing
well-defined, controllable polymers with narrow dispersities
remains a major challenge. One approach might comprise
Lewis pair-mediated polymerization as a facile tool toward
defined poly(vinyl bipyridines) as metal complex anchoring
sites. In contrast to classical Lewis acid—base adducts,”
Stephan et al. introduced the notion of frustrated Lewis pairs
(FLPs) as a new concept for the description of combinations
of sterically hindered Lewis acids and equally hindered Lewis
bases.”® Due to the steric repulsion of Lewis acid and base, the
formation of a Lewis pair based upon donor—acceptor
interactions is suppressed, resulting in an unusual and
synthetically appealing reactivity of those frustrated Lewis
pairs.”® The first application of FLPs in polymerization
catalysis allowed for the polymerization of methyl methacrylate

7040

(MMA) and two methylene butyrolactones utilizing highly
Lewis acidic Al(C¢F;); in combination with appropriate
phosphines and N-heterocyclic carbenes as Lewis bases.”” In
analogy to the rare-earth metal-mediated group-transfer
polymerization, monomers for Lewis pair-mediated polymer-
izations comprise a,f-unsaturated molecules (1,4-Michael
acceptors) with a double bond conjugated to a heteroatom
moiety allowing coordination to a catalytically active center.
Besides MMA and a series of lactones, also polymers from the
polar vinyl monomers 2-isoprenyl-2-oxazoline (iPOx) and 2-
vinylpyridine (2VP), bearing a C=C—C=N functionality,
were accessible applying a combination of Al(C¢Fs); and N-
heterocyclic carbenes as polymerization catalysts.”” In 2016,
the scope of available monomers was broadened by Rieger et
al, reporting the controlled polymerizations of diethyl
vinylphosphonate (DEVP), dimethyl acrylamide (DMAA), as
well as the extended 1,6-Michael system 4-vinylpyridine (4VP)
with several combinations of highly interacting Lewis pairs
(HIPs) compromising organoaluminum compounds with less
steric demand and small phosphines.”” For these experiments,
an adjustment of the steric and electronic parameters of the
Lewis pairs to the steric and electronic properties of the
respective monomers was necessary to achieve living type
polymerizations while maintaining narrow polydispersities. In
addition to that, the initiation mechanism of the polymer-
ization was investigated by means of electrospray ionization
mass spectrometry (ESI-MS) analyses of short-chain
oligomers, revealing a terminal phosphine group and hence,
strongly suggesting a conjugate addition pathway.”” These
examples demonstrate the broad applicability of Lewis pair
catalysis for the polymerization of polar monomers that might
not be accessible by other polymerization types. Transferring
this concept to new monomers, the first catalytic polymer-
ization of 4-vinyl-4’-methyl-2,2"-bipyridine using different
Lewis pairs is reported. Using these well-defined polymers,
rhenium—ruthenium-loaded polymeric metal complexes are
prepared using a two-step synthesis protocol, and their
photocatalytic activity in CO, reduction is investigated.

B LEWIS PAIR POLYMERIZATION SCREENING

While polymeric forms of 4-vinyl-4'-methyl-2,2"-bipyridine are
well known as macroligands for photocatalytically active
complexes, no catalytically controlled polymerization proce-
dure for this monomer is known so far, as most examples

involve_less d’eﬁned electropolymerization or radical mecha-
nisms."”'***7** In 2016, Rieger et al. published the first
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Table 1. Polymerization of 4-Vinyl-4'-methyl-Z,Z'-bipyridine Using Different Lewis Pairs; LA = Lewis Acid, LB = Lewis Base

l/[uu]/[us]"
entry Lewis acid Lewis base equw 5/ equiv.]/[equiv.]

1 AlMe, PMe, 200/2/1

2 AlEt; PMe; 100/2/1

3 AlEt PMe, 200/2/1

4 AlEt, PMe, 400/2/1

s AlEt, PEt, 200/2/1

6  AlOct, PMe, 200/2/1

7 AlOct, PEt, 200/2/1

8  Al(i-Bu);  PMe, 200/2/1

9 Al(i-Bu);  PMe, 100/2/1

10 Al(iBu);  POct, 100/2/1

11 Al(i-Bu), PPhi 100/2/1

i - M, oo’ M -
tx” [h]  Xyggy [%] [kg/mol] [kg/mol] P[] LE/[%]
15 38 14.9 209 234 7.1
7 87 17.4 151 2.08 12
23 94 36.9 173 1.34 21
68 35 27.5 90.8 1.41 30
21 80 31.3 89.7 1.74 35
43 59 23.1 91.0 1.66 25
21 39 15.4 52.4 1.35 29
41 38 15.0 29.6 1.36 51
24 79 15.6 35.0 1.31 45
65 89 17.6 36.9 135 48
9 61 12.0 40.8 1.35 29

“Desired reactant ratio. “1.02 mmol VBpy in 2 mL of toluene, room temperature, Lewis acid and monomer were premixed, and the polymerization
was started by addition of Lewis base. “Determination of conversion via aliquot-'H NMR; for a detailed calculation, see the Supporting information,
Figure S2. “Theoretical molecular weight determined via M, ..o = Xvppy X Mygy, X [VBpy]/[LB], assuming full initiator efficiency. “Absolute
molecular weight and polydispersity determined usmg SEC with triple detection in DMF with added LiBr (25 mmol/L) at 30 °C using the
experimentally determined dn/dc = 0.190 mL g~' (Supporting information, Figure S5). Mnitiator efficiency LE. = M, ..o/M,, 1, X 100%.

Scheme 2. Initiation Pathways of Lewis Pair-Mediated Polymerization of VBpy with the Lewis Pair Al(I-Bu),;/PMe; via
Conjugate Addition (Upper Pathway, Red) or Deprotonation (Lower Pathway, Green) Either Leading to Phosphine or Olefin-

Terminated Polymer Chains®’

conjugate addition pathway

H
N ¥
MePi 20| MesP X
—
ZN. ~ N,
H - CAl(-Bu)y —— = P
Z N z
N $ N
L5 X
Initiation via ate
“Z "N deprotonation pathway
S |
PM93
) MezPH*
Propagnlon
AI(I-Bu)a N(FBU)g

controlled polymerization of the extended Michael-type system
4-vinylpyridine, which is related to VBpy.” This concept is
transferred onto the polymerization of VBpy for the synthesis
of defined macroligands, as shown in Scheme 1.

For the polymerization of VBpy, different Lewis pairs with
varying steric demands and, thus, different interactions were
tested; the results are shown in Table 1. All polymerizations
were performed in toluene at room temperature, and the
obtained polymers were characterized for their chemical
structure using '"H NMR and '*C NMR. The absolute
molecular weight distribution was determined via size-
exclusion chromatography (SEC), and in terms of their
thermal properties by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA).

Initial experiments with the two least sterically hindered
acids and bases AlMe; and PMe; (Table 1, entry 1) yielded a
conversion of 38% with a broad, bimodal dispersity (D = 2.34)
and low initiation efficiency (LE. < 10%). For the combination
AlEt;/PMe; (Table 1, entries 2—4), high conversions (X >
85%) with low to moderate polydispersities (D = 1.34—2.08)
were obtained, only limited in conversion by higher monomer
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loadings (Table 1, entry 4) while maintaining initiator
efficiencies in the range of 12—30%. This limitation might be
caused by monomer overload at the catalytic center or an
overall increase of side reactions, or the reaction mixture’s
viscosity due to a higher monomer concentration. However, all
combinations using small, sterically less demanding Lewis acids
produced polymers with more or less pronounced bimodal
character, as observed in the corresponding SEC traces (see
the Supporting information, Figures S6—S10). This bimodality
is most likely attributed to the presence of two initiation
pathways, namely, conjugate addition of the phosphine and a
deprotonation route, which differ in their reaction rates.””
Switching to the sterically highly demanding AlOct; with small
Lewis bases PMe, (Table 1, entry 6) and PEt; (Table 1, entry
7), VBpy conversion decreases with increasing steric demand
of the Lewis base (59% for PMe; vs 39% for PEt,). However,
the polydispersity decreased from 1.66 to 1.35, while initiation
efficiencies between 25 and 29% were observed for both
systems. To facilitate higher conversion, the sterically less
demanding Lewis acid Al(i-Bu); is selected in combination
with PMe; (Table 1, entries 8—9). Despite showing a severe

https://doi.org/10.1021/acs.macromol.2c00440
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Scheme 3. Synthesis of Macromolecular Photocatalysts in a Two-Step Synthesis by Subsequent Loading of PVBpyl—3 with
Re(CO)Cl and Ru(dmb),Cl,

1. Ru(dmb),Cl,, 105 °C (DMF)
w2 2. NH4PFg, rt (H,0)

k Re(CO)sCl ~ ﬂ
105 °C, (toluene) - A )

PVBpy PVBpyR® PVBpyReRu
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Figure 1. UV—vis spectroscopy for (A) photophysical investigation of the electronic ground state of different metal-loaded PVBpy samples with
characteristic absorption maxima of Ru(dmb),Cl, (gray, dashed), Re-loaded PVBpy"* (blue), Ru-loaded PVBpy™ (orange), and photocatalyst
PVBpy**/* (black) and (B) qualitative comparison of rhenium loading in different polymer samples via normalization of the respective MLCTg,.

decrease of the conversion with increasing monomer-to-Lewis with sterically more demanding Lewis acids as well. These
pair ratio (100/2/1 with X = 79% vs 200/2/1 with X = 38%), results are in accordance with previous observations reported
this combination shows narrow dispersities (P < 1.36) as well by Rieger et. al.”” Nevertheless, monomodal polymers with
as the highest initiator efficiencies (LE. = 45—519%) among all narrow polydispersities were obtained, most likely due to
tested Lewis pairs. Increasing the steric demand of the Lewis conjugate addition and deprotonation, exhibiting similar
base using P(n-Oct), (Table 1, entry 10) or PPh; (Table 1, reaction rates during initiation. Therefore, the Lewis pair
entry 11) improved the overall conversion (89 and 61%) while Al(i-Bu);/PMe; emerged as the most appropriate combination
maintaining narrow polydispersities (P < 1.35) and high among the investigated systems for the polymerization of VBpy
initiation efficiencies (LE. = 48 and 29%). Comparing the as an extended Michael-type monomer.

sterically more demanding Lewis pairs to the small Lewis pairs Overall, tuning of the Lewis pair interaction allowed the first
in terms of polymer dispersity, monomodal polymers were catalytically controlled polymerization of VBpy, giving access
obtained, surpassing the limitation of less demanding Lewis to defined and thoroughly characterized polymers as macro-
pairs suffering from a less controlled initiation (Supporting ligands for metal complex loading. As a model system for

information, Figures S11—S16). ESI-MS end-group analysis of further experiments, the combination Al(i-Bu);/PMe; with a
PVBpy oligomers prepared with the Lewis pair Al(i-Bu);/ ratio of 100/2/1 (Table 1, entry 9) was chosen, as it exhibited
PMe; (Supporting information, Figure $20), however, revealed the smallest dispersity and yielded only monomodal polymers

the presence of species terminated by a phosphine or an olefin while maintaining high initiation efficiencies and reaching a
(Scheme 2). This indicates the presence of both initiation conversion of 79% within the tested reaction times. Different
pathways, conjugate addition and deprotonation, in systems polymers PVBpyl—3 for metal loading experiments were
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Table 2. Catalyst Compositions of PVBpy***, PVBp'”®, PVBpy**”%, and PVBp

Ratio Rg./pa

theoretical loading theoretical Re/Ru

sample Re/Ru [%/%] ratio Ry /rusheo [-] ratio Ry, /pycuc
PVBpy*'* 5/95 0.05 0.25
PVBpy'"* 10/90 0.11 0.80
PVBpy*/™* 25/75 0.33 1.70
PVBpy*”/*° 50/50 1.00 4.70

calculated Re/' R[u]

/5% and Photocatalyst-to-Photosensitizer

Re-loaded Ru-] loaded
VBpy-units” VBpy-units” unoccupled total metal loading
{%] %] VBpy-units” [%]  of PVBpy [%]
2.70 11.1 86.2 13.8
6.60 8.20 85.2 14.8
19.9 11.6 68.5 3L5
34.1 7.30 58.6 414

"Calculated from the rhenium and ruthenium loadings [;lmol/mgpo,ym“] determined via ICP-MS (see the Supporting information, Table S2 and
egs 1-3). “Calculated from the rhenium and ruthenium masses found via ICP-MS of the microwave- digested samples (see the Supporting

information, Table S2 and eqs 4—11).

prepared using the same procedure; the results can be found in
the Supporting information, Table S1, and Figures S17-S19.
The obtained polymers are amorphous powders with a glass-
transition temperature of 142 °C and a thermal decomposition
onset temperature of 368 °C (for DSC and TGA, see the
Supporting information, Figures S21 and $22).

B SYNTHESIS OF MACROMOLECULAR METAL
COMPLEXES

Metal loading onto the polymers was done in a two-step
synthesis (Scheme 3). As the initial step, polymers 1—3 were
reacted with Re(CO)Cl, followed by subsequent complex-
ation with an excess of the ruthenium precursor complex
Ru(dmb),Cl,. The introduction of Re units into the polymers
was accomplished by dissolution of the polymers in toluene
and reaction with Re(CO);Cl at elevated temperatures. As the
polymers exhibited a high solubility in methanol after loading
with the ruthenium precursor, removal of Ru(dmb),Cl by
washing with MeOH was not possible. However, the
macromolecular rhenium—ruthenium complexes were success-
fully isolated by salt metathesis upon dissolution in methanol,
followed by precipitation in an aqueous NH,PF, solution.
Subsequently, the Ru(dmb),Cl, precursor could be removed
by washing with methanol, whereas the loaded polymers with
the PF,~ counterions remained insoluble.

This approach enabled the synthesis of various macro-
molecular photocatalysts with different amounts of Re and Ru
units. Successful incorporation of the metal centers was
confirmed via Ultraviolet—visible (UV—vis) spectroscopy for
all macromolecular complexes (Figure 1A). Moreover, the
characteristic absorption maxima of Re and Ru, respectively,
allowed for a qualitative determination of the Re(I)/Ru(II)
ratio (Figure 1B). Spectroscopic investigation of the Ru
precursor complex Ru(dmb),Cl, in N,N-dimethylformamide
showed absorption maxima at 568 and 382 nm, which are in
good agreement with the literature.'® Compared to that, a
polymer exclusively loaded with Ru centers exhibited a
significant blue shift of the absorption maximum to lower
wavelengths. This hypsochromic shift results from the
substitution of the electron-withdrawing chloride ligands at
the ruthenium center by the bipyridine ligands of the polymer
chain. As a result of that, the stabilization of the z* orbitals of
the bipyridine ligands at the ruthenium is lost. Therefore, the
formerly red-shifted, characteristic MLCT transition (dz —
7*) occurs at a lower wavelength of 465 nm.” As opposed to
that, a Re-loaded polymer shows the characteristic MLCT
transition of blpyndme -substituted Re(I) complexes at a
wavelength of 372 nm.'® The appearance of both mentioned
transitions in the UV—vis spectrum of PVBpy*®/>® therefore
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demonstrates the successful incorporation of Re and Ru
centers into the PVBpy polymer, and the missing band at 568
nm confirms the complete removal of Ru(dmb),Cl, (Figure
1A).

UV—vis measurements were further employed for the
qualitative comparison of the Re(I)/Ru(Il) ratios of the
photocatalysts (Figure 1B). Normalization of the UV—vis
spectra to the MLCT transition of the Ru moieties allows the
evaluation of the respective Re loading in each sample. Figure
1B clearly demonstrates a correlation of the intensity of the
MLCT (Re) transition (4, = 372 nm) with the rhenium
amount incorporated into the respective PVBpy sample,
validating the synthetic approach toward different Re(I)/
Ru(II) ratios. Besides UV—vis spectroscopy, also photo-
luminescence as well as IR spectra further confirmed the
successful incorporation of Re and Ru centers into the
polymers (for photoluminescence (PL) and IR spectra, see
the Supporting information, Figures $23 and $24). IR spectra
of the polymeric metal complexes after loading with Re-
(CO);Cl revealed the characteristic Re-CO signals (in phase
a’(1) (v =2015 cm™), antisymmetric a” (v = 1908 cm™"), and
out-of-phase symmetric a”(2) (v = 1873 ecm™)). Further,
attachment of ruthenium units was confirmed via IR
spectroscopy by the relative decrease of the carbonyl stretches
compared to the stretchmg of the bipyridine ligands observable
at v = 1616 em™ (Ico/Igy (PVBEXR‘) 34 vs Ico/Iyy
(PVBpy™/™) = 3.0) (Flgure $23).***" Photoluminescence
spectra of the macromolecular metal complexes upon
irradiation at 365 nm are dominated by a strong emission at
a wavelength of 639 nm caused by the ruthenium centers
(Figure $24).* * Emission of the Re units at 614 nm is
negligibly small due to a low quantum yield of rhenium
bipyridine complexes.'® Additionally, the emission of the
rhenium center is further reduced by the intramolecular energy
transfer of the Re(I) centers to the Ru(Il) centers. Excitation
of the samples at 365 nm leads to an excited state of the Re
complexes, which is energetically higher than the *MLCT (Ru)
state, therefore enabling an energy transfer from Re to Ru,
effectively decreasing the rhenium-centered emlssnon and
increasing the emission of the ruthenium moieties."* Overall,
the results of the photoluminescence measurements demon-
strate that the lowest energy level which is responsible for the
observed luminescence is located at the ruthenium moieties of
the polymers.

Quantification of the metal loadings of the polymers via
ICP-MS analysis revealed a nonquantitative attachment of the
Re and Ru centers in the desired ratios (Table 2; for
calculations, see the Supporting information, eqs 1—11).

As indicated by the ICP-MS results presented in Table 2,
total loadings of PVBpy between 13.8 and 41.4% were

https//doi.org/10.1021/acs.macromol.2¢00440
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Figure 2. Photocatalytic experiments for (A) different macromolecular photocatalysts with varying rhenium loadings at a rhenium concentration of

20 M (irradiation times corresponding to the reported TONs are denoted in brackets) and (B) PVBpy*

$/95 with different catalyst concentrations.

The catalyst-containing, CO,-saturated (15 min) DMF solution with BIH ([BIH]/[Re] = 10 000) and TEOA (1.72 M) was irradiated at A = 520

nm.

generated applying the two-step approach introduced in this
work. Samples with lower theoretical rhenium loadings
(PVBpy*’*S and PVBpy'”®) exhibit an overall metal content
below 15% referred to the number of VBpy repetition units
available for metal complexation. However, increasing the
amount of Re(CO);Cl applied in the first step of the synthesis
resulted in an increase of the total metal loading after the
subsequent ruthenium loading with the respective calculated
amounts of Ru(dmb),Cl,. In this context, photocatalyst
PVBpy*”/*° revealed a total metal loading of 41%, significantly
exceeding the metal contents of PVBpy*’*s and PVBpy'”*.
Whereas complexation of the Re-precursor Re(CO)Cl occurs
to a large extent considering the targeted values, the values for
ruthenium fall below the expected loading. This can be
attributed to the steric demand of Ru(dmb),Cl, leading to a
high steric crowding on the polymer chains on the one hand,
and in case of highly rhenium-loaded polymers, a repulsion
from polymer-bound Re units on the other hand. Additionally,
electrostatic repulsion due to the cationic charges of the
[Ru(dmb),]** moieties could hinder the complexation of
further ruthenium centers. Besides the mentioned metal—metal
interactions, also the polymer secondary structure, i.e., coiling
of the polymer chains, could interfere with the loading process
of the polymers. Despite the application of a slight excess of
the ruthenium precursor complex Ru(dmb),Cl,, similar
ruthenium loadings (7—12%) were found for all photo-
catalysts, hence suggesting that the ruthenium complexation
step is limiting regarding the overall metal loading of PVBpy.
Generally, however, the ICP-MS results demonstrate a slightly
higher total ruthenium loading in polymers with low rhenium
loadings, which represents the expected trend as more empty
coordination sites are available for Ru complexation in
polymers with low initial Re loading. The similar amounts of
ruthenium centers despite varying rhenium loadings are
reflected in the different Re(I)/Ru(II) ratios significantly
increasing from PVBpy*’®S to PVBpy’®*’. These ratios
become particularly important in photocatalytic experiments
as the Re(I)/Ru(1I) ratio displays the ratio of the photocatalyst
to the photosensitizer, which are the two main components
affecting the photostability and efficiency of the catalytic
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system. In summary, all macromolecular photocatalysts are
considered to be statistical copolymers composed of empty
bipyridine units, Re moieties, and Ru sites. As opeosed to
conventional, rather tedious electropolymerization,’** the
presented polymerization procedure with subsequent two-step
metal loading toward multinuclear metal complexes combines
the simple synthesis of the catalysts with the facile adjustment
of the Re(I)/Ru(II) ratio.

B PHOTOCATALYTIC CO,-CONVERSION

First, the rhenium—ruthenium-loaded polymers PVBpy
PVBpy'"®°, PVBpy**'”%, and PVBpy*”/*® were tested for the
reduction of CO, in photocatalytic experiments upon
irradiation at 520 nm to evaluate the effect of different catalyst
loadings. The irradiation setup consisted of eight green light-
emitting diodes (LEDs) of the type LXZ1-PMO1 from
Lumileds, supplied by roughly 23 V and 60 mA with a
radiometric power of 100 mW per LED. The reaction flasks
containing pressurized, CO,-saturated solutions of the photo-
catalytically active substances in N,N-dimethylformamide were
placed at a distance of 10 c¢cm to the light source.
Triethanolamine (TEOA) was added as a base and 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH)
([BIH]/[Re] = 10000) was applied as sacrificial electron
donor due to its strong reduction potential and the inertness of
the formed oxidation products.”*** In the irradiation experi-
ments, all photocatalysts showed catalytic activity toward the
conversion of CO, to CO (Figure 2A). Control experiments
confirmed that CO evolution originates from the reported
reaction cycle for photocatalytic reduction of CO, (Supporting
information, Figure $26 and Table $4)." Gas chromatographic
measurements during irradiation of the polymeric photo-
catalysts using a thermal conductivity detector revealed the
exclusive formation of CO without the detection of side
products. Furthermore, NMR spectroscopic investigations of
the reaction mixture did not indicate the formation of soluble
side products during CO, reduction. A more detailed analysis
of the gas-phase composition during the initial period of
irradiation using a gas chromatograph equipped with a

5/95
’
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reduction gas detector revealed the formation of traces of
hydrogen. However, this detection technique could not be
applied during routine gas chromatographic measurements due
to the risk of destruction of the detector by the high amounts
of CO formed. Compared to the supramolecular photo-
catalysts with a fixed stoichiometry defined by their molecular
structure introduced by Rieger et al.' and Ishitani et al.,”*° the
loaded polymers contain a much higher number of metal
centers per molecule. Besides that, the herein established
approach allows for a facile modification of the Re(I)/Ru(1I)
ratio upon catalyst synthesis. The rhenium catalyst concen-
tration was adjusted to 20.0 uM based on the ICP-MS results
shown in the Supporting information, Table S2, to facilitate a
comparison of the effects of inter- and intramolecular Re(I)—
Re(I) interactions, as those are known to be beneficial for the
photocatalytic performance.”

The results presented in Figure 2A reveal increased
photostabilities at low rhenium loadings with the turnover
number of PVBpy*** (TON = 5650) competing with the
TON per rhenium center values of literature-known bench-
mark catalysts (TON = 6038).*° In this context, common
turnover numbers for the photocatalytic reduction of CO, with
supramolecular rhenium—ruthenium catalysts and BIH as the
sacrificial electron donor range from values between 100 and
the mid-1000s.”*” Despite the apparent contradiction to the
previously stated beneficial effect of Re(I)—Re(I) interactions,"
the trend of PVBpy"®S exhibiting the highest turnover
numbers can be most likely attributed to the stabilizing effect
of Ru(II) photosensitizing units in the catalyst system.”” In this
respect, high concentrations of ruthenium moieties in
photocatalytic systems protect the catalytic sites as well as
other Ru(II) centers from deactivation of the OERS by
overexcitation, as will be discussed in more detail later.”***’
Additionally, PVBpy"** exhibits the highest Ru(II)/Re(1)
ratio (see Table 2), which increases the probability of a close
proximity between a catalytic reduction site and photo-
sensitizers. All catalysts have long lifetimes of over seven
days, and in the case of PVBpy*'®*, the catalyst showed activity
even after 30 days of irradiation (see the Supporting
information, Figure S25). This catalyst lifetime is most likely
due to the high amount of ruthenium photosensitizer in this
macromolecular complex. In this context, losses of the
photosensitizer due to light-induced deactivation reactions of
the Ru(II)-OERS, which are generally considered the main
route for catalyst degradation, are compensated by the high
number of ruthenium centers in such systems.”"® Another
contribution to the increased photostability of polymers with a
high Ru(II)/Re(I) ratio, such as PVBpy”®, is the afore-
mentioned elevated probability of spatial proximity between a
photocatalytically active rhenium center and photosensitizing
ruthenium units. This potential neighborhood enables an
efficient electron transfer from the Ru(1I)-OERS to the Re(I)-
complexes, which is reflected in the high photostability (TON
= 5650) and the long lifetime (30 days) of the catalyst. In
photocatalysts with high Ru(II)/Re(I) ratios, excitation and
reductive quenching by the electron donor accompanied by
the formation of the Ru(II)-OERS occurs in large quantities.
As a result of the subsequent electron transfer, also the Re(I)-
OERS capable of entering the catalytic cycle of CO, reduction
is formed in high amounts. As this becomes the main route of
the overall process, the occurrence of side reactions, such as
radical deactivation and overexcitation of the Re(I)-OERS, is
significantly reduced.” In general, a good correlation between
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the photostability, expressed as the turnover number, and the
catalytic activity, expressed as the initial turnover frequency,
was received (see the Supporting information, Table S3). Fast
initial CO, conversion was observed in systems with high
Ru(II)/Re(I) ratios, such as PVBpy"*® (Ry,uy/reqry = 407,
TOF =66 h™"), as excitation of the ruthenium photosensitizers
occurs to a large extent and thus, the formed Ru(II)-OERS are
able to provide the rhenium centers with electrons in high
quantities. In comparison, PVBPy*"%°, exhibiting a signifi-
cantly lower Ru(II)/Re(1) ratio (Rp()/re(r) = 0.21), showed a
decreased turnover frequency of 4.2 h™'. Besides intra-
molecular interactions of the ruthenium and rhenium units
due to covalent linkage, also an intermolecular contribution of
the electron transfer from Ru(1I)-OERS to rhenium centers is
expectable. To elucidate the role of intermolecular interactions,
the best performing system PVBpy**® was tested for the
photocatalytic reduction of CO, in different concentrations
(Figure 2B). In this context, catalyst solutions with
concentrations ranging from 30.0 uM to 1.25 uM (see the
Supporting information, Table S3 for concentrations) were
irradiated, and the calculated turnover numbers were plotted
against the reaction time (Figure 2B). Good photostabilities
were obtained at high concentrations of the macromolecular
complex (cg. = 20.0 uM and ¢y, = 30.0 uM). However, no
significant increase of the turnover number upon further
increase of the catalyst concentration was observable. On the
one hand, this could be explained by the CO, reduction as the
rate-limiting step of the overall process.”” On the other hand,
this well-known phenomenon can be assigned to the primary
inner filter effect. In highly concentrated solutions and at low
irradiation intensity, incident light is absorbed to a large extent
by the part of the sample facing the light source.”’ In the
context of photocatalysis, this inner filter effect leads to
consistent photocatalytic results without further improvement
above a certain catalyst concentration,’ as only a partial
excitation of all metal centers in the solution takes place.”” In
other words, this causes a limitation of the number of excited
Ru(II) centers regardless of their overall concentration, and as
a consequence of the electron transfer from Ru(II)-OERS to
the rhenium catalyst units, a threshold of the CO, reduction is
reached. In the low-concentration regime (cg, <20.0 M), the
TON:Ss significantly dropped to values below 1000. First, this
can be attributed to a more pronounced degradation of the
catalytic sites as well as the photosensitizers, which both are
present in lower amounts due to overexcitation and other side
reactions by excess irradiation.”'® Second, this could be a hint
toward a decreasing contribution of intermolecular interactions
involved in the two-electron reduction upon dilution. Despite
the high amount of potential interaction partners of the metal
centers along the polymer chain, intermolecular electron
transfer between the polymer chains could likely assume a
role for the photocatalytic reduction. To evaluate the impact of
intermolecular interactions, initial turnover fre?uencies for all
investigated catalyst concentrations of PVBPy*’* are consid-
ered, as catalyst decomposition should be less pronounced
within the first hours of irradiation. All five concentrations of
PVBPy"* (cz. = 30.0-125 uM) exhibit similar initial
turnover frequencies (Figure 2B). This might be attributed
to a comparably efficient, intramolecular electron transfer
between the covalently linked ruthenium and rhenium centers
because of the fixed catalyst composition, as the comparison of
the various tested catalysts (Figure 2A) indicated a strong
correlation between the Ru(II)/Re(I) ratio and the TOF. The
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comparable initial TOFs among the investigated concen-
trations indicate a secondary role of the intermolecular
interactions regardless of the applied catalyst amount. At
elevated reaction times, a decrease of the turnover frequency
was observed for all concentrations; however, this trend is
more pronounced for the low polymer concentrations. In these
cases, the total ruthenium content in solution is smaller,
leading to lower total absorption, a weaker inner filter effect,
and, therefore, exposing the ruthenium units to more light.* As
a consequence, the ruthenium moieties are more prone to side
reactions, such as overexcitation,” effectively decreasing their
amount, which cannot be compensated as well in dilute
systems due to the low initial ruthenium concentration.

B CONCLUSIONS

Herein, the first catalytic polymerization of the extended
Michael-type monomer 4'-vinyl-4-methyl-2,2"-bipyridine facili-
tated by different aluminum—phosphorus Lewis pairs is
presented. A broad screening of the Lewis acids and bases
used for the polymerization regarding achievable conversion,
polydispersity, and initiator efficiency was performed, revealing
the combination of tri-iso-butyl aluminum and trimethyl
phosphine to show the best results with conversions of up to
80% while exhibiting high initiator efficiencies of 45—51% and
maintaining narrow polydispersities below 1.36. End-group
analysis revealed the presence of two initiation pathways,
conjugate addition and deprotonation, yet precise control of
the initiation rates gave access to polymers with monomodal,
narrow weight distributions. These well-defined poly(vinyl
bipyridine) polymers are amorphous with a thermal decom-
position onset of 368 °C and a glass transition at 142 °C.
Overall, this catalytic approach toward defined polymers allows
the synthesis of tailor-made poly(vinyl bipyridines). This
features advantages such as adjustable properties or block
copolymerization with other Michael-type monomers like
dialkyl vinyl phosphonates. The prepared poly(vinyl bipyr-
idines), acting as macroligands due to the incorporated
bipyridine motif, were subsequently loaded with rhenium
and ruthenium centers. In this context, the facile two-step
synthesis protocol using the precursor complexes Re(CO);Cl
and Ru(dmb),Cl, allows for an effortless variation of the
Re(I)/Ru(II) ratio. UV—vis-, photoluminescence-, and IR
spectroscopy were applied to qualitatively evaluate the metal
loading on the polymer ligand, whereas quantification of the
metal loading via ICP-MS revealed nonquantitative attachment
to the metal centers, most likely due to steric reasons and the
secondary structural motifs of the polymers. However, the
expected trends in metal loading experiments were observable,
and higher total polymer loadings upon optimization of the
synthetic approach is a topic of current research. By means of
the presented experimental procedure, a statistical copolymer
composed of empty bipyridine side groups, rhenium, and
ruthenium-loaded sites with a well-characterized Re(I)/Ru(II)
ratio was accessible, exhibiting a highly defined structure in
terms of polymer chain length and polydispersity. Four
different polymeric complexes (PVBpy*®S, PVBpy'®*’,
PVBpy**”, and PVBpy*”*°) with varying rhenium to
ruthenium loading were prepared, thoroughly characterized,
and investigated regarding their activity and stability in the
photocatalytic reduction of CO, to CO. In this context,
PVBpy*/** revealed particularly high photostabilities and
activities (TON = 5650, TOF = 66 h™'), competing with
the respective values of literature-known benchmark catalysts.

This was attributed to the high probability of a spatial
proximity between a photocatalytically active rhenium center
and ruthenium photosensitizers, enabling an efficient electron
transfer and decreasing the extent of side reactions. Among the
tested catalysts, a correlation of the TON and the TOF
according to the Ru(II)/Re(I) ratio of the respective catalyst
was observed. Similar initial turnover frequencies of PVBpy®/**
in a concentration study were assigned to the fixed catalyst
composition; comparison with the TOFs found for the other
catalysts, however, indicated a secondary role of intermolecular
contributions to the electron transfer from ruthenium to
rhenium. Whereas the positive effect on the photostability at
higher concentrations was assigned to the protection of Re(I)
centers due to an attenuation of the excitation beam by the
increased number of photosensitizing Ru(II) units, the
accelerated catalyst decomposition in the low-concentration
regime was attributed to the absence of this effect.

In conclusion, aluminum—phosphorus Lewis pair-mediated
polymerization has clearly proved to be a promising tool for
the synthesis of well-defined poly(vinyl bipyridines). The
polymers were successfully used as macromolecular ligands for
the synthesis of multinuclear rhenium—ruthenium complexes,
yielding well-characterized, polymeric photocatalysts. These
catalysts revealed high activities and stabilities in the
photocatalytic reduction of CO, to CO.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00440.

General experimental and synthesis/polymerization de-
tails, dn/dc-determination, SEC-data, thermal polymer
characterization and end-group analysis, photocatalyst
synthesis and characterization, as well as photocatalysis
and control experiment results (PDF)

B AUTHOR INFORMATION

Corresponding Author
Bernhard Rieger — WACKER-Chair of Macromolecular
Chemistry, Department of Chemistry, Technical University of
Munich, 85748 Garching, Germany; © orcid.org/0000-
0002-0023-884X; Email: rieger@tum.de

Authors

Anton S. Maier — WACKER-Chair of Macromolecular
Chemistry, Department of Chemistry, Technical University of
Munich, 85748 Garching, Germany

Christopher Thomas — WACKER-Chair of Macromolecular
Chemistry, Department of Chemistry, Technical University of
Munich, 85748 Garching, Germany

Moritz Krinzlein — WACKER-Chair of Macromolecular
Chemistry, Department of Chemistry, Technical University of
Munich, 85748 Garching, Germany; © orcid.org/0000-
0001-9851-0735

Thomas M. Pehl — WACKER-Chair of Macromolecular
Chemistry, Department of Chemistry, Technical University of
Munich, 85748 Garching, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.2c00440

https://doi.org/10.1021/acs.macromol.2c00440
Macromolecules 2022, 55, 7039-7048

-95-



Synthesis and characterization of polymeric photocatalysts

Macromolecules

pubs.acs.org/Macromolecules

Author Contributions

'A.S.M.,, C.T., and M.K. contributed equally. The manuscript
was written through contributions of all authors. All authors
have given approval to the final version of the manuscript.

Funding

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) through
Germany’s Excellence Strategy [EXC 2089/1-390776260 (e-
conversion)]. M.K. is grateful for the Ph.D. scholarship from
the Studienstiftung d. dt. Volkes. A.S.M. is grateful for a
generous Kekulé fellowship from the Fonds der Chemischen
Industrie.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are grateful for Vanessa Ramm’s initial enthusiasm
and support for the project, kicking off a much larger
collaboration. Additionally, the authors want to thank
Christine Benning for the ICP-MS measurements and Andreas
Schaffer and Philip Stanley for proofreading. Further, the
authors want to acknowledge the help from the Hauer group at
the Technical University of Munich with the UV—vis and PL
measurements.

B ABBREVIATIONS

VBpy, 4-vinyl-4’-methyl-2,2-bipyridine; PVBpy, poly(4-vinyl-
4'-methyl-2,2"-bipyridine); FLP, frustrated Lewis pair; LA,
Lewis acid; LB, Lewis base; AlOct;, tri-n-octylaluminum;
POct,, tri-n-octylphosphine; SEC, size-exclusion chromatog-
raphy; DSC, differential scanning calorimetry; TGA, thermog-
ravimetric analysis; BIH, 1,3-dimethyl-2-phenyl-2,3-dihydro-
1H-benzo[d]imidazole; TEOA, triethanolamine; OERS, one-
electron-reduced species; MLCT, metal-to-ligand charge-
transfer; TON, turnover number; TOF, turnover frequency;
LE,, initiator efficiency; ESI-MS, electrospray ionization mass
spectrometry; ICP-MS, inductively coupled plasma mass
spectrometry; dmb, 4,4’-dimethyl-2,2"-bipyridine; LED, light-
emitting diode

W REFERENCES

(1) Hawecker, J.; Lehn, J.-M.; Ziessel, R. Efficient photochemical
reduction of CO, to CO by visible light irradiation of systems
containing Re(bipy)(CO),X or Ru(bipy);** —Co®* combinations as
homogeneous catalysts. J. Chem. Soc, Chem. Commun. 1983, 536—
538.

(2) Lehn, J. M.; Ziessel, R. Photochemical generation of carbon
monoxide and hydrogen by reduction of carbon dioxide and water
under visible light irradiation. Proc. Natl. Acad. Sci. U.S.A. 1982, 79,
701-704.

(3) Meister, S.; Reithmeier, R. O.; Tschurl, M.; Heiz, U.; Rieger, B.
Unraveling Side Reactions in the Photocatalytic Reduction of CO,:
Evidence for Light-Induced Deactivation Processes in Homogeneous
Photocatalysis. ChemCatChem 2018, 7, 690—697.

(4) Bruckmeier, C.; Lehenmeier, M. W.; Reithmeier, R.; Rieger, B.;
Herranz, J; Kavakli, C. Binuclear rhenium(I) complexes for the
photocatalytic reduction of CO2. Dalton Trans. 2012, 41, 5026—5037.

(5) Balzani, V.; Bergamini, G.; Marchioni, F.; Ceroni, P. Ru(II)-
bipyridine complexes in supramolecular systems, devices and
machines. Coord. Chem. Rev. 2006, 250, 1254—1266.

(6) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.;
Zelewsky, A. von. Ru(II) polypyridine complexes: photophysics,
photochemistry, eletrochemistry, and chemiluminescence. Coord.
Chem. Rev. 1988, 84, 85—277.

7047

(7) Gholamkhass, B.; Mametsuka, H.; Koike, K.; Tanabe, T.; Furue,
M.; Ishitani, O. Architecture of supramolecular metal complexes for
photocatalytic CO, reduction: ruthenium-rhenium bi- and tetranu-
clear complexes. Inorg. Chem. 2005, 44, 2326—2336.

(8) Kamogawa, K.; Shimoda, Y.; Miyata, K.; Onda, K.; Yamazaki, Y.;
Tamaki, Y.; Ishitani, O. Mechanistic study of photocatalytic CO,
reduction using a Ru(ii)-Re(i) supramolecular photocatalyst. Chem.
Sci. 2021, 12, 9682—9693.

(9) Tamaki, Y.; Ishitani, O. Supramolecular Photocatalysts for the
Reduction of CO,. ACS Catal. 2017, 7, 3394—3409.

(10) Furue, M.; Naiki, M.; Kanematsu, Y.; Kushida, T.; Kamachi, M.
Intramolecular energy transfer in covalently linked polypyridine
rhenium(I)/ruthenium(I1) complexes. Coord. Chem. Rev. 1991, 111,
221-226.

(11) Bian, Z.-Y.; Chi, S.-M,; Li, L.; Fu, W. Conjugation effect of the
bridging ligand on the CO, reduction properties in difunctional
photocatalysts. Dalton Trans. 2010, 39, 7884—7887.

(12) Koike, K; Naito, S.,; Sato, S.; Tamaki, Y.; Ishitani, O.
Architecture of supramolecular metal complexes for photocatalytic
CO, reduction. J. Photochem. and Photobiol. 2009, 207, 109—114.

(13) Takeda, H.; Ishitani, O. Development of efficient photocatalytic
systems for CO, reduction using mononuclear and multinuclear metal
complexes based on mechanistic studies. Coord. Chem. Rev. 2010, 254,
346—354.

(14) Bian, Z.-Y.; Sumi, K.; Furue, M.; Sato, S.; Koike, K.; Ishitani, O.
Synthesis and properties of a novel tripodal bipyridyl ligand tb-
carbinol and its Ru(II)-Re(I) trimetallic complexes: investigation of
multimetallic artificial systems for photocatalytic CO, reduction.
Dalton Trans. 2009, 983—993.

(15) Umemoto, A.; Yamazaki, Y.; Saito, D.; Tamaki, Y.; Ishitani, O.
Synthesis of a Novel Re(I)-Ru(II)-Re(I) Trinuclear Complex as an
Effective Photocatalyst for CO, Reduction. BCS] 2020, 93, 127—137.

(16) Meister, S.; Reithmeier, R. O.; Ogrodnik, A.; Rieger, B.
Bridging Efficiency within Multinuclear Homogeneous Catalysts in
the Photocatalytic Reduction of Carbon Dioxide. ChemCatChem
2015, 7, 3562—3569.

(17) Kamata, R;; Kumagai, H.; Yamazaki, Y.; Sahara, G.; Ishitani, O.
Photoelectrochemical CO2 Reduction Using a Ru(II)-Re(I) Supra-
molecular Photocatalyst Connected to a Vinyl Polymer on a NiO
Electrode. ACS Appl. Mater. Interfaces 2019, 11, 5632—5641.

(18) Schubert, U. S,; Eschbaumer, C. Macromolecules Containing
Bipyridine and Terpyridine Metal Complexes: Towards Metal-
losupramolecular Polymers. Angew. Chem., Int. Ed. 2002, 41, 2892—
2926.

(19) Adams, F; Pschenitza, M.; Rieger, B. Yttrium-Catalyzed
Synthesis of Bipyridine-Functionalized AB-Block Copolymers:
Micellar Support for Photocatalytic Active Rhenium-Complexes.
ChemCatChem 2018, 10, 4309—4316.

(20) Pitt, C. G,; Bao, Y.; Seltzman, H. H. The synthesis of polymers
containing the 2,2"-bipyridine ligand. J. Polym. Sci,, Part C: Polym. Lett.
1986, 24, 13—16.

(21) Sumi, K; Furue, M,; Nozakura, S.-I. Preparation and
luminescence properties of tris(bipyridine) ruthenium(II)-containing
vinyl polymers: Ru(bpy), (poly-6-vinyl-2,2"-bipyridine)Cl, and Ru-
(bpy),(poly-4-methyl-4'-vinyl-,2,2"-bipyridine)Cl,. J. Polym. Sci.
Polym. Chem. Ed. 1984, 22, 3779—3788.

(22) Pefkianakis, E. K;; Tzanetos, N. P.; Kallitsis, J. K. Synthesis and
Characterization of a Novel Vinyl-2,2"-bipyridine Monomer and Its
Homopolymeric/Copolymeric Metal Complexes. Chem. Mater. 2008,
20, 6254—6262.

(23) Gould, S.; Strouse, G. F.; Meyer, T. J.; Sullivan, B. P. Formation
of thin polymeric films by electropolymerization. Reduction of metal
complexes containing bromomethyl-substituted derivatives of 2,2'-
bipyridine. Inorg. Chem. 1991, 30, 2942—2949.

(24) Elliott, C. M.; Baldy, C. J.; Nuwaysir, L. M.; Wilkins, C. L.
Electrochemical polymerization of 4-methyl-4'-vinyl-2,2'-bipyridine-
containing metal complexes: polymer structure and mechanism of
formation. Inorg. Chem. 1990, 29, 389—-392.

https//doi.org/10.1021/acs.macromol.2¢00440
Macromolecules 2022, 55, 7039-7048

-96 -



Synthesis and characterization of polymeric photocatalysts

Macromolecules

pubs.acs.org/Macromolecules

(25) Lowry, T. M. Valence and the structure of atoms and
molecules. By Prof. G. N. Lewis. Pp. 172. American Chemical
Monograph Series. New York: The Chemical Catalog Co., Inc., 1923.
Price $3. ]. Chem. Technol. Biotechnol. 1924, 43, 17.

(26) McCahill, J. S. J.; Welch, G. C.; Stephan, D. W. Reactivity of
“Frustrated Lewis Pairs”: Three-Component Reactions of Phosphines,
a Borane, and Olefins. Angew. Chem. 2007, 119, 5056—5059.

(27) Zhang, Y.; Miyake, G. M.; Chen, E. Y.-X. Alane-Based Classical
and Frustrated Lewis Pairs in Polymer Synthesis: Rapid Polymer-
ization of MMA and Naturally Renewable Methylene Butyrolactones
into High-Molecular-Weight Polymers. Angew. Chem. 2010, 122,
10356—-10360.

(28) He, J.; Zhang, Y.; Chen, E. Synthesis of Pyridine- and 2-
Oxazoline-Functionalized Vinyl Polymers by Alane-Based Frustrated
Lewis Pairs. Synlett 2014, 25, 1534—1538.

(29) Knaus, M. G. M,; Giuman, M. M,; Péthig, A.; Rieger, B. End of
Frustration: Catalytic Precision Polymerization with Highly Interact-
ing Lewis Pairs. J. Am. Chem. Soc. 2016, 138, 7776—7781.

(30) Bian, Z.-Y; Wang, H.; Fu, W-F; Li, L; Ding, A.-Z. Two
bifunctional Rull/Rel photocatalysts for CO, reduction: A spectro-
scopic, photocatalytic, and computational study. Polyhedron 2012, 32,
78—8S.

(31) Castellucci, E.; Angeloni, L.; Neto, N.; Sbrana, G. IR and
Raman spectra of A 2,2"-bipyridine single crystal: internal modes.
Chem. Phys. 1979, 43, 365—373.

(32) Portenkirchner, E.; Gasiorowski, J.; Oppelt, K.; Schlager, S,
Schwarzinger, C.; Neugebauer, H.; Knér, G.; Sariciftci, N. S.
Electrocatalytic Reduction of Carbon Dioxide to Carbon Monoxide
by a Polymerized Film of an Alkynyl-Substituted Rhenium(I)
Complex. ChemCatChem 2013, S, 1790—-1796.

(33) Orchanian, N. M.; Hong, L. E.; Skrainka, J. A.; Esterhuizen, J.
A.; Popov, D. A,; Marinescu, S. C. Surface-Immobilized Conjugated
Polymers Incorporating Rhenium Bipyridine Motifs for Electro-
catalytic and Photocatalytic CO, Reduction. ACS Appl. Energy Mater.
2019, 2, 110—-123.

(34) Tamaki, Y.; Koike, K.; Ishitani, O. Highly efficient, selective,
and durable photocatalytic system for CO, reduction to formic acid.
Chem. Sci. 2015, 6, 7213—7221. Published Online: Sep. 29, 2015.

(35) Tamaki, Y.; Koike, K.; Morimoto, T.; Ishitani, O. Substantial
improvement in the efficiency and durability of a photocatalyst for
carbon dioxide reduction using a benzoimidazole derivative as an
electron donor. . Catal. 2013, 304, 22—28.

(36) Cancelliere, A. M.; Puntoriero, F.; Serroni, S.; Campagna, S.;
Tamaki, Y.; Saito, D.; Ishitani, O. Efficient trinuclear Ru(ii)-Re(i)
supramolecular photocatalysts for CO, reduction based on a new tris-
chelating bridging ligand built around a central aromatic ring. Chem.
Sci. 2020, 11, 1556—1563.

(37) Kuramochi, Y.; Ishitani, O.; Ishida, H. Reaction mechanisms of
catalytic photochemical CO2 reduction using Re(I) and Ru(II)
complexes. Coord. Chem. Rev. 2018, 373, 333—356.

(38) Stanley, P. M.; Thomas, C,; Thyrhaug, E.; Urstoeger, A;
Schuster, M.; Hauer, J; Rieger, B, Warnan, J; Fischer, R. A.
Entrapped Molecular Photocatalyst and Photosensitizer in Metal—
Organic Framework Nanoreactors for Enhanced Solar CO,
Reduction. ACS Catal. 2021, 11, 871—882.

(39) Ghosh, A. C; Legrand, A.; Rajapaksha, R; Craig, G. A;
Sassoye, C.; Baldzs, G.; Farrusseng, D.; Furukawa, S.; Canivet, J.;
Wisser, F. M. Rhodium-Based Metal-Organic Polyhedra Assemblies
for Selective CO2 Photoreduction. J. Am. Chem. Soc. 2022, 144,
3626—3636.

(40) Yamazaki, Y.; Ohkubo, K; Saito, D.; Yatsu, T.; Tamaki, Y.;
Tanaka, S.I; Koike, K; Onda, K. Ishitani, O. Kinetics and
Mechanism of Intramolecular Electron Transfer in Ru(II)-Re(I)
Supramolecular CO2-Reduction Photocatalysts: Effects of Bridging
Ligands. Inorg. Chem. 2019, 58, 11480—11492.

(41) Kubista, M.; Sjoback, R.; Eriksson, S.; Albinsson, B.
Experimental correction for the inner-filter effect in fluorescence
spectra. Analyst 1994, 119, 417—419.

7048

(42) Kumar Panigrahi, S.; Kumar Mishra, A. Inner filter effect in
fluorescence spectroscopy: As a problem and as a solution. J.
Photochem. Photobiol,, C 2019, 41, No. 100318.

https//doi.org/10.1021/acs.macromol.2c00440
Macromolecules 2022, 55, 7039-7048

-97 -



Biobased monomers for polyester synthesis

6. Biobased monomers for polyester synthesis

Polyester synthesis based on 3-carene as renewable feedstock

6.1. Bibliographic data

Title: “Polyester synthesis based on 3-carene as renewable feedstock”
Status: Paper, Publication Date: 03.06.2022
Journal: Polymer Chemistry

Publisher:  Royal Society of Chemistry (RSC)
DOI: 10.1039/d2py00409¢g

Authors: Moritz Kranzlein, Stefanie Pongratz, Jonas Bruckmoser, Brigita Brati¢, Jonas

Martin Breitsameter and Bernhard Rieger ¥

6.2. Abstract graphic (TOC)

Figure 31: Table of content graphic for the manuscript titled “Polyester synthesis based on 3-carene as

renewable feedstock”.

I M. Kranzlein and S. Pongratz contributed equally. M. Kranzlein provided the original idea, planned experiments, and prepared
the original draft. S. Pongratz performed the syntheses and polymerizations, helped with writing the manuscript and performed
data analysis. J. Bruckmoser, B. Brati¢ and J. Breitsameter helped with data analysis and by revising the manuscript. All work

was supervised by B. Rieger.

-08 -



Biobased monomers for polyester synthesis

6.3. Content

With the continuous depletion of fossil fuels, the search for feedstock substitution remains a
major challenge for modern polymer chemistry. By introducing new monomers, polymer
materials with certain application profiles can be synthesized, making it a suiting method to
satisfy the requirements such polymers meet. In theory, a plethora of different feedstocks exist,
yet there are certain requirements concerning the material properties. Especially with focus on
sustainability as major requirement for modern-day polymer materials, polyesters offer the
possibility to not only be prepared from biogenic resources but at the same time being
(bio-)degradable. One class of feedstocks heavily investigated are the terpenes, as they offer
high abundance paired with cheap pricing and not competing with crop-space. There are
several approaches to utilize different terpenes and terpene-based molecules as new
monomers for polyester synthesis. Yet, most polyesters prepared from terpenes as biobased
feedstocks remain amorphous materials with low glass transition temperatures (vide supra),
making them inappropriate for certain applications like packaging. In a recent report by Syrén
et al. a polyester based on a-pinene was presented, in which the 4-membered ring from the
terpenes basic carbon skeleton was incorporated into the polymer main chain, giving access
to a semi-crystalline polyester with a melting point at 158 °C.** A similar approach is tested
for 3-carene as terpene from turpentine oil, in which the 3-membered ring of the carbon
skeleton is preserved throughout the chemical transformations towards suiting monomers. By
means of reductive ozonolysis, a diol for an AA/BB polycondensation is prepared. Using
different oxidative transformations and a Baeyer-Villiger oxidation as key step, 3-carene is
converted to two regioisomeric lactones. All of these monomers still bear the 3-membered ring
from the 3-carene framework. The diol is used in a polycondensation with dimethyl
terephthalate as comonomer, while the two lactones were successfully homo- and
copolymerized via catalytic ring-opening polymerization. From the four different polyesters
prepared, three are amorphous with glass transitions between -12 — 45 °C and one is semi-
crystalline with a melting point at 160 °C. Overall, the incorporation of cyclic systems into the
main chains of the polymers seems to be a promising tool to generate semi-crystalline

polyesters.33
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Utilizing renewable feedstocks for the synthesis of biobased and preferrable biodegradable polyesters as
substitute for fossile-based polymers remains one of the major challenges towards a sustainable polymer
economy. One such feedstock is turpentine oil, a byproduct from pulp industry which is additionally not
competing to crop space. While two of the three main turpentine components found in wood, a-pinene
and p-pinene could already be transformed to polyesters, 3-carene as third main component remains so
far unexamined. Using a multi-step oxidative transformation involving hydroboration, oxidation and
Baeyer—-Villiger oxidation for obtaining 3-carene based lactones, two different regioisomers,
a-carenelactone («Carl) and e-carenelactone (eCarl), could successfully be isolated. Both monomers and
a mixture thereof were successfully polymerized using different metalorganic catalysts, yielding two
amorphous and one semi-crystalline polyester. Additionally, 3-carene is subject to reductive ozonolysis,
providing 3-carene diol (3CarDiol) which could be copolymerized with dimethyl terephthalate to obtain a
polyester as well. All polyesters were examined using thermogravimetric analysis and differential scanning
calorimetry, revealing glass transition temperatures between -15 to 50 °C and a melting point of up
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Introduction

As we observe continuous depletion of fossil fuels, the main
monomer source focus is shifting towards polymers based on
biogenic resources, coupled with an ever-increasing demand
for commodity plastics."® While a plethora of different feed-
stocks for the synthesis of monomers is available in nature,
exploiting this kind of sources remains difficult to some
extent.”"" Not only do we have certain demands regarding
material properties, we also are looking for abundant and easy
to transform resources which offer sustainability in both gene-
ration of the polymers as well as their degradation.*'*'? In
general, bio-based polymers can be produced from various
sources such as acids, sugars or different terpenes and
terpenoids.> 771 However, pricing of those products
usually remains a main hinderance for such materials to
become substitutes for commodity polymers.™'*'” Another
evident disadvantage one has to consider when looking for
bio-based monomer sources is the use of crop space for culti-
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to 170 °C, making these polymers highly promising candidates for further research.

vation of biomass being transformed to materials rather than
food.ls—n

One feedstock overcoming those problems might be turpen-
tine oil, as it is a waste product mainly from pulp production
with an annual production volume of about 300-350 kt/a.
With a roughly estimated 3-carene fraction of between 12 to 56
kt/a, its availability is in the same range as other terpenes com-
monly used for polymer synthesis such as limonene or
menthol.'”'?"** This makes turpentine oil and 3-carene a com-
parably cheap and abundant source of compounds which
could be exploited as monomer feedstock, if suiting transform-
ations can be found.»*"**** Generally, a-pinene is the most
abundant terpene found in turpentine oil with varying con-
tents of 40-87 wt%. The content of p-pinene and 3-carene as
second and third most compounds however vary strongly
depending on the source of the turpentine oil with p-pinene
ranging between 1-35 wt% and 3-carene ranging from
1-30 wt% (Table 1), making 3-carene another interesting feed-
stock besides a-pinene and p-pinene.”?"?2:23-32

As shown in Scheme 1, different pathways towards polymers
based on turpentine have been developed.”?*"*3%31 Using
different chemical transformations, usually oxidations towards
the ketones, the lactams for those three terpenes are accessible
via ring-expansion by Beckmann rearrangement.’*** Using
anionic ring-opening polymerization (aROP) those lactams can
be converted to the respective polyamides, which have been

This journal is © The Royal Society of Chemistry 2022
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Table 1 Distribution of the three main compounds found in different
wood sources, adapted from references??2-2°

Composition (wt%)

Compound USA Indonesia North. Europe China
a-Pinene 40-70 73-87 55-70 40-70
p-Pinene 15-35 1-2 2-6 4-15
3-Carene 2-10 7-19 7-30 0-5

described thoroughly in recent years.*”** ¢ A similar pathway
can be selected to generate the lactones, involving a Baeyer-
Villiger oxidation of ketones, targeting polyester synthesis via
catalytic ring-opening polymerization (cROP). However, com-
pared to the lactams, the lactones are far from being described
entirely, mainly due to difficulties regarding the Baeyer-
Villiger oxidation as key step. While this transformation is
known for a-pinene,"*! already limitations for p-pinene are
reported. Here, the Baeyer-Villiger-oxidation involves very long
reaction times, suffers from low yields and the obtained lac-
tones are susceptible to cleavage by water or alcohols.”” Direct
utilization of B-pinene based lactones as monomers maintain-
ing the bicyclic terpene structure are not reported so far, only
after multi-step transformation of the carbon skeleton it could
successfully be transformed to polyesters.>® Another pathway
exploiting the terpenes reactivity for monomer synthesis is the
reductive ozonolysis of the terpene double bond to the diol, as
reported for a-pinene by Syrén et al., using it as bifunctional
monomer for polycondensation with different dicarboxylic
acids.’' However, there remains a gap, as none of these path-
ways have been applied to 3-carene, which can, in principle,
undergo the same transformations as a-pinene. The main
difference of those molecules as starting material is the
4-membered ring in the terpenes bicyclic structure for
a-pinene and f-pinene, compared to a 3-membered ring for
3-carene. Herein, we close this gap by accessing (co)polyesters
based on the lactone and the diol originating from 3-carene
via catalytic ring-opening polymerization and polycondensa-
tion, yielding materials with varying thermal properties.
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Results and discussion

For converting 3-carene to monomers, two different pathways
are employed. For the synthesis of lactones, the terpene struc-
ture of 3-carene is converted to a terpenoid in a two-step oxi-
dation sequence. By applying a procedure by Suzuki et al.,
3-carene is converted to 4-iso-caranol by hydroboration with
borane in tetrahydrofuran and subsequently oxidized to 4-iso-
caranon with an ether-chromic acid procedure (Scheme 2,
steps (a) and (b)).*® For the ring-expansion via Baeyer-Villiger
oxidation, different procedures have been investigated, but a
solvent-free oxidation with mCPBA reported by Lochynski et al.
(Scheme 2, step (c)) has shown the best results.*® This reaction
yielded two regioisomeric and stereoregular lactones, e-carene-
lactone (eCarL) and a-carenelactone («xCarL) in a 2:1 ratio.
Using column chromatography, the lactones were separated
yielding three different fractions, pure xCarL and eCarL and a
60 : 40 mixture of eCarL and aCarL. Overall, the synthesis route
still suffers from the use of toxic chemicals and overall moderate
yields, especially in the Baeyer-Villiger oxidation. Additionally,
while all other reactions could be performed on a multi-gram
scale, the Baeyer-Villiger oxidation itself is limited to the pre-
sented scale due to side products, heat transfer and separation
issues. To address these issues, different monomer synthesis
approaches should be investigated. Nevertheless, monomer grade
lactones could be isolated. For the synthesis of 3-carene diol
(3CarDiol) via reductive ozonolysis (Scheme 2, step (d)), a pro-
cedure by Tolstikov et al. for a-pinene was utilized, yielding the
cyclopropane derivative which is used for polycondensation.*’
The polyester synthesis via ring-opening polymerization is
tested for aCarL and eCarL separately and the mixture of both
monomers using four catalytic systems under different con-
ditions (Scheme 2, right pathway). As catalysts tin(u) 2-ethyl-
hexanoate (Sn(Oct),), titanium iso-propoxide (Ti(O'Pr),), a CH-
bond activated 2-methoxyethylamino-bis(phenolate) yttrium
catalyst [(ONOO)™"Y(sym-col)(thf)] and a salan type indium
tert-butoxide [(ONNO)™ In(O‘Bu)] were tested. Polymerizing
eCarL, with Ti(O'Pr); in 200:1 ratio, bulk conditions and

——— s~ o

Homo- and copolyesters

Scheme 1 Pathways from three major terpenes found in wood, a-pinene, fj-pinene and 3-carene towards different (co)polyesters via catalytic ring-
opening polymerization (cCROP) or polycondensation and polyamides via anionic ring-opening polymerization (aROP).%-20-21.23.28-32

This journal is © The Royal Society of Chemistry 2022

Polym. Chem., 2022,13, 3726-3732 | 3727

-101 -



Biobased monomers for polyester synthesis

Paper Polymer Chemistry

e

3-Carene diol
(3CarDiol)

P

3-Carene

s
/°m):/v 4031‘1\(,)\

OH o o Catalysts
o, T, <. L
) o
o-..
i o/s"' -0
(Cart) (aCart) )~
Sn(Octy

1ing-opening polymenzation
[Catalyst]. RT - 110 °C, l O o
25-48h, 1-)
Bu, o
|

polycondensation,
[TKO"Bu). 170 = 180°C,
atm -+ 0.5 mbar, over night

0.25- 48 h, (tokuene.
o 1 [ NN
o . . N i
R g o], o—Vto Bu o (I”“o 8y
o Bu 0. Bu . o

) o—
-0 3 °
|\
P(eCart) PlaCarl) N
: J\K/\ 2 P o HONNOY™In(O'Bul]
o o .
. W 0W0+
n n! " HONOOY™Y (sym-col)thf]
P(3CarDiok-terephtalate) o PlaCar-co-cCar )y,

Scheme 2 Synthesis of regioisomeric lactones e-carenelactone and a-carenelactone via hydroboration (a, 94% yield), chromic-etherate oxidation
(b, 51% yield) and Baeyer-Villiger oxidation (c, ¥20% yield) for subsequent ring-opening polymerization to P(eCarl), P(«Carl) and P(aCarlL-co-
eCarl)y using different organometallic catalysts (right pathway) and diol synthesis via reductive ozonolysis (d, 61% yield) for polycondensation with
dimethyl terephthalate to P(3CarDiol-DMT) (left pathway).?®36~38

110 °C were chosen as reaction conditions, yielding a polyester
with moderate dispersity (P = 1.30, Fig. S18%) and an average
molecular weight of 5.1 kg mol™ (Table 2, entry 1). Switching
to Sn(Oct), in toluene at 110 °C, molecular weights from
3.8-6.1 kg mol™" with moderate dispersity (D = 1.23-1.28,
Fig. S19 and S207) were obtained, initiated by residual water
(Fig. S371). However, decreasing the monomer: catalyst ratio
from 200:1 to 50:1 led to increase in molecular weight
(Table 2, entries 2 and 3). For both catalysts, full conversion of
the monomer was reached, yet high reaction temperatures
were required, leading to a higher possibility of side reactions.
Switching from those catalysts to more sophisticated metal
complexes for ROP, the reaction temperature could be
decreased to room temperature. Using a robust indium salan
alkoxide catalyst that has shown very high activity in ROP for a
range of cyclic esters,*’ full monomer conversion was reached
at room temperature within few hours in toluene and dichloro-
methane in 200:1 and 50:1 ratios (Table 2, entries 4-6),
achieving higher molecular weights (M, ;i = 10.9-12.2 kg mol™")
with narrow dispersity (P = 1.16-1.27). Unfortunately, all

polymers prepared with this catalyst suffer from a bimodal
molecular weight distribution as observed in SEC (Fig. S21-
$23%). To overcome this issue, a yttrium bis(phenolate) catalyst
was employed. This catalyst is however not able to fully poly-
merize the monomer, showing a conversion limitation of 93%
for a 100:1 ratio decreasing to 70% for a 200:1 ratio. While
the polymers prepared with this catalyst maintain a monomo-
dal and narrow molecular weight distribution (P = 1.16,
Fig. S24 and S25%), the overall molecular weight decreased to
about 6.3-6.7 kg mol ™', irrespective of the monomer : catalyst
ratio (Table 2, entries 7 and 8). The polymerization proceeded
via nucleophilic attack of the initiator, indicating catalytic
polymerization (Fig. $38t).">"* Nevertheless, all catalysts were
capable of polymerizing eCarL under the tested conditions,
yielding defined P(eCarL) for the first time (Fig. 1, left).
Shifting to aCarL, the same set of catalysts was applied,
however, polymerization with the yttrium and the indium
complex failed, most likely due to residual water content of the
monomer. While eCarL could be dried over calcium hydride
for one week, aCarL showed decomposition after one day,

Table 2 Ring-opening homo- and copolymerization of regioisomeric lactones e-carenelactone and a-carenelactone using organometallic catalysts

M: Cat” b T Xu?  Mpmeo® Mo’ p’
Entry  Monomer”  Catalyst [mol:mol]  Solvent®  [h] [eCc]  [%) [kgmol™]  [kgmol™']  [-]
1 e-CarL Ti(O'Pr), 200:1 - 48 110 99 33.5 5.1 1.30
2 e-CarL Sn(Oct), 200:1 Toluene 48 110 99 33.2 3.8 1.28
3 e-CarL Sn(Oct), 50:1 Toluene 48 110 99 8.5 6.1 1.23
4 e-CarL [(ONNO)™*In(0OBu)] 200:1 Toluene  0.25 RT 99 33.9 11.5 1.18
5 e-CarL [(ONNO)™In(O‘Bu)) 200:1 CH,Cl, 3 RT 99 33.7 10.9 1.16
6 e-CarL [(ONNO)™In(0‘Bu)] 50:1 Toluene 2 RT 99 8.6 12.2 1.27
7 e-CarL [(ONOO)™ Y (sym-col)(thf)] 200:1 Toluene 8 RT 70 23.6 6.3 1.16
8 e-CarL [(ONOO)™®*Y(sym-col)(thf)] 100:1 Toluene 3 RT 93 15.7 6.7 1.16
9 a-CarL Ti(O'Pr), 200:1 — 48 110 99 33.6 3.5 1.25
10 a-CarL Sn(Oct), 200:1 Toluene 48 110 66 22.2 3.2 1.15
11 a-CarL Sn(Oct), 50:1 Toluene 48 110 99 8.4 4.5 1.25
12 a/e-CarL Ti(O'Pr), 200:1 — 48 110 90 30.3 5.8 1.23
13 a/e-CarL sn(Oct), 200:1 Toluene 28 110 99 33.6 7.3 1.22

“g-Carenelactone dried over CaH, for 7 days, a-carenelactone and mixture composed of 60:40 e-CarL:a-CarL dried over CaH, for 1 day.
» Monomer-catalyst ratio as weighed, 1.19 mmol of monomer. ° Reactions performed in bulk or in 0.5 mL of solvent. ¢ Conversion of monomer
calculated from aliquot '"H NMR (detailed calculation see ESI, Fig. S11 and $121). “ Theoretical molecular weight M, (., = [M:Cat] x Xy x
168.19 g mol~"./ Relative molecular weight and polydispersity measured via SEC in THF at 30 °C relative to polystyrene.
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Fig. 1 'H NMR spectra (500 MHz, CDCls) of (A) P(eCarl) (Table 2, entry 1), (B) P(xCarL) (Table 2, entry 11) and (C) P(aCarL-co-eCarl),. (Table 2,

entry 13).

leading to shorter drying times. Nevertheless, the more robust
catalysts Sn(Oct), and Ti(O'Pr), were capable of polymerizing
aCarL (Table 2, entries 9-11). Under bulk conditions, full con-
version was reached in a 200:1 ratio but only shorter-chain
polymers (M, = 3.5 kg mol™, b = 1.25, Fig. $26f) could be
obtained. Switching to Sn(Oct), in toluene, the conversion was
limited to 66% for a 200:1 ratio, yielding the same short-
chain polymers (M, = 3.2 kg mol™, b = 1.15, Fig. S271).
Lowering the monomer : catalyst ratio to 50: 1, full conversion
could be reached again yet the molecular weight is still limited
to about 4.5 kg mol™, however with moderate dispersity (D =
1.25, Fig. S28t). Overall, aCarl was successfully polymerized to
defined P(xCarL) as well (Fig. 1, middle). Additionally the
mixed fraction containing eCarL and aCarL in a 60:40 ratio
obtained from column chromatography was dried and poly-
merized using Ti(OPr), (in bulk) and Sn(Oct), (in solution)
(Table 2, entries 12 and 13), obtaining defined copolyesters
with moderate molecular weights and narrow dispersities
(My 1 = 5.8-7.3 kg mol™'; b = 1.22-1.23, Fig. 529 and S30t)
(Fig. 1, right). Polymerization with the indium and the yttrium
catalysts failed due to the shortened drying times of aCarL.
Compared to the pure homopolymers, the copolyesters exhi-
bits similar molecular weights and dispersities, indicating a
successful copolymerization. SEC revealed a monomodal dis-

tribution, further supporting successful copolymerization of

aCarL and eCarL. To investigate the copolymers architecture,
C NMR spectroscopy is applied, revealing four different

signals in the carbonyl region (ESI, Fig. S15 and S167). Two of

those four signals correspond to the carbonyls from aCarL/
aCarL and eCarL/eCarL linkages as observed in the homopoly-
mers P(aCarL) and P(eCarL). The two additional signals result
from the additional linkages combining oaCarL/eCarL and
eCarL/aCarL, verifying the formation of a statistical copolymer
(ESI, Fig. S17t). Summarizing, the regioisomeric lactones
aCarL and eCarL as well as a mixture of both monomers could
successfully be polymerized to (co)polyesters with moderate
molecular weight and mostly narrow dispersity using various
catalyst systems.

To further explore the capability of 3-carene to serve as a
valuable monomer starting material, the prepared 3-carene
diol is used in a polycondensation with dimethyl terephthalate

This journal is © The Royal Society of Chemistry 2022

(DMT) as model compound. DMT was chosen as the resulting
polyesters can be directly compared to widely applied poly
(ethylene terephthalate) in terms of its thermal properties. Yet,
this approach is by no means limited to DMT as dicarboxylic
acid and bio-based diacids such as itaconic acid or maleic acid
could be utilized.”" For the polycondensation 1 mol% titanium
tetra-n-butoxide Ti(O"Bu), was employed as catalyst. A pre-con-
densation of a 2:1 mixture of 3CarDiol and DMT without
solvent was heated to 170 °C until no more methanol evolution
is observed (usually about 6 h) under ambient pressure,
forming oligomeric precursor esters. Then the pressure is
decreased to 0.5 mbar and the mixture is heated to 180 °C over
night. When the first heating step is conducted slowly, a poly-
ester with a molecular weight of 6.4 kg mol™" and a dispersity
of 1.5 was obtained (Fig. 2). Changing to rapid heating
increased the molecular weight to 12.8 kg mol™', however, the
dispersity increased as well to 2.0 as expected for this kind of
polymerization (ESI, Table S1, Fig. S32 and S33f). For the
observed limitation of the molecular weight, two main reasons
can be distinguished. For such polycondensations with non-
volatile compounds, perfect stoichiometry of dicarboxylic acid
to diol must be achieved to obtain high molecular weights.
However, only small deviations already lead to a drastic

P( ol-co-DMT) ) k
1 i

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
&/ ppm

U

e
352291604212

Fig.2 'H NMR spectrum (400 MHz, CDCls) of P(3CarDiol-co-DMT)
(ESI, Table S1,1 entry 1).
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Fig. 3 Differential scanning calorimetry of P(eCarl) (Table 1, entry 1),
P(aCarl) (Table 1, entry 9), P(aCarL-co-eCarl)g,. (Table 1, entry 12) and
P(3CarDiol-co-DMT) (Table S2,1 entry 1).

decrease in the obtainable molecular weights, which might
have occurred under the tested conditions. As an additional
reason, elimination of the secondary alcohol might occur
during heating, leaving an unreactive chain-end. Nevertheless,
our polycondensation protocol delivered the polyesters
P(3CarDiol-co-DMT) with satisfying molecular weight and
dispersity.

As such polyesters are commonly found in the engineering
plastics area, favourable thermal properties such as high
decomposition temperature or high melting points are
desired. Therefore, P(eCarL), P(aCarL), P(aCarL-co-eCarL)yy,
and P(3CarDiol-co-DMT) are subject to thermogravimetric ana-
lysis (ESI, Fig. S36F) and differential scanning calorimetry
(Fig. 3). Regarding decomposition temperature, P(aCarL)
shows the lowest T’so, with only 188 °C, which can most likely
be attributed to the overall lower molecular weight of the
polymer. Overall, the differences in the decomposition onset is
mostly influenced by the overall polymer chain length and
their structural differences.’” This value is already increased
for P(eCarL) with a T, of 237 °C, surpassed by the copolymer
P(aCarL-co-eCarL)y,, with 251 °C followed by P(3CarDiol-co-
DMT) with a T, of 312 °C. Overall, the decomposition temp-
eratures are in range of reported similar structures, however do
not exhibit remarkably thermal stability.*’ In DSC analysis,
both P(aCarL) and P(aCarL-co-eCarL)y, show amorphous
behaviour with glass transition temperatures of —12 °C and
—8 °C, whereas the copolymer of 3CarDiol with DMT shows a
T, of 45 °C. Contrary to our observation for P(aCarL), P(eCarL)
is a semi-crystalline polyester with a high melting point of
161 °C (melting enthalpy AH,,, = 70 J g”') and no observable
glass transition temperature. This polymer performs very
similar in terms of thermal transitions to a a-pinene based
polymer reported by Syren et al. (Scheme 1, top).*' Powder X-
Ray diffraction of P(eCarL) revealed a crystalline fraction of the
polymer of 33% (Fig. S34 and S357). While the semi-crystallinity
of those polymers might result either from their stereoregularity

3730 | Polym. Chem., 2022,13, 3726-3732
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originating from the use of stereoregular monomers, the quite
rigid 3- and 4-membered ring within the polyesters backbone,
or both, it remains unclear, why P(«CarL) remains amorphous.
Possible reasons might be the overall lower molecular weight of
the polymer or the different connectivity of the methyl group
and the 3-membered ring on the polymer backbone. Overall,
the (co)polymers based on 3-carene exhibit both amorphous
and semi-crystalline properties, making 3-carene an interesting
feedstock material for polyester synthesis.

Experimental
General experimental

4-Iso-caranol,*® 4-iso-caranone,’?® a-carenelactone,® e-carenelac-

tone* and 3-carene diol*® were synthesized according to litera-
ture known procedures with slight modification, detailed syn-
thesis procedures and analytics see ESL{ The catalysts Sn(Oct),,
Ti(O'Pr), and Ti(O"Bu), were purchased by Sigma-Aldrich and
distilled prior to use, [(ONOO)™'Y(sym-col)(thf)]’*** and
[(ONNO)®“In(O'Bu)]*! were prepared according to literature pro-
cedures. Monomer batches of aCarL were dried over CaH, for
one day prior to filtration, monomer batches of eCarL were dried
for one week prior to filtration, 3CarDiol was used as is from syn-
thesis and after distillation. Additional details on measurement
protocols and further characterization of polymers see the ESL{

Ring-opening polymerization

For the ring-opening polymerization in bulk conditions,
200 mg (1.19 mmol) of the lactone (mixture) are weighed into
a crimp vial, the corresponding amount of Ti(O'Pr), is added
and the sealed vial is heated to 110 °C for 48 hours. For solu-
tion polymerizations, 200 mg (1.19 mmol) of the lactone
(mixture) are dissolved in 0.5 mL of dry toluene and the
respective amount of catalyst (Sn(Oct),, [(ONOO)®“Y(sym-col)
(thf)] or [(ONOO)™"In(O‘Bu)]) are added. The mixture is then
stirred at 110 °C (Sn(Oct),) or room temperature for the indi-
cated time. After polymerization an aliquot for conversion
determination is withdrawn and quenched in 0.5 mL wet
chloroform-d, before the mixture is precipitated in 40 mL
methanol or water. The residue is dried in vacuo at 60 °C over
night and analysed using "H-/"*C-NMR, SEC, TGA and DSC.

Polycondensation

For the polycondensation 6.0 g (35.0 mmol, 205 eq.) of
3CarDiol and 3.38 g (17.0 mmol, 100 eq.) dimethyl tere-
phthalate together with 0.06 g (0.2 mmol, 1.0 eq.) Ti(O"Bu),
are placed in a 100 mL flask. The mixture is stirred with a KPG
stirrer and placed in a preheated oil bath with 170 °C under
ambient pressure. Once no more methanol is evolving, usually
about 6 hours, the pressure is lowered to 0.5 mbar and the
temperature is increased to 180 °C over night. The resulting
polymer is dissolved in dichloromethane and precipitated
from cold methanol two-fold before drying in vacuo at 60 °C
over night. The polyester was subjected to 'H-/"*C-NMR, SEC,
TGA and DSC.

This journal is © The Royal Society of Chemistry 2022
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Conclusions

This work highlights the opportunities of using renewable, tur-
pentine oil-based terpene 3-carene as base feedstock for poly-
ester synthesis. While the monomer synthesis still relies on
the use of toxic chemicals and established protocols, the
resulting polyesters are interesting structures making optimiz-
ation, e.g. by use of efficient heterogeneous catalysts for the
Baeyer-Villiger oxidation, of this synthesis route compelling.*
Using different catalysts, eCarL, aCarL and a mixture of both
were successfully polymerized for the first time, yielding amor-
phous and semi-crystalline, high-melting polyesters. To
further elucidate the limitations in molecular weight, kinetic
measurements and end-group analysis might provide useful
insight into the polymerization behaviour. Additionally, the
copolymerization should be investigated with regard to copoly-
merization parameters, possibly facilitating the synthesis of
copolyesters with tuneable thermal properties based on a
single feedstock. Using P(aCarL) as amorphous middle block
and P(eCarL) as semi-crystalline outer blocks via sequential
copolymerization, advanced structures like thermoplastic elas-
tomers become thinkable.”® Additionally, another pathway of
utilizing 3-carene as base feedstock for polycondensations has
been presented, further broadening the applicability of this
terpene as monomer source.
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7.3. Content

The last method discussed herein is the copolymerization of Michael-type monomers and
lactones via group-transfer and subsequent ring-opening polymerization. While this approach
has so far received only little attention, it could offer the possibility to generate block
copolymers possessing a high degree of functionality as introduced from Michael monomers
coupled with degradability offered by polyesters. Gaining access to such structures via
catalytic methods and using a sequential addition approach would provide a highly tunable
and adaptable polymerization technique capable of producing highly functional copolymers
with little synthetic effort. So far, some catalytic approaches towards copolymers from
methacrylates and lactones are known, yet only little characterization of the material properties
and almost no mechanistic elucidation has been performed. Herein, a catalytic pathway
towards copolymers from 2-vinylpyridine with either e-caprolactone as classic lactone or
(-)-menthide as new biobased monomer as second block is introduced. This way, novel AB-
and BAB-type di- and triblock copolymer structures could be prepared. To gain a deeper
understanding of the catalytic mechanism behind this sequential copolymerization, kinetic
investigations are performed, revealing a living-type polymerization for both GTP and ROP. In
an intermediate step, the catalyst-stabilized chain-end from GTP is capable of attacking and
ring-opening the first lactone unit, successfully initiating a subsequent ROP. Changing the
monomer addition sequence and adding the lactone first inhibited the formation of copolymers,
emphasizing that as for GTP, also GTP-co-ROP is sensitive towards monomer coordination
strength. The prepared polymer materials are investigated regarding their thermal transitions,
revealing microphase separation and show a pH-dependent micellization in aqueous media.
By adapting the feed ratios of the monomers, the presented catalytic pathway allows tuning of
the copolymers molecular weight and composition, leading to tunable material properties
regarding parameters like glass transition temperature or micelle size. Ultimately, such
materials could possibly be used for advanced applications like drug delivery or coatings,
benefiting from the responsiveness of the functional GTP-block paired with the possible

susceptibility towards hydrolytic degradation offered by the ROP-based polyester block.
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ABSTRACT: Herein, the consecutive group-transfer polymer- yttrium catalysis P2VP-b-PCL

ization (GTP) of the Michael-type monomer 2-vinylpyridine e - . S - e Pt
(2VP) and ring-opening polymerization (ROP) of e-caprolactone o ‘Qj j@‘ PR
(CL) or (—)-menthide (M) using a monometallic and a bimetallic 2-vinylpyridine - W e P2VP-b-PM
2-methoxaminethylamino-bis(phenolate) yttrium catalyst for the * Y

synthesis of AB- and BAB-type block copolymers (P2VP-b-PCL K’ / lete _nop] N F’)C'Lb'fz;biu »
and P2VP-b-PM) are reported. Using the more demanding e o M}:;
(—)-menthide, further insights into the catalytic nature of this [caprolactone M-b-P2VP-b-P

combinatorial polymerization approach were gained using a kinetic

copolymerization approach. These investigations revealed a living-type polymerization, for the initial GTP sequence as well as the
subsequent ROP. To show the influence of the coordination strength of the monomers to the metal center, the addition sequence is
alternated, uncovering a lower coordination strength of Michael-type monomer 2VP to the metal than that of lactones. Quenching of
the active propagating chain end during ROP chain growth showed a coordination—insertion mechanism for the polymerization of
CL and M initiated by an acyl-oxygen cleavage of lactones by the active P2VP chain. The AB- and BAB-type block copolymers of
P2VP with PCL or PM showed the formation of precisely defined micelles in an acidic medium, and thermal transitions of the
copolymers were shown to be microphase separation-influenced.

B INTRODUCTION

Since the initial discovery of the rare-earth metal-mediated
group-transfer polymerization (REM-GTP) by Yasuda et al. in

multifunctional polymers, for example, poly(2-vinylpyridine)-
b-poly(dialkyl vinyl phosphonate) (P2VP-b-PDEVP), has been
investigated in matters of dual-responsive drug-delivery

1992, a plethora of different monomers for this polymerization
type has successfully been established.'™* Based on these
monomers, different functional polymers have been synthe-
sized, addressing areas such as radical-containing polymers,”
optical polymers,” polymer—drug conjugates,”* or pH- and
temperature-responsive materials.””~'> Furthermore, the topic
of (co)polymer architectures has been addressed thoroughly,
combining different functional Michael-type monomers to
form even more sophisticated copolymers, utilizing the living
nature of REM-GTP.”*”'? In general, block copolymers are
accessible by REM-GTP via sequential addition of the
monomers, in a row of increasing coordination strength to
the metal center. Statistical copolymers can only be generated
using monomers with the same coordinating motif and varying
pendant groups, for example, differently substituted alkyl vinyl
phosphonates or methacrylates.”'*~'> Overall, in REM-GTP,
the experimentally determined coordination of the monomer
to the metal center increases in the following order: 2-
vinylpyridine (2VP) < 2-iso-propenyl-2-oxazoline < alkyl
methaﬁrr(lates < bis(alkyl) acrylamides < alkyl vinyl phospho-
nates. "

Especially, symmetric yttrium 2-methoxyethylamino-bis-
(phenolate) complexes emerged as a versatile catalyst class
for both homo- and block copolymerizations. The copoly-
merization of different Michael-type monomers toward

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

(thermal and pH) systems utilizing micellization in aqueous
media. In this context, a bimetallic complex has been designed
via double C—H bond activation of 2,3,5,6-tetramethylpyrazine
(TMPy) to generate BAB-type triblock copolymers.”" """
While catalysts 1—3 have been applied for the (co)-
polymerization of various Michael-type monomers (Scheme
1),”7"""7'¥ Carpentier et al. established the 2-methoxamine-
thylamino-bis(phenolate) yttrium structure featuring a set of
different initiators as an efficient catalyst for the ring-opening
polymerization (ROP) of (rac)-lactide and f-butyrolactone
(BBL)."®™*' In this context, Rieger et al. showed that catalysts
2 and 3 are highly active in ring-opening (co)polymerization of
BBL and terpene-based (—)-menthide (M), facilitating AB-
and BAB-type block copolymers.”> Combining the plethora of
functional 1,4-Michael-type monomers with renewable poly-
esters, functional and mostly unknown copolymer combina-
tions can be created. The initial proof of concept has been
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Scheme 1. Different 2-Methoxyethylamino-bis(phenolate) Yttrium Catalysts for Homo- and Block Copolymerizations of

Michael-Type Monomers and Lactones”'""”
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Scheme 2. AB and BAB Block Copolymerization of 2VP with CL (R, = R, = H) or M (R, = Me, R, = 'Pr) with Monometallic
Bis(phenolate) Yttrium Catalyst 2 and Bimetallic Bis(phenolate) Yttrium Catalyst 3
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performed by Yasuda et al. in 1995, copolymerizing methyl
methacrylate (MMA) with f-methylpropiolactone, &-valero-
lactone (VL), and é-caprolactone (CL); however, no further
investigations beside first polymerization experiments were
conducted by this group.” An approach adapting Yasuda et al.
was performed by Kostakis et al. using Cp,ZrMe,/B(CFs);,
yielding the block copolymers MMA-b-CL and MMA-b-VL.*
Further attempts of MMA copolymerization with lactones
were made by Chiellini et al. and Kowalczuk et al., leading to
imprecisely formed copolymers with broad polydisper-
sities.””** In a very recent approach, Mehrkhodavandi et al.
facilitated the copolymerization of MMA with rac-lactide and
CL using a single-site indium complex showing the high
interest in this kind of materials.”® An attempt for copolymer-
izing the Michael-type monomer 2VP with the lactone BBL
using catalyst 1 by Rieger et al. failed, limiting the available
scope of Michael-type monomers to MMA and some
lactones.”'7*%2¢

Overall, catalytic copolymerization of Michael-type systems
and lactones would ultimately yield a novel class of functional
block copolymers, which lead to the motivation of gaining
deeper insights into this combination of monomers using rare-
earth metal catalysis. Herein, the preparation of AB- and BAB-
type block copolymers from the Michael-type monomer 2VP
with lactones CL and (—)-menthide using yttrium bis-
(phenolate) catalysts 2 and 3 is reported. It is shown that

the active chain end of P2VP itself can successfully initiate the
polymerization of lactones. Kinetic investigations underline
living-type catalytic copolymerization mechanisms for both
monomers and via end-group analysis. Additionally, the
mechanism of the second reaction step is elucidated.
Differently composed block copolymers were prepared via
simple monomer feed variation and characterized regarding
their solution properties, showing a pH-dependent micelliza-
tion. Both types of block copolymers are additionally
characterized regarding their thermal properties, revealing
microphase separation for both the semicrystalline P2VP-b-
PCL block copolymer and the fully amorphous P2VP-b-PM.

B BLOCK COPOLYMERIZATION OF 2VP WITH CL

The copolymerization of 2VP with CL was conducted in a
sequential addition of the monomers utilizing the living nature
of the REM-GTP of 2VP and the ROP of CL. If the P2VP
active chain end itself can initiate CL polymerization, a block
copolymer is formed. Using the monometallic yttrium
bis(phenolate) catalyst 2, AB diblock copolymers were
synthesized. Switching to the bimetallic yttrium catalyst 3,
BAB triblock copolymers were obtained (Scheme 2). Different
block copolymers with regard to varying block lengths and
block ratios were prepared. The corresponding characterization
results are listed in Table 1; additional information on the

https://doi.org/10.1021/acs.macromol.1c01692
Macromolecules 2021, 54, 10860—10869
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Table 1. Characterization of Block Copolymers from 2VP and CL Synthesized with the Monometallic Yttrium Catalyst 2
(Diblock Copolymers AB¥) and the Bimetallic Yttrium Catalyst 3 (Triblock Copolymers BABY)

entry’  feed [Y]/[2VP]/[CL]

AB' 1/100/100 120:200 (40:60)
AB’ 1/200/200 270:250 (50:50)
AB? 1/400/400 700:6000 (10:90)
AB* 1/300/100 560:200 (75:25)
AB* 1/100/300 130:470 (20:80)
AB® 1/200/200

AB’ 1/200/200% 340:330 (50:50)
Al 1/200/0 340:0 (100:0)
B 1/0/200 n.d. (0:100)"
BAB' 2/100/100 120:100 (55:45)
BAB? 2/200/200 230:210 (50:50)
BAB’® 2/400/400 540:620 (45:55)
BAB* 2/300/100 730:230 (75:25)
BAB® 2/100/300 130:600 (20:80)

repeating unit and ratio” myyp/me;, (mol %/mol %)

M, 4" [kg/mol] B, [-] Mn.wad [kg/mol]  Bys° [-]
12.1 1.03 347 1.61
28.8 1.08 57.7 146
72.8 1.04 757 1.65
592 1.07 818 141
13.7 1.03 67.7 2.10
18.0 3.57
36.1 1.06 73.7 127
353 1.03
70.0" 193
12.1 1.05 230 135
24.1 1.11 476 134
56.9 1.08 128 147
773 1.12 104 1.66
14.1 1.04 829 130

'AB* polymers using monometallic catalyst 2, BAB® polymers using bimetallic catalyst 3, catalyst/monomer ratios, 13.5 ymol catalyst, RT,
conversions, solvents, and reaction times for each experiment, see the Supporting Information. “Absolute number of repeating units from absolute
SEC analysis and composition/ratio determined via integration of P2VP aromatic signals vs CL signals in "H NMR spectra. “Absolute molecular
weight determination and polydispersity of the P2VP block via the aliquot method before CL addition via SEC in DMF (40 °C, with 25 mmol/L
LiBr, triple detection, dn/dc = 0.149 mL/g). 9Calculated molecular weight of the block copolymer via '"H NMR spectra of AB block copolymers
and M, 4 of block A. “Polydispersity of the block copolymer as determined via RI detection of SEC in DMF (40 °C, 25 mmol/L LiBr added,
PMMA standards). “Thf as a solvent. $Toluene as a solvent. “Relative molecular weight of the PCL homopolymer in thf relative to polystyrene.

reaction conditions can be found in the Supporting
Information.

To elucidate the potential of this system, AB diblock and
BAB triblock copolymers have been synthesized using catalysts
2 and 3 with regard to the overall copolymer chain length with
the fixed 2VP/CL ratio (AB'—AB?/BAB'—BAB?), varied block
ratios (AB*—AB’/BAB*—BAB®), and reaction solvent (AB®—
AB’). Additionally, P2VP (A') and PCL (B') homopolymers
have been synthesized for comparison. Varying the overall
copolymer chain length with a fixed 2VP/CL molar ratio of
1:1, monomer feeds with respect to the catalyst of 1:100:100
(AB'/BAB'), 1:200:200 (AB?*/BAB?), and 1:400:400 (AB®/
BAB?®) have been tested. For low catalyst-to-monomer ratios,
the equimolar feed composition is consistent with the molar
ratio of the copolymer blocks. Additionally, for AB* and BAB?
(1:200:200), approximately double the molecular weight as for
AB' and BAB' (1:100:100) is observed and all polymers show
moderate polydispersities. While the first block A always
exhibits very narrow polydispersity, it is broadened significantly
upon copolymerization of block B. This happens most likely
due to termination reactions and intermolecular transester-
ification of the PCL block showing that ROP is less-controlled
than GTP. In general, the used monomer feed ratios can be
observed in the obtained polymers, while the overall degree of
polymerization is higher than the given feed ratio due to the
initiator efficiencies being below 100% (I = 47-98%,
decreasing with higher 2VP to catalyst loading) as already
reported in the literature.”'" For higher monomer-to-catalyst
ratios in AB® and BAB® (1:400:400), the AB system reaches a
limitation, showing a discrepancy between monomer feed and
copolymer composition. The limitation of the AB® system
might be explained by intermolecular transesterification and
side reactions or a low initiator efficiency or the P2VP
macroinitiator due to a catalyst overload or trace impurities in
CL when using a high amount of CL. For BAB?, the polymer
composition still matches the monomer feed; however, BAB?®
shows about 3 times the molar mass of BAB In similarity to

AB’, it seems that a decrease in initiator efficiency caused by
deactivation processes leads to an increase in the catalyst-to-
monomer ratio. For adapting the monomer ratios in the
resulting polymers, the feed composition has been varied
ranging from 2VP/CL = 20:80 up to 2VP/CL = 75:25 while
using the same overall catalyst-to-monomer ratio of approx-
imately 1:400 (AB** and BAB*?). For those polymers, feed
ratios are consistent with the obtained polymer compositions
and the copolymers show narrow-to-moderate polydispersity.
Additionally, the polydispersities from BAB triblock copoly-
mers using catalyst 3 are comparably lower than those of the
AB diblock copolymers using catalyst 2, which might be
explained by a lower 2VP/yttrium center ratio in the bimetallic
system.

Investigation into the capability of the active P2VP chain to
initiate ROP resulted in consumption of the CL monomer as
determined via vanishing of the monomer signals in aliquot 'H
NMRs. The successful formation of block copolymers was
verified via comparison of the SEC traces from an aliquot taken
after 2VP polymerization in block A to the SEC traces of the
AB polymer and additionally via DOSY-NMR measurements.
A clear shift of molar mass toward higher molar masses can be
observed between block A and AB polymers (Supporting
Information, Figures S2 and S8) indicating an increase in the
molecular weight of the final polymer, as well as a general
broadening of the polydispersity (D, = 1.11 to D,z = 2.10).
DOSY-NMR was used to distinguish between copolymer and
homopolymer byproducts via their diffusion coefficient
(Supporting Information, Figures S3 and $9). In the DOSY-
NMR spectrum of AB?, the signals of P2VP and PCL appear at
the same diffusion coefficient (D = 2.6 X 107 cm?/s) and no
polymer signals with other diffusion coefficients can be
observed, hinting selective formation of the block copolymer.
The combination of SEC and DOSY-NMR successfully verifies
block copolymerization for 2VP and CL. This behavior is
observed for all AB- and BAB-type block copolymers,
exclusively yielding the desired copolymers. Within the chosen

https://doi.org/10.1021/acs.macromol.1c01692
Macromolecules 2021, 54, 10860—10869
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Table 2. Characterization of Block Copolymers from 2VP and M Synthesized with the Monometallic Yttrium Catalyst 2
(Diblock Copolymers AB*) and the Bimetallic Yttrium Catalyst 3 (Triblock Copolymers BABY)

entry feed” [Y]/[2VP]/[M] repeating unit and ratio” nyyp/my (mol %/mol %) Xy [%] M, x” [kg/mol] B,Y [-] M, awmas” [kg/mol] By’ [-]

AB* 1/100/100 190:60 (75:25)
AB’ 1/200/200 280:120 (75:25)
AB" 1/400/400 880:30 (95:5)
AB" 1/100/300 190:60 (75:25)
AB" 1/300/100 520:80 (85:15)
BAB® 2/100/100 170:90 (60:40)
BAB’ 2/200/200 290:140 (65:35)
BAB* 2/400/400 570:250 (70:30)
BAB’ 2/100/300 170:240 (40:60)
BAB" 1/300/100 450:70 (85:15)

62 19.5 1.01 28.6 1.22
65 29.5 1.02 50.0 1.14

4 92.0 1.02 96.8 1.25
30 204 1.02 30.8 1.13
65 55.0 1.03 67.7 1.17
78 179 1.04 33.0 1.21
83 292 1.05 53.6 1.21
80 59.5 1.04 102 1.29
80 174 1.04 58.9 1.37
70 474 1.07 59.3 1.22

AB* polymers using monometallic catalyst 2, BAB® polymers using bimetallic catalyst 3, catalyst/monomer ratios, 6.75 umol catalyst, 2VP
homopolymenzanon at RT, M copolymerization at 70 °C, conversions, solvents, and reaction times for each experiment, see the Supporting
Information. "Composition determined via integration of P2VP aromatic signals vs M signals in '"H NMR. “Conversion determined from aliquot
'H NMR. “Absolute molecular weight determination and polydispersity of the P2VP block via the aliquot method before M addition via SEC in
DMF (40 °C, 25 mmol/L LiBr added, triple detection, dn/ dc = 0.149 mL/g). “Calculated molecular weight of the block copolymer via 'H NMR
spectra of AB block copolymers and M, ,,, 5 of block A. Polydlspemty of the block copolymer as determined via RI detection of SEC in DMF (40

°C, 25 mmol/L LiBr added, PMMA standards)

reaction times, the conversion of 2VP is between 85 and 99%
and the conversion of CL is higher than 96%. The
polymerization of CL usually proceeds in a very fast manner
with gelation of the reaction mixture within seconds to few
minutes after CL addition to the reaction mixture.

To investigate the influence of coordination strength of the
monomers to the metal center on the obtained block
copolymers, the addition sequence is switched, utilizing CL
as the first block followed by 2VP addition. This procedure
resulted in the exclusive formation of the PCL homopolymer
with no observable conversion of 2VP. Additionally, a 50:50
mixture of 2VP/CL is prepared and added to the catalyst
solution, again resulting in selective polymerization of solely
PCL. This behavior is consistent with previous work focusing
on REM-GTP block copolymerization of different Michael-
type monomers, revealing monomer-metal coordination
strength as a decisive parameter for successful copolymeriza-
tion.”'*™'® This concept can be adapted for copolymerization
of Michael-type monomers and lactones with a stronger
coordination of CL to the metal center compared to 2VP,
revealing the addition sequence as a crucial factor for GTP-co-
ROP-type copolymerizations as well.

To investigate the influence of the reaction solvent, AB® was
prepared using tetrahydrofuran and AB’ using toluene instead
of dichloromethane. For thf, during homopolymerization of
2VP, a competitive coordination of thf and 2VP took place
decreasing the turnover frequency (TOF) and increasing the
polydispersity hindering successful block copolymerization.”’
A similar behavior is expected for pyridine, and a complete
inhibition of 2VP polymerization was already observed in the
literature,”* while polar protic solvents are not applicable due
to incompatibility with the yttrium complex. Using toluene,
P2VP slightly precipitates over the course of the reaction;
however, upon the addition of CL, the polymer is fully
dissolved again, facilitating controlled copolymerization with
narrow polydispersity of the observed polymer (AB?). Overall,
the copolymerization of 2VP and CL to AB di- and BAB
triblock copolymers via simple sequential addition of the
monomers yields defined polymers, featuring projectable chain
length and tunable block composition.

B BLOCK COPOLYMERIZATION OF 2VP WITH
(—=)-MENTHIDE

The copolymerization of 2VP with (—)-menthide is performed
in similarity to the reaction of 2VP with CL (Scheme 2);
however, as the copolymerization of (—)-menthide is reported
to be more active at elevated temperatures, the reaction
conditions were adapted. The temperature of the copoly-
merization was set to 70 °C to increase the catalyst activity and
thus the solvent is switched to toluene to facilitate higher
reaction temperatures. As for P2VP-b-PCL, P2VP-b-PM AB-
and BAB-type block copolymers are synthesized using catalysts
2 and 3, again preparing different block copolymers with
regard to varying block lengths and block ratios. The
corresponding characterization results are listed in Table 2;
additional information on the reaction conditions can be found
in the Supporting Information.

As for the copolymerization of 2VP with CL, the block
copolymer formation of 2VP with M has been verified by
comparing the SEC traces of P2VP block A to the copolymer
AB, showing a shift in retention time and broadening of the
polydispersity (Supporting Information, Figures $13 and S15).
Additionally, DOSY-NMR was used as further copolymeriza-
tion proof (Supporting Information, Figures S14 and S16). As
for P2VP-b-PCL copolymers, in the copolymerization of 2VP
with M exclusively, the desired AB and BAB block copolymers
were formed. Within the chosen reaction times, the conversion
of 2VP was between 91 and 99% and the conversion of M was
between 4 and 65% for the AB systems and between 70 and
83% for the BAB systems. Overall, the (—)-menthide
conversion drops drastically with increased yttrium/menthide
ratio (from Xy = 62% for 1:100:100 down to Xy = 4% for
1:400:400) for the AB systems, while this limitation could not
be observed in any kind for the BAB systems with constant
(=)-menthide conversion between 70 and 80%. Conversions
and initiator efficiencies of both catalysts were within the
expected range reported in the literature.”"’

Both AB- and BAB-type copolymers were varied regarding
overall chain length with a fixed 2VP/M feed ratio of 50:50
(1:100:100 AB®/BAB®, 1:200:200 AB’/BAB’, and 1:400:400
AB'°/BAB?®), and the 2VP/M feed ratio was varied (AB''/!?
and BAB”'). Due to the decreasing (—)-menthide conversion

https:/doi.org/10.1021/acs.macromol.1c01692
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Figure 1. (A) Cumulative conversion of 2VP (black) and M (blue) over time in the AB block copolymerization with 2 ([Y]/[2VP]/[M] = 1/200/
200); (B) relative molecular weight increase over cumulative conversion for both monomers, polydispersity in parenthesis; (C) close-up of
conversion vs time plot for block A 2VP polymerization and TOF-fitting; and (D) zoom-in on conversion vs time for copolymerization of M onto

the P2VP block and TOF-fitting.

with higher loadings, all P2VP-b-PM AB block copolymers
with 50:50 feed ratios are biased toward higher 2VP content.
This effect increases with an overall catalyst-to-monomer ratio
(AB®* 1:100:100 2VP/M = 75:25 down to AB' 1:400:400
2VP/M = 95:5), yet the overall polymer block length was
increased and a narrow polydispersity was maintained (D, <
1.25). For the BAB-type copolymers, the same behavior was
observed, yet due to higher M conversions, the polymers were
less-distorted toward high 2VP content and more consistent in
their 2VP/M ratio with 60:40 (BAB®; 1:100:100) to 70:30
(BAB®, 1:400:400). Furthermore, the molecular weight of the
polymers is increasing in a linear fashion with increasing feed
ratios while maintaining moderate polydispersities, analogously
to the P2VP-b-PCL system.

Varying the feed ratio, the AB system with a lower 2VP ratio
(AB"; 1:100:300) showed a much higher 2VP/M ratio than
expected, due to strongly decreasing (—)-menthide conversion
with a yttrium/menthide ratio of 1:300 (X, = 30%), whereas
AB'® (1:300:100) with higher 2VP feed yields the expected
copolymer. For the BAB systems, the 2VP/M ratio in the
copolymer BAB'® with a higher 2VP feed (1:300:100) is in
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good agreement to the AB system. Due to higher conversions
using catalyst 3, BAB? with an increased (—)-menthide feed
(1:100:300) is the only copolymer obtained in which the PM
block is longer than the P2VP block (molar ratio of 2VP/M =
40:60). All P2VP-b-PM polymers maintain moderate poly-
dispersities (P,g < 1.37). Overall, the P2VP-b-PM copolymer
composition and polymer size can be tuned by varying the
monomer feed; however, due to the incomplete conversion of
M, there is a bigger discrepancy between calculated and
obtained molar masses than for the P2VP-b-PCL system.
However, the use of (—)-menthide as the second block in the
copolymerization with the Michael-type monomer 2VP
highlights the possibility of applying novel biobased monomers
in this type of copolymerization, further broadening the scope
of accessible monomers.

B KINETIC INVESTIGATION OF THE
COPOLYMERIZATION

To determine the catalytic parameters of the copolymerization
of Michael-type monomers with lactones, reaction kinetics
regarding monomer conversion over time and molecular

https://doi.org/10.1021/acs.macromol.1c01692
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Scheme 3. Acyl-Oxygen Cleavage during Initiation of the First Lactone during Transfer from GTP to ROP via Nucleophilic
Attack of the Metal-Stabilized Aza Enolate Macroinitiator after Complete P2VP Propagation Generating an Alcoholate Chain
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Figure 2. (A) DSC and (B) pXRD of different P2VP-b-PCL AB block copolymers with varying 2VP/CL composition (Table 1, entries 2, 4, S, 8,

and 9).

weight increase were determined. Since the polymerization of
CL as the second block achieves full conversion within a few
minutes, the sterically more demanding M was selected as it is
reported that 2 ?olymerizes this monomer in a controlled but
slower fashion.”

Kinetic monitoring of the copolymerization revealed a linear
increase in the relative molecular weight for P2VP (Figure 1B,
black graph) with increasing conversions, maintaining narrow
molecular weight distribution (D, < 1.25, narrowing with
increasing conversion) over the course of the reaction. The
same behavior can be observed for the formation of the second
block from (—)-menthide, where the relative molecular weight
increases linearly as well, however, with a decreased activity
(Figure 1B, blue graph) maintaining narrow polydispersity
(Pag < 1.13). This indicates a controlled, living-type
polymerization for both copolymer blocks, in which the
coordinated, active P2VP chain end acts as a macroinitiator for
the subsequent ROP.

To further study the activity, TOFs for 2VP homopolyme-
rization and chain extension using M with catalyst 2 were
determined. While the homopolymerization of 2VP proceeded
relatively fast (X,yp = 97% in 2.5 h, TOF = 168 h™'; initiator
efficiency normalized TOF* = TOF/I = 360 h™"), the chain
extension with (—)-menthide using the active P2VP chain as
an initiator is comparably slow (X = 55% in 46 h, TOF = 5.3
h™!, initiator efficiency normalized TOF* = TOF/I = 114 h")
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and reaches a conversion plateau at 60%. These behaviors are
in good accordance with data reported in the literature for the
homopolymerizations of 2VP or M with 2.""** The results
derived from the kinetic investigation of the P2VP-b-PM
copolymerization indicates a catalytic copolymerization of both
the Michael-type monomer via a REM-GTP mechanism and
subsequent metal-catalyzed ROP of (—)-menthide.

As the ring-opening of the lactone by the active chain end of
the P2VP polymer can proceed either via alkyl-oxygen cleavage
or acyl-oxygen cleavage depending on the initiating system
(Supporting Information, Figure S19), the propagating chain
end of the polymerization was scavenged using chlorodiphe-
nylphosphine oxide P(OPh),OCl as an end-capping agent, a
technique introduced by Penczek et al.”’™*' If the copoly-
merization proceeds via acyl-oxygen cleavage, the propagating
alkoxide chain end forms a phosphorus ester with P-
(OPh),0OCl. Contrary carboxylate chain ends obtained via
alkyl-oxygen cleavage would result in the formation of a mixed
carbon—phosphorus anhydride, which subsequently decom-
poses to the carbon—carbon anhydride and a pyrophosphate.
Both species can be distinguished using P NMR spectros-
copy.”’™** The P-capping experiment was conducted for both
copolymerizations P2VP-b-PCL and P2VP-b-PM (Supporting
Information, Figure $20). These 3P NMR experiments
revealed the formation of a phosphorus species at 6 = —18

ppm and the absence of any pyrophosphate signal (6 ~ —25

https://doi.org/10.1021/acs.macromol.1¢01692
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ppm) in consistency with the formation of an alkoxide chain
end. Mechanistically, the metal-stabilized aza enolate formed
during P2VP propagation acts as a nucleophile in the ring-
opening, generating an alcoholate chain end which propagates
the subsequent ROP (Scheme 3). A similar reactivity was
observed in a previous study investigating ring-opening of
lactones using lithium enolates, generating alcoholate species
as well”® The observed alcoholate-mediated propagation
highlights a selective ring-opening of CL and M via acyl-
oxygen cleavage [Figure S19, pathway (I)] and thus a
coorsi’i?:ti‘on—insertion mechanism of the copolymeriza-
tion: 72> 22

Additionally, ESI-MS analysis of P2VP-b-PCL oligomers
(Supporting Information, Figure S21) prepared using catalyst
3 revealed a nucleophilic transfer of the TMPy unit of the
catalyst onto the polymer chain during initiation as already
observed for initiation of GTP and BBL/ ( )-menthxde ring-
opening homopolymerizations, respectively.'’ **? In the ESI-MS
graph, signals corresponding to TMPy/[2VP],/CL oligomers
with one to five CL repeating units were observed, proving a
connection of 2VP to CL and a chain growth of CL units.
Overall, the mechanistic investigation of the copolymerization
and the chain-end determination indicate a successful initiation
of ROP using an active P2VP chain as a macroinitiator via
metal-catalyzed ROP.

B THERMAL TRANSITION BEHAVIOR

As the composition of the block copolymers can be tuned via
the monomer feed, the prepared polymers with varying molar
ratios of 2VP to CL or M were analyzed regarding their phase
transition behavior and macroscopic structure using differential
scanning calorimetry (DSC) and powder X-ray diffraction
(pXRD). While the monomer combination of 2VP with CL
unites two polymers with amorphous (2VP, Figure 2, A') and
semicrystalline (PCL, Figure 2, B') phases, 2VP with M
combines two fully amorphous polymers (PM, Supporting
Information, Figures S17 and S18).

A semicrystalline PCL (B') homopolymer exhibits a glass
transition (T,) at —62 °C and a meltmg transition (T,,) at 56
°C, whereas the amorphous P2VP (A') only shows a T, at 102
°C. With decreasing molar fraction of PCL in the AB block
copolymers, the T, of the CL block decreases to —64 °C in the
50:50 copolymer AB and for further reduced molar fractions
(75:25, AB*), the T, of the CL block becomes unobservable.
For the CL melting transitions of the P2VP-b-PCL
copolymers, both the overall integral as well as the melting
point itself decreased with a higher P2VP fraction to a
minimum T, of 50 °C (P2VP/PCL = 75:25, AB*), most likely
due to an overall shrinking of the crystalline domain sizes as
indicated in the pXRD. The glass transition of P2VP starts to
become observable at 50% molar fraction of P2VP or higher
(AB?) and the T, continuously increased with increasing P2VP
content. The diminishing of the sharp T, signal of PCL and
the appearance of a second signal can be attributed to a
decrease in the overall degree of crystallinity as well as the
crystallite size of the PCL as the P2VP blocks might disturb the
crystallization pattern; the decreasing T, of PCL further
supports this assumption. As the reflex positions do not
change, no other crystalline phases were formed while the
overall crystallize size is decreasing as indicated by the peak
broadening. The behavior of both DSC and pXRD suggests a
partly microphase-separated copolymer system, in which the
P2VP block and the PCL block are immiscible. In the
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literature, phase behavior of polystyrene-b-polycaprolactone
block copolymers is reported, undergoing microphase
separation with a phase inversion dependent on the styrene/
caprolactone ratio (between 33:67 and 44:57 styrene to
caprolactone).”* As the thermal behavior of this system is very
similar to the one obtained for the herein reported P2VP-b-
PCL system, a similar microphase separation is indicated by
the observed thermal transitions. For BAB-type triblock
copolymers of 2VP and CL, the same observations can be
made in the DSC and pXRD (Supporting Information; Figures
S10 and S11), however, less-pronounced due to the triblock
BAB nature of the block copolymers.

For the combination of 2VP with M, the copolymers exhibit
two separated glass transition temperatures, one in the range of
—26 to —32 °C, lower than the T, of pure amorphous PM
(=23 °C), and one in the range of 94—102 °C, not
significantly altered from the T, of pure P2VP (Supporting
Information, Figures S17 and Sl8) For both (—)-menthide-
based AB- and BAB-type copolymers, the same behavior can
be observed, indicating again a microphase separation-
influenced copolymer morphology. As both blocks exhibit
only amorphous domains, pXRD is not feasible in this case.
Overall, the phase-transition behavior of these block
copolymers is significantly changed compared to the
homopolymers, making the class of poly(Michael-type
monomers )-co-poly(esters) an interesting class of materials.

B TUNING SOLUTION BEHAVIOR OF BLOCK
COPOLYMERS

Utilizing the pH-dependent solubility of P2VP, the solution
properties of the prepared di- and triblock copolymers P2VP-b-
PCL and P2VP-b-PM were investigated using dynamic light
scattering (DLS). While P2VP (A') turned fully soluble below
a pH of 4.5, the initially insoluble P2VP-b-PCL (AB?) started
to form a stable, turbid solution, indicating micellization of the
block copolymer due to protonation of the pyridine unit to a
soluble po]y(pyndlmum) block, while the PCL block B
remains insoluble.

To compare the influence of the polymer composition on
the micellization behavior, DLS measurements of different
polymers at a fixed pH value of 3 were conducted (Figure 3).
By variation of the overall polymer length with a fixed 2VP/CL
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Figure 3. z-Average micelle size (left axis, black) and size dispersity
(right axis, blue) of different block copolymer samples.
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ratio of 50:50 (AB! 120/200; AB? 270/250), micelles with an
adjustable diameter can be prepared. Copolymer AB?
(M,nmrap = 34.7 kg/mol) has an approximately 1.6-times
higher molecular weight than the smaller copolymer AB'
(M, nmras = 34.7 kg/mol) and forms about 1.5-times bigger
micelles (AB” d,,, = 203 nm; AB' d,, = 140 nm), making the
overall micelle size tunable with the molecular weight of the
copolymer. Comparing different compositions, the polymer
with the highest P2VP content AB* (560/200; M, xyras =
81.8 kg/mol) shows the largest micelles with dy,, = 301 nm,
while the micelle size is shrinking with decreasing 2VP content
from AB? (dayg = 203 nm) to AB?® featuring the lowest 2VP/
CL ratio (130/470; M, xyrap = 67.7 kg/mol) and thus the
smallest micelle diameter of 130 nm. For the pure
homopolymer A, differently sized structures can be observed
in the range of 1—10 and 100—100 nm, corresponding to fully
dissolved P2VP chains as random coils. Comparing diblock
copolymer AB” to triblock copolymer BAB® with the same
2VP/CL ratio, the triblock copolymer has a slightly smaller
micelle diameter of 160 nm, mainly influenced by molecular
weight (M, xmrap = 47.6 kg/mol) rather than composition.
Switching to (—)-menthide as block B, again precisely defined
micelles were formed for both AB- and BAB-type block
copolymers. AB’ with higher 2VP/M-content (280/120;
M, nuvras = 50.0 kg/mol) forms micelles with d,,, = 187
nm, whereas BAB’ with a higher 2VP/M-ratio and
approximately the same size (170/240; M, xyraps = 58.9 kg/
mol) forms slightly larger micelles with d,, = 225 nm.
However, for those two copolymers, the parameters for tuning
the micelle size are harder to control due to the incomplete
(—)-menthide conversion during synthesis. Overall, all block
copolymers form precisely defined micelles with good-to-
moderate dispersities and possess high tunability regarding
micelle size based on the herein-reported catalytic copolymer
synthesis approach.”>™"’ For example, the polycationic
pyridinium block might be used for gene or nucleic acid
delivery via complexation of genes or targeting distinct sizes,
for example, between 100 and 200 nm. While the micellization
of pH-responsive P2VP-based block copolymers”'****’ and
PCL-based block copolymers**™** as well as the combination
of P2VP and PCL**™* are known in the literature, those block
copolymers are usually prepared by (living) anionic polymer-
ization instead of applying catalytic techniques. Especially, the
susceptibility of such copolymers toward ester bond cleavage
by hydrolysis or enzymatic degradation makes these §?’stems
interesting tools for drug-delivery applications.*™" The
presented novel preparation of such copolymers via yttrium
catalysis is a facile tool not only for precisely tuning the micelle
properties but also to offer the advantage of e_n_d-group
functionalization for drug conjugation or imaging.”*”*">*

B CONCLUSIONS

Two GTP- and ROP-active 2-methoxyethylamino-bis-
(phenolate)yttrium catalysts [(ONOO)®*Y(sym-col)(thf)] 2
and [((ONOO)®"Y(thf)),(TMPy)] 3 have successfully been
applied for the copolymerization of Michael-type monomer
2VP with CL or (—)-menthide. Different AB- and BAB-type
block copolymers were synthesized with regard to the overall
chain length and monomer ratios. All synthesized polymers
maintained acceptable polydispersities, and block formation
was verified using SEC, ESI-MS, and DOSY-NMR analyses.
Copolymerization kinetics of 2VP with lactones were
successfully determined via utilization of the sterically more

demanding (—)-menthide, revealing a living, catalytic copoly-
merization. End-capping and subsequent *'P NMR analysis
revealed a coordination—insertion mechanism via acyl-oxygen
cleavage for both lactones, indicating a coordination—insertion
mechanism.

Applying the block copolymerization of 2VP with CL or M,
materials undergoing microphase separation were obtained,
which was shown using DSC and pXRD analyses. The P2VP-b-
PCL system showed microphase separation while maintaining
the semicrystalline character of the PCL block, whereas P2VP-
b-PM is a fully amorphous system yet retaining microphase
separation. Both materials could further be investigated using
small-angle X-ray scattering or regarding their mechanical
properties.

For the obtained block copolymers, pH-dependent micelli-
zation for both P2VP-b-PCL and P2VP-b-PM in acidic media
could be observed. The micelle sizes correlated to catalytic
copolymerization parameters which are adjustable during the
polymer synthesis. This enabled targeted tuning of precisely
defined micelles by the novel catalytic block copolymerization
of Michael-type monomers and lactones for diverse applica-
tions.

The presented system is an advance from state-of-the-art
GTP-co-ROP polymers, as the scope of Michael-type
monomers is extended to 2VP as a functional block, and
additionally, biobased lactone (—)-menthide was applied as the
ROP block. The catalytic copolymerization was characterized
with regard to its kinetic behavior for the first time. Overall, the
combination of group-transfer polymerization and ROPs
grants access to a novel class of functional copolymers
comprising a stimuli-responsive block and a potentially
hydrolysable polyester block. By adjusting the feed ratios, the
overall chain length and the block ratios can be tuned, directly
targeting physical properties such as phase behavior or
micellization. Adapting the herein-reported methods for the
synthesis of block copolymers from GTP and ROP, other
monomers such as dimethyl acrylamide or diethyl vinyl
phosphonates could be copolymerized with various lactones
such as (rac)-lactide, giving access to a novel class of
functional, tunable materials.
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8. Summary

Throughout this thesis, different modification points in the context of group-transfer and ring-
opening polymerization have been addressed. With respect to functional end-groups, four
different 2,6-dimethylpyridine based initiators have been synthesized, bearing a tert-butyl-
dimethyl silyl protected alcohol, a bis(tert-butyl-dimethyl silyl) protected catechol, a trimethyl
silyl protected alkyne and an unprotected azide. The silyl protected alcohol has successfully
been used in the C-H bond activation and subsequent isolation of a versatile bis(phenolate)
yttrium catalyst. This catalyst has been used for the polymerization of diethyl vinylphosphonate
and 2-vinylpyridine in a highly controlled way. A thorough end-group analysis revealed
covalent attachment of the initiator to the polymers and using different deprotection protocols,
the desired hydroxyl end-group could be reobtained. In a similar approach, the silyl protected
catechol and the silyl protected alkyne have been used for an in-situ C-H bond activation of an
yttrium cyclopentadienyl precursor, again attaching the desired moieties to the prepared
poly(vinylphosphonates). The same deprotection protocols cleaved the silyl protecting groups,
giving access to catechols or alkynes as end-groups. Due to the reactivity of the azide, C-H
bond activation of the respective yttrium compounds failed, while the respective reaction using
a lutetium cyclopentadienyl catalyst showed the formation of the desired catalyst. Again, the
functional group could successfully be transferred to poly(diethyl vinylphosphonates). By
means of these initiators, the scope of applicable end-groups for GTP-based polymers has

been extended to alcohols, catechols, alkynes and azides.

Regarding the sidechain modifications, a controlled Lewis pair polymerization of 4-vinyl-4’-
methyl-2,2’-bipyridine using tri-iso-butyl aluminum and trimethyl phosphine has been
established, giving access to a poly(vinyl bipyridine) prepared via a precise, catalytic
polymerization technique. To these well-defined poly(vinyl bipyridines), photocatalytically
active rhenium complexes and ruthenium complexes as photosensitizers were attached,
generating a new class of polymeric photocatalysts. These photocatalysts have been
characterized extensively and were successfully used for the photocatalytic reduction of CO,.
By tethering these complexes to the poly(vinyl bipyridine) macroligand and thus forcing them
into spatial proximity, the catalyst stability and activity could be increased drastically compared

to the mononuclear systems.

To further broaden the monomer scope applicable for ring-opening polymerization, 3-carene
has been chemically converted into different monomers while retaining its characteristic
3-membered ring from the basic carbon framework. By means of a reductive ozonolysis, a
3-carene based diol could be synthesized, which was used in a polycondensation reaction with
dimethyl terephthalate as comonomer. The prepared polyester is amorphous with a glass

transition temperature of about 45 °C. Using different oxidative transformations and a Baeyer-
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Villiger oxidation for a ring-extension, two different regioisomeric lactones, a- and e-carene
lactone, could be prepared. Both monomers could be converted into the respective homo- and
copolymers by catalytic ring-opening polymerization using different metalorganic catalysts.
While the homopolymer from a-carene lactone as well as the statistical copolymer of both
lactones exhibit semi-crystalline properties with glass transition temperatures around -10 °C,
the homopolymer from ¢-carene lactone is semi-crystalline with a melting point of 161 °C. By
introducing these new monomers, the scope of biobased monomers for polyester synthesis

has been broadened.

The last modification point addressed throughout this thesis is the copolymerization of Michael-
type monomers and lactones via sequential copolymerization. Using a monometallic and a
bimetallic yttrium bis(phenolate) catalyst, different AB- and BAB- di- and triblock copolymers
from 2-vinylpyridine and e-caprolactone or (-)-menthide have been prepared. By means of this
catalytic copolymerization, copolymers with tunable molecular weights and compositions, all
exhibiting narrow to moderate polydispersities, could be synthesized. Changing the addition
order to lactone ROP first led to the formation of homopolymers only, revealing the monomer
coordination strength to be a decisive parameter in the copolymerization of Michael-type
monomers and lactones as well. By means of catalytic investigations, a living-type
polymerization has been found for both the group-transfer polymerization step as well as the
for the subsequent ring-opening polymerization step. The thermal transition behavior of the
semicrystalline P2VP-b-PCL and the amorphous P2VP-b-PM have been investigated,
revealing microphase separation of the two polymer blocks. In aqueous media, the
pH-dependent formation of micelles below a pH of 4 could be observed. By means of tuning
the copolymers chain length, composition or block structure, micelle size and thermal

properties could be modified.

Summarizing, four different modification points of group-transfer and ring-opening based
(co)polymers have successfully been addressed. In the context of GTP, different functional
initiators were prepared and introduced to the polymers as well as a sidechain modification of
a poly(vinyl bipyridine) with rhenium and ruthenium complexes could be realized. For ROP, a
novel monomer has been introduced, giving access to a semicrystalline, high melting polyester.
And with respect to both GTP and ROP, copolymerization of two different monomer classes
using yttrium catalysis has successfully been realized, giving access to novel, highly interesting

materials.
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9. Outlook

With the herein successfully introduced pathways, polymers from GTP and ROP can be
modified with respect to their different functionalities. With special focus on the end-group
modification, the scope of available end-groups for GTP polymers has been broadened by
alcohols, catechols, alkynes and azides. Together with the already reported double bonds,?*
bipyridines,®? multifunctional pyridines,®® amines and thiols,® most of the functional groups
used for modifications is now reported. These functional groups can be introduced to the
polymers and used based on the desired application, encompassing for example polymer-drug
conjugates, various labelling techniques, or the mentioned surface-based applications. By
using the in-situ approach with the yttrium cyclopentadienyl catalyst, versatile GTP catalysts
can be prepared and used for a variety of different monomers, including the different alkyl
vinylphosphonates, vinylpyridines or IPOx as highly functional monomers. When switching to
the isolated complexes based on the yttrium bis(phenolate) mainframe, the same functional
groups could possibly be introduced to even more monomers, including DMAA and lactones
in general, severely broadening the applicability of these functional groups. Using this
technique, a versatile toolbox of functional end-groups could be introduced to GTP- and ROP-

based polymers, rendering it a useful synthetic method for polymer chemists.
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Figure 33: Scope of available functionalized a-methylpyridines for C-H bond activation of yttrium

complexes. 828588294

Regarding the sidechain modification of the prepared poly(vinyl bipyridines), a catalytical,
precise method of polymerizing 4-vinyl-4’-methyl-2,2’-bipyridine is now accessible by means
of Lewis pair polymerization. The prepared polymers possess narrow polydispersity and the
absolute molecular weight of PVBpy can now be determined, thus making them highly defined
macroligands for the use of polymer-metal complex compounds. While the herein presented
example used these defined polymers for the synthesis of polymeric photocatalysts, this

approach is by no means limited to such metal complexes. Bipyridine-based metal complexes
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can be found in a variety of different applications, like for example biomedical imaging, DNA
binding, electrocatalysis or organic light-emitting diodes.®!33* Depending on the desired
properties, precisely defined PVBpy could be used as macroligand for such complexes,
allowing for different applications, like e.g. for use as biologically active, UV-triggered scaffold

materials in implants.
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Figure 34: Various bipyridine-based metal complexes for different applications.331-334

By polymerizing e-carene lactone as novel monomer, a semi-crystalline polyester based on
turpentine oil is now accessible, while polymerization of a-carene lactone yields an amorphous
polyester with a low glass transition temperature. The herein presented synthesis pathway
from 3-carene as feedstock involving dual oxidation to the alcohol and subsequently the ketone
with a Baeyer-Villiger oxidation as key step without rearrangement of the basic carbon skeleton
allowed incorporation of the cyclic 3-membered ring structure of 3-carene into the polymer
main chain. A similar pathway could be used for B-pinene, possibly allowing incorporation of
the 4-membered ring into the polymer main chain. Apart from the investigated statistic
copolymers of aCarL and €CarL, additional copolymers from those monomers in combination
with each other or other lactones can be prepared. Further, those two monomers could be
utilized for more advanced applications like biobased thermoplastic elastomers, where PeCarL
serves as hard, semi-crystalline block while PaCarL could be used as soft, amorphous block.

Overall, both lactones are interesting, biobased building blocks suited for further investigation.
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Figure 35: Possible thermoplastic elastomer from BAB-type block copolymers of aCarL and €CarL.

The last synthetic tool for polymer modifications, the copolymerization of Michael-type
monomers and lactones, bear the potential to produce a variety of new materials with tailor-
made properties. Those materials combine the high functionality and tunability of the Michael-

monomer block with degradability of the polyester block, making them interesting candidates
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for advanced applications like drug-delivery. The use of catalysis for such copolymers allows
precise tuning of the molecular weight and thus hydrodynamic size of these polymers, all while
maintaining a narrow polydispersity and the possibility of influencing the copolymer
architecture. Furthermore, a broad variety of different monomers for both the group-transfer
polymerization as well as the ring-opening polymerization-based blocks are available, which
so far have not been copolymerized, including the alkyl vinylphosphonates or acrylamides on
the one hand side and various other lactones on the other hand. Another way of introducing
more advanced functionality to this class of copolymers could be to utilized allyl-group
containing monomers like diallyl vinylphosphonate, diallyl acrylamide or dihydrocarvide for

post-polymerization modifications.
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Figure 36: Scope of promising monomers for block copolymerization of Michael-type monomers and

lactones.

Overall, within this thesis different ways of introducing functionality to group-transfer and ring-
opening polymerization have successfully been addressed. All those modifications, while
tested and presented in isolated examples, comprise promising tools for the synthesis of
advanced polymer materials, fit for use in different applications. These methods and findings
address the three main center points of modern polymer chemistry, (1) new properties and

applications, (2) new synthesis methods and (3) sustainability.?
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Figure S1: 'H-NMR (400 MHz, CsDs, 300 K) of catalyst 4.
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2. End-group analysis
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Figure S3: DOSY-NMR (CDCl, 400 MHz) of PDEVP (M= = 43.4 kg mol*, D =1.11).
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- 157 -

r1x10*

Fix10%

D/cmils

Lix10®

F1x10*

F1x10%

D/emis

Fix10”

L1x10*

3of11



Appendix

Catalysts 2019, 9, x FOR PEER REVIEW 40of11

3. Characterization of PDEVP
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Figure S5: 'H-NMR (CDCls, 400 MHz) of PDEVP produced with catalyst 4 (Table 2, entry 4,
Mr.abs = 16.6 kg/mol, D = 1.04), impurities and artefacts are marked with *.
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Figure S6: *'P-NMR (CDCls, 162 MHz) of PDEVP produced with catalyst 4 (Table 2, entry 5,
Mn.abs = 104 kg/mol, P = 1.33).

1H-NMR (400 MHz, CDCls, 300 K): ® (ppm) = 0.10 (s, 6H, Si(CHs)2), 0.94 (s, 9H, Si(C(CHs)3)), 1.31 (m,

803H, P(OCH:CH:)2), 1.47-2.79 (m, 419H, CH:CHPOE:), 4.12-4.14 (m, 538H, P(OCH:CH)z).
P-NMR (125 MHz, CDCl3, 300 K): d (ppm) = 33.22 (Pside-chain).
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Figure S7: Representative SEC-MALS trace (top) and resulting fitting plot (bottom) for molecular
weight determination of PDEVP produced with catalyst 4 (Table 2, entry 5, Mnabs = 104 kg/mol,

P=133).
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4. Characterization of Poly(2-vinylpyridine)
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Figure S8: 'H-NMR (CDCls, 400 MHz) of P2VP produced with catalyst 4 (Table 3, entry 1,
Mh,abs = 25.0 kg/mol, D = 1.04), impurities and artefacts are marked with *.
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Figure S9: *C-NMR (MeOD, 500 MHz) of P2VP and section of the quaternary *C atom resonance of
atactic P2VP produced with catalyst 4, resonance assignment and microstructure determination
according to Ref. [1], impurities and artefacts are marked with *.

1H-NMR (400 MHz, CDCls, 300 K): d (ppm)=0.11(s, 6H, Si(CHs)), 0.95 (s, 9H, Si(C(CHs)s)),
1.25-2.20 (m, 806H, CH:CHAT), 6.13-6.50 (m, 256H, Has), 6.51-7.23 (m, 456H, 2Ha:), 8.07-8.48 (m,
258H, Hax).
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BC-NMR (100 MHz, CDCls, 300 K): © (ppm) = 40.9-44.8 (carbon-backbone), 122.7-123.0, 124.7-126.0,
137.8-138.1, 159.6-150.4, 164.3-165.8.
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Figure S10: Representative SEC-trace (top) and distribution plot of molecular weight determination
(bottom) of P2VP produced with catalyst 4 (Table 3, entry 3, Mn.abs=22.6 kg/mol, D =1.06). Signals in
the light scattering detectors (orange, red) with retention time below 10 min are not detectable via RI
(dark blue), therefore signals do not belong to polymeric material.
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5. Deprotection results

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
3130292827 2625242322212019 1817 16151413 121110090807 06 0504 03 0201 00-01-02-03-04-05-06-07-08
&/ppm

Figure S11: Representative comparison of 'H-NMR spectra (silyl range, ®=-0.5 — 3.0 ppm) of
protected (bottom) and deprotected (top) P2VP (Table 4, entry 2) with close-up of the silyl region
(TBDMS signals marked blue).

L
i S~ LﬁW
\."' — protected P2VP
| — deprotected P2VP

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Retention time / min

Figure S12: Overlay of SEC RI traces of P2VP protected and deprotected (Table 4, entry 2) (protected
black, deprotected blue).
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Figure S13: Representative comparison of 'H-NMRs (silyl range, d=-0.5 — 3.0 ppm) of protected
(bottom) and unprotected (top) PDEVP (Table 4, entry 1) with close-up of the silyl region (TBDMS
signals marked blue).

—_—— PP P e N
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—— deprotected PDEVP

1 * 1 * I 1 » 1 % I ¥ I % I > I . I g I

: : — ’
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
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Figure S14: Overlay of SEC-MALS RI traces of PDEVP (Table 4, entry 1) protected and deprotected
(protected black, deprotected blue).
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6. Synthesis procedures
4-(4-hydroxymethyl)benzyl)-2,6-dimethylpyridine [2]
— OH

"\ 7

1

2.95 g (19.4 mmol, 1.1 eq.) 4-(hydroxymethyl)phenyl boronic acid are suspended in 120 mL
ethanol and 2.48 g (17.5 mmol, 1.0 eq.) 4-chloro-2,6-dimethylpyridine in 150 mL toluene are added.
To this suspension, a saturated sodium hydrogen carbonate solution (120 mL, 1.14M, 136 mmol,
7.7 eq.) is added and the two-phase mixture is degassed while stirring by applying 20 cycles of inert
gas and vacuum until boiling is observed. Under argon overpressure, 4 mol% Pd(PPhs): catalyst
(0.82 g, 0.71 mmol, 0.04 eq.) are added before heating to 80 °C for 72 hours. After cooling to room
temperature, black catalyst residue is removed via filtration and the phases are separated. The
aqueous phase is extracted with 2x80 mL ethyl acetate and 1x100 mL chloroform, the organic phases
are combined and dried over MgSOa. The solvent is removed in vacuo before purifying the crude
product by column chromatography (alumina Bronkhorst activity grade 1, CHCls:MeOH = 95:5)
giving 4-(4’-hydroxymethylbenzyl)-2,6-dimethlypyridine) 1 as fine, white powder (1.84 g, 8.6 mmol,
49 %).
TH-NMR (400 MHz, CDCls, 300 K): d (ppm) =2.58 (s, 6H, CHs), 4.76 (s, 2H, CH-OH), 7.17 (s, 2H,
Harry), 7.46 (d, 3Jun =8.24 Hz, 2H, Hargenzy1), 7.61 (d, 3/uu = 8.42 Hz, 2H, Harsenzyi).
BC-NMR (100 MHz, CDCls, 300 K): d (ppm) =24.5, 64.6, 118.5, 127.2, 127.5, 137.8, 142.1, 149.0, 158.2.
DC: Rs = 0.47 (chloroform:methanol = 95:5) [fluorescence staining]
ESI-MS: 214.29 m/z [M+H].
EA: calc: C78.84,H7.09, N 6.57, 0 7.50.

found: C78.33, H7.08, N 6.52.

4-(4'-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-2,6-dimethylpyridine [2]

2
— O-Si
N N

\ /

2

2.00 g (9.4 mmol, 1.0 eq.) unprotected pyridine 1 and 0.70 g (10.3 mmol, 1.1 eq.) imidazole are
dissolved in 100 mL dry chloroform. 1.55 g (10.3 mmol, 1.1 eq.) tert-butyl-dimethylsilyl chloride are
dissolved in 3 mL dry chloroform and are added to the alcohol mixture. The reaction solution is
heated to 70 °C for 72 hours before removing the solvent in vacuo. 200 mL half-saturated sodium
hydrogen carbonate solution (200 mL, 0.57m, 114 mmol, 12.1 eq.) are added to the crude product
and the two-phase mixture is stirred for 30 min. The phases are separated and the aqueous phase is
extracted with 3x150 mL benzene. The organic phases are combined and dried over MgSOs. The
solvent is removed, yielding 4-(4'-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-2,6-dimethylpyri-
dine 2 as a yellow, viscous liquid (3.00 g, 9.2 mmol, 98 %).
TH-NMR (400 MHz, CsDs, 300 K): d (ppm) =0.10 (s, 6H, Si(CHs)2), 1.03 (s, 9H, ‘Bu), 2.52 (s, 6H, CHs),
4.66 (s, 2H, CH20H), 6.97 (s, 2H, Haxry), 7.36 (d, 3[uu = 8.06 Hz, 2H, Hargenzy), 7.41 (d, 3Jun=8.33 Hz,
2H, HarBenzy1).
BC-NMR (100 MHz, CsDs, 300 K): d (ppm) =-5.1, 18.6, 24.7, 26.1, 64.9, 118.2,126.9, 127.3, 138.1, 142.4,
148.7, 158.6.
25i-NMR (80 MHz, CsDs, 300 K): d (ppm) = 20.04.
ESI-MS: 329.0 m/z [M+H"].
EA: cale:  C73.34, H8.92 N 4.28 04.88,Si8.57.

found: C73.38, H9.14, N 4.48.
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Synthesis procedures for the initiators in the addendum Chapter 4.4

4-lodo-2,6-dimethylpyridine®, 4-trimethylsilylacetylene-2,6-dimethylpyridine®?®, 4-azido-2,6-
dimethylpyridine3?°, Cp,Y(CH,TMS)(thf)?* and Cp.Lu(CH,TMS)(thf)?* have been prepared
according to literature procedures.

4-(3,4-dimethoxy-phenyl)-2,6-dimethylpyridine

7.13 g (39.0 mmol, 1.1 eq.) (3,4-dimethoxyphenyl)boronic acid are suspended in 240 mL
ethanol and 5.06 g (35.7 mmol, 1.0 eq.) 4-chloro-2,6-dimethylpyridine, 300 mL toluene and
240 mL 1.14m sodium bicarbonate solution are added. The mixture is degassed by applying
20 cycles of argon-vacuum prior to addition of 1.40g(1.21 mmol, 0.03eq.)
tetrakis(triphenylphosphine)palladium(0). The solution is stirred for 72 hours at 80 °C.
Afterwards, the catalyst is removed by filtration and 200 mL of water and 300 mL diethyl ether
are added. The phases are separated, and the agueous phase is extracted with 300 mL diethyl
ether and 300 mL dichloromethane. The combined organic phases are dried over sodium
sulfate and the solvent is removed in vacuo. The crude product is recrystallized from diethyl
ether, yielding 7.80 g (32.1 mmol, 91 %) 4-(3,4-dimethoxy-phenyl)-2,6-dimethylpyridine.

'H-NMR (400MHz, CDCls): 6 (ppm) = 7.32 (dd, “Jun = 8.25 Hz, 3Jun = 2.19 Hz), 7.26 (s, 2H),
7.23 (d, 3JH,H = 2.13 Hz), 7.07 (d, “Jun = 8.25 Hz), 4.08 (s, 3H), 4.05 (s, 3H), 2.70 (s, 6H).
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4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine

OH

3.01 g (12.4 mmol, 1.0 eq.) 4-(3,4-dimethoxy-phenyl)-2,6-dimethylpyridine are dissolved in
30 mL 40 vol% HBr g (15.0 mmol, 1.2 eq.) and the mixture is stirred at 140 °C for 48 hours.
After cooling the mixture to room temperature, potassium bicarbonate solution is added until a
neutral pH is reached, and the solution is extracted with dichloromethane. The organic phase
is dried with magnesium sulfate and the solvent is removed in vacuo. 1.73 g (8.03 mmol, 65 %)

of 4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine are isolated as yellow powder.

IH-NMR (400MHz, CDCls): & (ppm) = 9.34 (s, 1H, OH), 9.09 (s, 1H, OH), 7.23 (s, 2H), 7.14 (d,
43un = 2.23 Hz), 7.07 (dd, 3Jun = 8.20 Hz, “Jun = 2.23 Hz), 6.84 (d, 3Jun = 8.21 Hz), 2.45 (s,
6H).

4-(3,4-di(tert-butyl-dimethylsilyl)oxy)-phenyl)-2,6-dimethylpyridine

0.5g(2.32 mmol, 1.0 eq.) 4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine are suspended in
100 mL dry tetrahydrofuran. 214 mg (5.35 mmol, 2.3 eg.) 60 wt% sodium hydride are added,
and the suspension is stirred for 0.5hours at room temperature. Afterwards,
780 mg (5.17 mmol, 2.2 eq.) tert-butyl-dimethylsilyl chloride are added and the mixture is
stirred for 18 hours at room temperature. The solution is filtered and the solvent is removed in
vacuo. The product if purified by column chromatography (Rr = 0.5, pure diethyl ether), yielding
440 mg (0.99 mmol, 44 %) of pure 4-(3,4-di(tert-butyl-dimethylsilyl)oxy)-phenyl)-2,6-
dimethylpyridine as a white powder.

GC-MS: tr = 15.9 min; m/z = 443.3 [M]*, 386.2 [M-tBu]*.

TLC: Rs = 0.50 (pure diethyl ether on silica, UV-detection).

IH-NMR (400MHz, CDCls): & (ppm) = 7.09 (d, 4H,), 6.90 (d, 3Jun = 8.95 Hz), 2.58 (s, 6H), 1.01
(d, 33up = 6.11 Hz, 18H), 0.23 (s, 12H).
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Appendix

1.

GENERAL EXPERIMENTAL

All air and moisture sensitive compounds were prepared using standard Schlenk techniques with

argon (99.996 vol.-%) from Westfalen as inert gas.

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich, ABCR GmbH or TCI

Chemicals and used without further purification.

The monomers for the polymerization were purified and dried by column chromatography
followed by twofold sublimation and subsequently stored under argon atmosphere. Dry solvents
were obtained from an MBraun MB-SPS-800 solvent purification system or by drying over
activated alumina and stored over activated 3 A molecular sieve. Solvents for polymerizations and
for the Lewis acid and base stock solutions were degassed by three consecutive freeze-pump-thaw
cycles. Deuterated solvents were purchased from Sigma-Aldrich and dried over activated 3 A

molecular sieve.

As stationary phase in column chromatography, Silica 60 (Acros Organics, 0.060-0.200 mm) and
aluminum oxide (Sigma-Aldrich, activated, neutral, Brockmann activity I), respectively, were
used. Thin layer chromatography (TLC) was done on silica coated polyester plates
(Macherey-Nagel, Silica 60) or aluminum oxide coated polyester plates (Macherey-Nagel, ALOX

N/UV2s4) with subsequent detection in UV light (A = 254 nm).

Elemental analysis (EA). All elemental analysis were performed by the Laboratory for
Microanalysis at the Institute of Inorganic Chemistry at the Technical University of Munich.
Electrospray ionization mass spectrometry (ESI-MS). ESI-MS spectra were recorded on a

Varian ESI-MS 500 spectrometer in positive ionization mode (70 eV). The samples were

- 169 -



Appendix

dissolved in acetonitrile or methanol and filtered prior to the measurements. The recorded spectra
were analyzed using the MS Data Review software. Differential scanning calorimetry (DSC).
DSC measurements were recorded on a DSC Q2000 from T4 Instruments in exo down mode. The
temperature program consisted of three consecutive heating and cooling cycles with a continuous
heating ramp of 10 K/min between 0 °C and 200 °C and a sample mass of roughly 8 mg. The
measurement data were analyzed using the 74 Universal Analysis software. Thermogravimetric
analysis (TGA). Thermogravimetric analysis was recorded on a Q5000 SA from 7’4 Instruments.
Roughly 1 mg of the polymer sample was applied in a tared platinum crucible and heated to
1000 °C under inert gas with a continuous heating ramp of 10 K/min. The measurement data were
analyzed using the 74 Universal Analysis software. Micro gas chromatography (Micro-GC).
The gas phase composition in the reaction flask headspace during the photocatalytic reactions was
analyzed with a Varian Micro 490-GC, equipped with a COx 1m heated column at 80 °C column
temperature, 140 kPa column pressure, auto detector sensitivity, 5 s sampling time and 300 s run
time using helium (99.999 vol.-%) as a carrier gas. The parameters were chosen to ensure a
complete and quantitative separation of potential hydrogen, nitrogen/air, CO, methane, and CO»
in the sample. Refractive index increment determination (dn/dc). For dn/dc determination, a
WGE Dr. Bures dn/dc-2010 from PSS equipped with a 620 nm light source was used. Calibration
is done using different potassium chloride in water; dn/dc measurements were performed in DMF
with 25 mmol/L LiBr at 30 °C with 9 different polymer concentrations. For calculation details, see
Figure S2. Infrared spectroscopy (FT-IR). The IR-spectra were recorded on a Vertex-70 FT-IR
spectrometer from Bruker at room temperature. Size-exclusion chromatography (SEC). Average
absolute molecular weights and polydispersities of the polymers were determined via

size-exclusion chromatography (SEC) with sample concentrations in the range of 2-5 mg mL™..
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The measurements of PVBpy were performed on an Agilent PL-GPC 50 (Santa Clara, CA, USA)
with an integrated RI unit, two light scattering detectors (15° and 90°) and a differential pressure
viscosimeter with two Agilent PolarGel M columns at 30°C. As the eluent,
N,N-dimethylformamide + 25 mmol/L LiBr was used. Absolute molecular weights and
polydispersities of PVBpy were determined using the experimentally determined value for dn/dc
of 0.190 mL g”'. Nuclear magnetic resonance spectroscopy (NMR). '"H-NMR- and *C-NMR
spectra, as well as 2D-NMR-experiments of small molecules, polymers and metal complexes were
recorded on a Bruker Ascend 400 MHz NMR-spectrometer at 400 MHz ('H) and 101 MHz (*C),
respectively. All chemical shifts are given in parts per million (ppm) and referenced to the residual
proton signal of the respective solvent (CDCl3: 6 = 7.26 ppm, DMSO-ds: & = 2.50 ppm). The NMR
spectra were analyzed using the MestReNova software. Signal multiplicities are abbreviated as
following: s - singlet, d - dublet, dd —dublet of dublets, m — multiplet, q - quartet, t— triplet.
Lyophilization. The polymer samples subject to freeze-drying were dissolved in benzene and
frozen under constant rotation in liquid nitrogen. For lyophilization, a VaCo 5-11-D from Zirbus
technology GmbH was applied and the pressure adjusted to 2 mbar with a condenser temperature
of -90 °C. Microwave reactions. The microwave reactions were conducted in a reactor from CEM
with a focused microwave beam. The syntheses were conducted at 50 W, a temperature of 125 °C
and dynamic power supply. Photoluminescence spectroscopy (PL). Emission spectra were
recorded on an Edinburgh Instruments FSS spectrofluorometer with a 150 W CW ozone-free
xenon arc lamp, Czerny-Turner design monochromators and a R928P photomultiplier emission
detector. Spectra were measured from 400 nm to 900 nm with 5 nm scan slit width, and a resolution
of 1 nm at 25 °C. The samples were dissolved in N,N-dimethylformamide and analyzed in a QS

10x10 mm quartz glass cuvette from Hellma GmbH & Co. KG. UV/Vis spectroscopy (UV/Vis).
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UV/Vis spectra were recorded on a PerkinElmer, Inc. Lambda 365 UV/Vis spectrophotometer in
an UV quartz cuvette (40 mm x 10 mm x 2 mm). Spectra were measured from 250 nm to 950 nm
with a spectral bandwidth (SBW) of 1 nm and a scan rate of 300 nm/min at 25 °C. The samples
were dissolved in N,N-dimethylformamide and analyzed in a QS 10x10 mm quartz glass cuvette
from Hellma GmbH & Co. KG. A base line correction with the pure solvent was performed prior
to sample measurements. Inductively coupled plasma mass spectrometry (ICP-MS). To
accurately quantify the Re and Ru amount loaded onto the polymers, ICP-MS for rhenium and
ruthenium, respectively was conducted on a Perkin Elmer Nexlon 350D ICP-MS instrument. The
respective samples were immersed in concentrated 7.5 mL nitric acid and 2.5 mL H202 30% (v/v)
and treated in the microwave at 150 °C for 5 min. Subsequently, the microwave-digested samples
were diluted 1/200 with Millipore Milli-Q® water. The extra pure solvents were checked for
possible analyte contaminations before measurement. '**Ru and '*’Re were used as target masses
for the analytes and '’Rh as an internal standard. Analyte quantification was carried out in
standard mode with correction equation to avoid polyatomic interferences. Detection limit for Ru
was 0.13 pg L' and 0.05 pg L' for Re. External calibration was performed in the range of 0 ug L™
to 100 pg L. Each sample was measured with five measurement replicates, a dwell time per 50 ms
and an integration time of 750 ms. The Ru and Re concentrations were blank corrected via
measurement of blank samples. Gas-Phase infrared spectroscopy (IR) has been measured on a
Thermo Fisher Scientific Nicolet 380 FT-IR in transmittance mode with a resolution of 0.5

(0.241 cm™) in the range of 4000-400 cm™ and 128 scans.
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2. SYNTHESIS PROCEDURES

4-Hydroxyethyl-4-methyl-2,2’-bipyridine

OH
Y 1. n-BuLi, DIPA, 0°C—>rt, 2 h
=
< | 2.Paraformaldehyde, rt, 21 h |
NS
N N B N
| (THF) |
_N _N
Ci2H12N2 C13H14N20
M = 184.24 g/mol M = 214.27 g/mol

The synthesis of 4-hydroxyethyl-4’-methyl-2,2’-bipyridine was adapted from a literature-known
procedure.! In an oven-dried Schlenk flask, 8.58 mL di-iso-propylamine (6.15 g, 60.8 mmol,
1.60 eq.) was dissolved in 50 mL of dry THF and cooled to 0 °C. To the resulting solution, 24.3 mL
n-butyl lithium (2.5 M in hexanes, 60.8 mmol, 1.60 eq.) were added slowly and the reaction mixture
was stirred at room temperature for one hour. To the previous solution, a solution of 7.00 g
4,4’-dimethyl-2,2’-bipyridil (38.0 mmol, 1.00 eq.) in 200 mL dry THF was transferred using a
canula. The reaction mixture was stirred for two hours at room temperature and 4.56 g
paraformaldehyde (152 mmol, 4.00 eq.) were added before stirring another 21 hours at room
temperature. The reaction was quenched upon addition of 50 mL cold water and the mixture was
extracted with diethyl ether (5 x 100 mL). The combined organic phases were dried over anhydrous
Na>SOys, and the solvent was removed under reduced pressure to yield a brownish oil. The crude
product was purified via column chromatography (Al.O3; CH2Clo/MeOH = 50/1) to yield 4.57 g

4-hydroxyethyl-4’-methyl-2,2’-bipyridine (21.3 mmol, 56%) as a yellow oil.
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TH-NMR (400 MHz, CDCls): 6 (ppm) = 8.58 (d, *J=5.0 Hz, 1 H, C-6-H), 8.52(d,*/=4.9 Hz, 1 H,
C-6‘-H), 8.27 (s, 1 H, C-3-H), 8.22 (s, 1 H, C-3*-H), 7.19 (dd, *J=5.0 Hz, “/un=1.7 Hz, 1 H,
C-5-H), 7.15-7.08 (m, 1 H, C-5°-H), 3.96 (q, *J = 6.2 Hz, 2 H, C-8-H), 2.95 (t, *J = 6.5 Hz, 2 H,

C-7-H), 2.44 (s, 3 H, C-9-H).
TLC: Rr= 0.22 (CH2Cl2/MeOH = 50/1) [UV]

ESI-MS (solvent: MeCN) m/z: 214.9 ((M+H]").
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4-Vinyl-4’-methyl-2,2’-bipyridine (VBpy)

OH
7 KOtBu, p-TsCl, rt, 14.5 h
|
NN (THF)
N
C13H14N20 C13H12N2
M = 214.27 g/mol M = 196.25 g/mol

The synthesis of 4-vinyl-4’-methyl-2,2’-bipyridine was adapted from a literature-known
procedure.’ To a solution of 2.00 g 4-hydroxyethyl-4’-methyl-2,2’-bipyridine (9.33 mmol,
1.00 eq.) in 40 mL dry THF, 2.62 g potassium fert-butoxide (23.3 mmol, 2.50 eq.) were added at
-10 °C. Subsequently, a solution of 2.67 g p-toluene sulfonyl chloride (14.0 mmol, 1.50 eq.) in
40 mL dry THF was added to the reaction mixture dropwise at -10 °C. The reaction mixture was
stirred at -10 °C for another hour and at room temperature for additional 16 hours. The reaction
was quenched by addition of 25 mL of a half saturated NaHCO3 solution and the mixture extracted
with diethyl ether (5 x 100 mL). The combined organic phases were dried over anhydrous Na;SOs,
and the solvent was removed under reduced pressure to yield a yellowish solid. The crude product
was purified via column chromatography (SiO2; P/Et2O/NEt; = 6/4/0.4) followed by twofold
sublimation (80 °C, 2-10” mbar) to yield 1.34 g 4-vinyl-4’-methyl-2,2’-bipyridine (6.81 mmol,

73%) as a white, crystalline solid.
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'H-NMR (400 MHz, CDCls):  (ppm) = 8.63 (d, *J=5.1 Hz, 1 H, C-6-H), 8.56 (d, */=5.1 Hz,
1 H, C-6°-H), 8.44 (s, 1 H, C-3-H), 8.27 (s, 1 H, C-3¢-H), 7.31 (dd, >J=5.1 Hz, *J=1.7 Hz, 1 H,
C-5-H),7.17(dd, *J=5.1 Hz,*J=1.6 Hz, 1 H, C-5‘-H), 6.77 (dd, >/ =17.6 Hz,*/= 109 Hz, 1 H,
C-7-H), 6.11 (d, *J=17.6 Hz, 1 H, C-8-H), 5.54 (d, 3/=10.9 Hz, 1 H, C-8-H), 2.46 (s, 3 H,
C-9-H).

BC-NMR (101 MHz, CDCl3): 6 156.67 (C-2), 155.83 (C-2°), 149.53 (C-6), 148.98 (C-6°), 148.48
(C-4°), 146.03 (C-4), 135.08 (C-7), 124.96 (C-5°), 122.22 (C-3¢), 120.79 (C-5), 119.05 (C-8),

118.67 (C-3), 21.35 (C-9).
TLC: Rr= 0.35 (P/Et2O/NEt: = 6/4/0.4) [UV]
ESI-MS (solvent: MeCN) m/z: 196.6 ([M+H]").

Elemental analysis of CisHi2N2 (196.1): Calculated (%): C 79.56, H6.16, N 14.27.

Found (%): C79.44, H6.16,N 14.27.
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Figure S1: 'H-NMR (400 MHz, CDCl3, 300K) of the monomer 4-vinyl-4’-methyl-2,2’-
bipyridine.

10

- 176 -



Appendix

Synthesis of ruthenium precursor complex Ru(dmb):Cl2

=z

X
N N

N

LiCl, microwave reaction, dynamic power supply,

7 ¢ 50 W, 125 °C, 2 h
JRu
J° ¢ (DMF)

CBH12C|2RU Cz4H24C|2N4RU
M = 280.16 g/mol M = 540.45 g/mol

The synthesis of Ru(dmb)>Cl> was adapted from a literature-known procedure.> Under inert gas
atmosphere, 76.1 mg Ru(cod)Cl> (27.2 pmol, 1.00 eq.) and 98.9 mg lithium chloride (2.33 mmol,
8.59 eq.) are weighed into an oven-dried microwave vessel. Further, 100 mg 4,4-dimethyl-2,2’-
bipyridine (54.3 pmol, 2.00 eq.) were added, the reactants suspended in 20 mL of dry
N,N-dimethylformamide and heated in a closed vessel setup in a microwave reactor (125 °C, 50 W,
dynamic mode) for two hours. After cooling to room temperature, the reaction mixture was filtered
through a syringe filter and the solvent removed under reduced pressure. The residue was
suspended in water, filtered over a fine frit (Por. 4) and washed with 100 mL of a 9/1 solution of
water and acetonitrile. The crude product was eluted from the frit with chloroform and the solvent
removed under reduced pressure. Recrystallisation of the crude product in acetonitrile (15 mL)

yielded 60.5 mg Ru(dmb)>Cl> (11.2 pmol, 41%) as a black powder.

ESI-MS (Solvent: MeCN) m/z: 541.5 ((M+H]"). The ESI-MS spectrum exhibited the expected

isotope distribution.

UV/Vis (DMF): Anax (nm) = 567, 384.

11
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Synthesis of the electron donor 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo|d]imidazole

(o]
1
Hofp-ofH
0 /
NH, OH " N»_@ N® o
s oH 180°C, 2h N CHgl, NaOH, 60 °C, 48 h (:[J}—@ |
2 . N (
(MeOH)
CgHgN; C;HgO, Ci3H1oN2 CysHysNol
M =108.14 g/mol M = 122.12 g/mol M = 194.24 g/mol M = 350.21 g/mol

NaBHy, rt, 1 h N/
(MeOH) (:[N H :
\

CisHigN2
M = 224.31 g/mol

The synthesis of 2-phenyl- 1 H-benzo[d]imidazole was adapted from a literature-known procedure.*
In a round bottom flask 6.14 g of benzoic acid (50.3 mmol, 1.00 eq.), 5.44 g o-phenylenediamine
(50.3 mmol, 1.00 eq.) and 21.0 g polyphosphoric acid were heated to 180 °C for two hours. After
slowly cooling to room temperature, the acid was neutralized by addition of 100 mL of ammonia
solution (6wt% in water) and the crude product filtered off using a frit. The crude product was
washed with ammonia solution (6wt% in water) until the blue colour disappeared and then dried

in vacuo, yielding 9.77 g 2-phenyl-1H-benzo[d]imidazole (50.3 mmol, quant.) as a pink solid.

TH-NMR (400 MHz, CDCl3): 8 (ppm) = 8.11 - 8.03 (m, 2 H, C-Hay), 7.70 - 7.62 (m, 2 H, C-Ha,),

7.52 - 7.46 (m, 3 H, C-Ha,), 7.31 - 7.26 (m, 2 H, C-Hay).

The synthesis of 1,3-dimethyl-2-phenyl-1H-benzo[d]imidazole-3-ium iodide was adapted from a
literature-known procedure.” In a round bottom flask, 9.77 g 2-phenyl-1H-benzo[d]imidazole
(50.3 mmol, 1.00eq.) and 2.01 g sodium hydroxide (50.3 mmol, 1.00 eq.) were dissolved in
50 mL of dry methanol. Under vigorous stirring, 11.4 mL methyl iodide (26.0 g, 183 mmol,

3.60 eq.) were added dropwise and the solution heated to 60 °C for 48 hours. After cooling to room

12
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temperature, the solvent was removed under reduced pressure and the residue dissolved in 320 mL
of a hot ethanol/water mixture (EtOH/H,0 = 5/1). Subsequently, three spatula tips of activated
charcoal were suspended in this solution and after 30 minutes removed via filtration over Celite®.
Finally the solvent was removed under reduced pressure and the crude product recrystallized from
ethanol (250 mL).  Drying of the product in  vacuo  yielded 8.19g

1,3-dimethyl-2-phenyl-1H-benzo[d]imidazole-3-ium iodide (23.4 mmol, 46%) as a yellow solid.

TH-NMR (400 MHz, DMSO-d¢): & (ppm) =8.18 - 8.09 (m, 2 H, C-Ha,), 7.96 - 7.88 (m, 2 H,

C-Hay), 7.87 - 7.74 (m, 5 H, C-Har), 3.90 (s, 6 H, N-CH3).

The synthesis of 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole was adapted from a
literature-known procedure.’ Under inert gas atmosphere, 8.19 g 1,3-dimethyl-2-phenyl-1H-
benzo[d]imidazole-3-ium iodide (23.4 mmol, 1.00 eq.) were dissolved in 300 mL of dry methanol
and 4.00 g sodium borohydride (106 mmol, 4.50 eq.) slowly added. The reaction mixture was
stirred for one hour at room temperature and the solvent then removed under reduced pressure.
The crude product was purified via twofold recrystallization from an ethanol/water mixture
(EtOH/H20 =2/1, 200 mL). The product was dried in vacuo to yield 524¢g of
1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (23.4 mmol, quant.) as yellow,

crystalline needles.

IH-NMR (400 MHz, DMSO-de): & (ppm) = 7.58 — 7.40 (m, 5 H, C-2-Ph), 6.62 (m, 2 H, C-Ha),

6.45 (m, 2 H, C-Har), 4.87 (s, 1 H, C-2-H), 2.48 (s, 6 H, N-CH3).

13
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3. POLYMERIZATION RESULTS

3.1 POLYMERIZATION PROCEDURE

The calculated amount of Lewis acid was dissolved in 0.5 mL dry toluene. Subsequently, a
solution of 1.02 mmol of the monomer in 1.5 mL dry toluene was added to the mixture. The
polymerization was started by addition of the Lewis base and the conversion of the monomer was
monitored via 'H-NMR by periodically removing aliquots (0.1 mL of the reaction mixture +
0.4 mL of undried CDCl3). When no further conversion could be detected in the NMR, the reaction
was quenched by addition of 0.5 mL undried CDCl3 and the polymer was precipitated in pentane.
After decanting of the supernatant, the residual polymer was dissolved in benzene and freeze-dried

to yield the pure polymer as a white solid.

3.2 POLYMER SYNTHESIS RESULTS FOR METAL LOADING

Table S1: Characterization of PVBpy1-3 prepared with the Lewis pair Al(i-Bu)s/PMes.

Polymer | [VBpyl/[LAJ[LB]* | t” Xvepy® | Mateo? | Muans® |D° LE.”
[eq.]/[eq.]/[eq.] [h] [%] [kg/mol] | [kg/mol] | [-] [%]
PVBpy 1 | 100/2/1 17 85 16.7 33.8 1.36 50
PVBpy2 | 100/2/1 17 80 15.7 23.3 1.48 68
PVBpy 3 | 100/2/1 17 92 18.0 36.7 1.66 49

“ Desired reactant ratio; ® 1.02 mmol monomer in 2 mL toluene, room temperature, Lewis-acid and
monomer were pre-mixed and the polymerization was started by addition of Lewis-base;
¢ determination of conversion via aliquot-'H-NMR; ¢ theoretical molecular weight determined via
M theo = XvBpy X MvBpy X [VBpy]/[LA)/[LB] assuming full initiator efficiency; ¢ absolute
molecular weight and polydispersity determined using SEC with triple detection in DMF with
added LiBr (25 mmol/L) at 30 °C using the experimentally determined dn/dc =0.190 mL g;
/initiator efficiency I.LE. = Mn,theo/Mn.abs X 100%.

14
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Figure S2: Aliquot-'H-NMR (400 MHz, CDCls, 300K) for polymerization determination via

integration of the signals between 7.37-8.37 ppm Ipo versus vinyl signals from 5.20-5.23 Iv set to
one with conversion X = (Ipol - 4)/Ipo1 X 100%.
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Figure S3: '"H-NMR (400 MHz, CDCls, 300 K) of PVBpy (Table I, entry 2).
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Figure S4: *C-NMR (101 MHz, CDCls, 300 K) of PVBpy (Table 1, entry 8).
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3.3 SIZE-EXCLUSION CHROMATOGRAPHY DATA
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Figure S5: Voltage gain-concentration plot (left) and calculated differential refractive index-
concentration plot (right) for the dn/dc determination using 9 different concentrations in the
range of 0.5 to 12 mg/mL of the same PVBpy sample. The differential refractive index is
calculated by the difference between each voltage gain at a certain concentration and the
extrapolated voltage gain intercept at zero concentration multiplied by the detector constant
from calibration. The dn/dc is the slope of the linear fit in the differential refractive index-

concentration plot.
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Figure S6: Molecular weight distribution of PVBpy (Table 1, entry 1) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S7: Molecular weight distribution of PVBpy (Table 1, entry 2) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S8: Molecular weight distribution of PVBpy (Table 1, entry 3) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S9: Molecular weight distribution of PVBpy (Table 1, entry 4) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S10: Molecular weight distribution of PVBpy (Table 1, entry 5) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S11: Molecular weight distribution of PVBpy (Table 1, entry 6) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S12: Molecular weight distribution of PVBpy (Table 1, entry 7) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S13: Molecular weight distribution of PVBpy (Table 1, entry 8) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S14: Molecular weight distribution of PVBpy (Table 1, entry 9) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S15: Molecular weight distribution of PVBpy (Table 1, entry 10) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S16: Molecular weight distribution of PVBpy (Table 1, entry 11) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S17: Molecular weight distribution of PVBpy1 (Table S1, entry 1) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S18: Molecular weight distribution of PVBpy2 (Table S1, entry 2) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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Figure S19: Molecular weight distribution of PVBpy3 (Table S1, entry 3) determined via SEC
(DMF + 25 mmol/L LiBr, 30 °C, triple detection).
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3.4 ADDITIONAL POLYMER ANALYTICS

conjugate addition:
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Figure S20: ESI-MS of PVBpy oligomers prepared with the Lewis pair Al(i-Bu)s/PMes in
acetonitrile, positive ionization; assignments of series to phosphine-terminated oligomers (red)
from conjugate addition initiation and olefin-terminated oligomers (green) from deprotonation
initiation.
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Figure S21: TGA measurement of PVBpy (Table 1, entry 7) from 23 to 1000 °C under argon
atmosphere.
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Figure S22: DSC measurement of PVBpy (Table 1, entry 9) in the range of 0 to 300 °C measured
in exo down mode.
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4. PHOTOCATALYSIS

4.1 METAL LOADING OF POLYMERS

Rhenium loading

k Re(CO)sCl, 105 °C, 15 h

(toluene)

The synthesis of Re loaded PVBpy was adapted from the literature-known procedure for the
synthesis of mononuclear Re complexes with bipyridine ligands.® The polymer was dissolved in
dry toluene in an oven-dried pressure Schlenk flask and the Re precursor Re(CO)sCl added.
Subsequently, the Schlenk flask was sealed, and the reaction mixture heated to 105 °C overnight.
After cooling to room temperature, the solvent was removed under reduced pressure and the
polymer dried in vacuo.

IR: v (cm™) = 2014 (v (C=0), s), 1872 (v (C=0), s), 1608 (v (C=C/C=N), m), 1487 (v (C=C/C=N),

m), 1423 (v (C=C/C=N), m), 1029 (v (CHy), m), 907 (v (CHx), m), 830 (v (CHy), m).

PL (DMF): Amax (nm) = 614.

UV/Vis (DMF): Amax (nm) = 372, 290.
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Ru loading of Re loaded polymers

Ru(dmb),Cl,, 105 °C

(DMF)

In a pressure Schlenk flask, the Re loaded polymer was dissolved in SmL of dry
N,N-dimethylformamide and a solution of the respective amount of Ru(dmb)>Cl> (1.10 eq. with
regard to free bipyridine coordination sites) in 15 mL N,N-dimethylformamide added. The Schlenk
flask was sealed, and the reaction mixture heated to 105 °C overnight. After cooling to room
temperature, the solvent was removed under reduced pressure, the residue dissolved in methanol
and precipitated from an aqueous NH4PFs solution. For purification, the precipitates were washed
with methanol and dried in vacuo. For the UV/Vis investigation PVBpy®" was prepared according

to the same procedure with unloaded polymer instead of a rhenium-loaded polymer.
PL (DMF): Amax = 640 nm.

UV/Vis (DMF): Anax (nm) = 464, 371, 290.

28
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4.2 CHARACTERIZATION OF PHOTOCATALYSTS
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Figure S23: FT-IR spectra of unloaded PVBpy (black), PVBpy after loading with Re(CO)sCl
precursor (blue) and PVBpy after loading with Re(CO)sCl precursor and Ru(dmb)>Cl> precursor
(red). The characteristic Re-CO signals, inphase a'(1) (v = 2015 cm’), antisymmetric
a" (v=1908 cm™), and out of-phase symmetric a'(2) (v= 1873 cm™") of PVBpy®¢ and PVBpyReRv
are marked. The IR band at 1616 cm™ can be assigned to the stretching of the bipyridine ligands.’
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Figure S24: Photoluminescence spectra of PVBpy>?S, PVBpy!”*", PVBpy?>75, PVBpy>"™ and
PVBpy®¢ upon irradiation at A = 365 nm.
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Table S2: ICP-MS measurement values for Re and Ru in various polymer samples, the resulting
catalyst/photosensitizer ratios immobilized (Rreru) and the calculated catalyst (Re) loading on the

respective polymer.

Sample Re |Ru | Sample | Re Ru Rreru, | Catalyst
mass | mass | mass [pmol/mgpolymer] | [mol/mgpolymer] | cale loading
(m) | (m) | (m) [nmolgre/
[“g] [Mg] [mg] mgpolymer]
PVBpy>®* 269 | 66.0 | 1.70 0.094 0.384 0.25 478
PVBpy'”" | 66.0 | 44.6 | 1.50 0.236 0.294 0.80 530
PVBpy®” |164 |52.1 |1.53 0.575 0.336 1.70 912
PVBpy>”* |[234 |27.0 |1.31 0.959 0.204 4.70 1163
MR, 1 26.9 ng 1 pmol
n(Re = - = : =0.094
( per mg Polymer) MRe Mssi ple  186.207 % 1.70 mgpolymer mgpolymer ( 1 )
MRy 1 66.0 ng | pmol
n(Ru I = g = g =0.384 ——— 2
( per mg po ylner) Mgy Mgmple  101.070 % 1.70 MG ivmer - (2
0.094—Hmol
R - n(Reper mg polymer) _ polymer 0.25 3
P(VBPY),calc_n(Ru )_ pmol e (3
per mg polymer 0.384 —M
gpolymer

The percentage ratio of Re loaded, Ru loaded and unloaded vinyl bipyridines in the polymer chain

was calculated using the following formulas. The amounts of metal centers required for this

calculation were determined by ICP-MS (see above) and corrected to one milligram of polymer

each. For this reason, all masses and amounts of substances given here are based on one milligram

of polymer. The abbreviations Re and Ru stand for the corresponding units Re(VBpy)(CO):Cl and
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Ru(dmb)2(VBpy)(PFs)2, respectively. With equation 11, the percentage ratio of Re loaded und Ru
loaded vinyl bipyridines can be calculated in analogy. An exemplary calculation is provided below

for PVBpy®® with full measurement data.

ng
e = DRe 1I'M e[
mg. [ng]= nge[nmol]-M, oo (4)
m sos, [ugl= 94.33-10 A pmol-502.01 FB 47.36 ng (5)
Re(PVBpy™ ™) mel
g, )= g, [umol] My, |22 ©)
! ; “ [umol
. ng
mRu(PVprslgs)[pg]= 384.01:10 pmol-956.l3m =367.16 pg (7)
Myp. pvBpySo5) [HEIFMpy g, sos [ng]-mge [pg]-mge [ng] (8)
My pyvBpy™o5)[1E]=1000 ng-47.36 png-367.16 ng=585.48 g 9)
myp,, [pg] 585.48 pg
Nyppy [Hmol]=—— =T g~ =2.99 pmol (10)
Myppy [_] 196.10 L&
pumol K
Xunoccupied VBpy [%]:
Nyppy[Nmol] - 2990 nmol eeay, OO
= == . 0
nygyy[nmol]+ng.[nmol]+ng,[nmol] 2990 nmol+94.33 nmol+384.01 nmol
Al
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4.3 PHOTOCATALYTIC RESULTS

To avoid any light-induced deactivation processes, all photocatalytic experiments were conducted
in a darkened room and respective reaction flasks were protected from visible light irradiation by
wrapping them in aluminum foil outside of the irradiation times. The photocatalytic experiments
were performed in Schlenk tubes with known total volume, with a constant volume of catalyst
solution of 11 mL. Prior to the photocatalysis, the calculated amount of respective catalyst is
weighed-in, dissolved in N,N-dimethylformamide and transferred to the Schlenk tube.
Subsequently, the electron donor 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole
(BIH), as well as the base triethanolamine (TEOA) are added. The reaction mixture is then
saturated with CO2 (4.5) for ten minutes by bubbling the gas into the stirred solution under
exclusion of visible light irradiation. Finally, the reaction flask is pressurized with CO; to an
overpressure of 1.45 bar and sealed with a septum. For the photocatalytic experiments, the
prepared samples are placed in front of a green LED (A =520+ 30 nm) and the gas phase

composition in the reaction flask headspace is analyzed via Micro-GC in regular time intervals.

Photocatalysis turnover number (TON) calculations. The turnover numbers for the
photocatalytic CO; reduction experiments were calculated from the exact molar catalyst amounts
in each experiment. The catalyst amount was obtained through multiplying the pmol/mgpolymer
values from ICP-MS analysis (Table S2) with the weigh-in. The Micro-GC measurements yielded
area% results for each of the gasses present in the headspace of the reaction flasks. For carbon
monoxide, those values were converted to vol%, volume, and moles utilizing the total gas phase
volume of the reaction vessel. An exemplary TON calculation for PVBpy>®® with full
measurement data is provided below. The TOF was derived from the slope between the first two

GC measurements.

32
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Note: The headspace volume Vyeqaspace 18 obtained by subtracting the solvent volume (11 mL in
this case) from the total volume of the reaction flask, which was predetermined by filling the vessel
with water. The pressure p includes the applied CO; overpressure for a total pressure of 1.45 bar

and solvated CO in DMF is neglected in this calculation.

mol mol
nge[umol]= ng, [H—‘ "Mgmple[Mg]=0.094 o *2.33 mg=0.22 pmol (1)
- polymer polymer
Vol%co=Area%co- 1.195=12.64%:1.195=15.10% (13)
Vol% 15.10%
VCO,gas [mL]:T((;CO 'thadspacc[mL]z 100 - 149.1 mL=22.51 mL (14)
pVeo 1.4510° Pa-22.51 mL
N, gas [Mmol]= T 7 =1.34 mmol (15)
8.314 ——>+293.15 K
mol-K
NCo.totallMmmol]  1.34 mmol
TONco= - = =6088 16
O nge[umol] 0.22 pmol o
Nco 1y [mmol] 0.27 mmol 1
TOF = = =66 h 17
€O e [umol]*time intervall (1) [h]  0.22 pmol * 18.5 h (17)
33
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Table S3: TOFs and TONs of the Re/Ru loaded polymers in CO»-saturated (15 min) DMF solution
with BIH ([BIH]/[Re] = 10000) and TEOA (1.7 M). Irradiation was performed at A = 520 nm. The
calculation of the TON was performed according to the equations 12-16. The TOF was derived
from the slope between the first two GC measurements. In-depth analysis of the gas phase
composition after irradiation with an RGD (reduction gas detector) revealed traces of hydrogen

evolution.
Catalyst Rhenium concentration Irradiation time TOF TON
[1M] [h] [h] [-]
PVBpy!" 20.0 280 38 898
PVBpy*" 20.0 260 6.9 724
PVBpy®"0 20.0 335 4.2 927
PVBpy”? 20.0 713 66 5650
PVBpy>®? 1.25 160 42 677
PVBpy>® 2.50 91 51 1176
PVBpy*? 5.00 91 42 990
PVBpy>* 10.0 234 46 1704
PVBpy™®S 30.0 503 52 5493
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Figure S25: Turnover numbers of different macromolecular photocatalysts with varying rhenium
concentrations in the photocatalytic reduction of CO.,. The catalyst-containing, CO»-saturated
(15 min) DMF solution with BIH ([BIH]/[Re] = 10000) and TEOA (1.72 M) was irradiated at

A =520 nm.
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Table S4: TOFs and TONs of the control experiments for the Re/Ru loaded polymers and suiting
combinations in COz-saturated (15 min) DMF solution with BIH ([BIH]/[Re] = 10000) and TEOA
(1.7 M). Irradiation was performed at A = 520 nm. The calculation of the TON was performed
according to the equations 12-16. The TOF was derived from the slope between the first two GC
measurements. Deviations from the standard experiment are denoted under condition variation.

Catalyst /'| Rhenium Condition Irradiation time | TOF TON
Combination concentration | variation
[uM] [h] [h'] [-]
PVBpy®t - no rhenium 74 0.3¢ 21¢
PVBpy®¢ 20.0° no ruthenium | 74 0.4 30
PVBpy® + PVBpy®© | 20.0 ° mixed 188 13 1365
catalysts
PVBpy>'" 20.0 no light 2 0 0
PVBpy*"*° 20.0 no BIH 3 - -
- - no catalyst 3 0 0
PVBpy>"* 20.0 no CO» 16 - traces of
overpressure CO (via
FID)
PVBpy”® 10.0 BCo, for IR- | 150 nd¢ |nd°
experiment

b

“related to ruthenium concentration assuming quantitative loading; ° assuming quantitative rhenium loading; € not

determined.
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Figure S26: Gas-phase IR of the headspace taken after 150 h of irradiation time from '2C/"*C CO»
reduction isotope labelling control experiment with PVBpy5/95 under standard conditions.
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1. GENERAL EXPERIMENTAL

All reactions and polymerizations involving air- and moisture-sensitive compounds were performed in a
MBraun LabMaster120 glovebox filled with 4.6 argon purchased from Westfalen or using standard
Schlenk techniques. Chemicals were purchased from Sigma-Aldrich, ABCR or TCI Europe and used without
purification unless stated otherwise. Solvents were dried using an MBraun SPS-800 or by filtration over
activated aluminium oxide and stored over 3 A molecular sieve.

Nuclear magnetic resonance (NMR) spectra (*H/*3C/2D-experiments) were recorded on a Bruker AV-
400HD or a Brucker AV-500CR as indicated. The NMR spectroscopical shifts § are reported in ppm relative
to the residual carbon or proton signal of the deuterated solvent. CDCl; was purchased from Deutero and
dried over 3 A molecular sieve prior to use. Spectra interpretation was performed using MestreNova
software.

Size-exclusion chromatography (SEC) was performed on a PL-GPC50 plus from Polymer Laboratories with
THF (with 222 mg/L 3,5-di-tert-butyl-4-hydroxytoluol as stabilizing agent) as eluent at 30 °C. Size
separation was done using two Polargel Mixed-C columns by Agilent Technologies with a polymer sample
concentration of 2.0-3.0 mg/L. Molecular weight and polydispersity is measured via single RI-detection
and reported against polystyrene standards.

Gas-chromatography mass spectrometry (GC-MS) measurements were performed on an Agilent
GC-7890B equipped with a MSD 59771 mass detector, a 7693 automatic liquid sampler and a G4513A
autoinjector. Sample separation is done using a HP-5MS Ul column (30 m length, 0.25 mm diameter,
0.25 um film) in a temperature range of 60-300 °C followed by mass spectrometry using full scan method
in amass range of 40-500 au. Samples are prepared by dissolving 1 mg/mL in HPLC grade dichloromethane
prior to measurement.

Attenuated total reflection infrared spectroscopy (ATR-IR) spectra were recorded on a Bruker Vertex 70v
ATR-IR spectrometer at room temperature under argon as inert gas.

Thermogravimetric analysis (TGA) is performed from 2 mg samples on a TGA Q5000 by TA Instruments.
Samples are heated from room temperature to 1000 °C with a heat rate of 10 K/min under argon. Analysis
of mass loss and determination of Tsy, is done using TA Analysis software.

Differential scanning calorimetry (DSC) was measured using a DSC Q2000 by TA instruments in exo-down
mode. Sample size is about 6 mg in non-hermetic aluminum pans in the range of -100 °C to 250 °C
depending on the sample. Analysis is performed using TA Analysis.

Powder X-Ray diffractometry (pXRD) was performed using a PANalytical Empyrean diffractometer with
a PANalytical PIXcel 1D detector in Bragg-Brentano geometry. Cu K, radiation with a voltage of 45 kV
(40 mA intensity) with A, = 1.5406 A / A, = 1.5444 A [I,/1, = 0.5] was used for measurements in the 26 of
5-60 ° (step size 0.01 °, measurement time 7 h). The obtained data was analysed using HighScore software,
Cu K, is stripped using the Rachinger method and the amorphous background is determined using the
Sonneveld and Visser method with a granularity of 15 and a bending factor of 8 for the subsequent peak
fit. The calculation of crystallinity fraction in the region of 5—27 ° is done by a peak deconvolution using
OriginPro 2020 with 2 peaks for the amorphous backscattering of the polymer and 8 peaks for the
crystalline diffraction peaks. The degree of crystallinity Xc is obtained by peak integration and the areas of
the amorphous parts AA and crystalline parts AC via Xc = Ac / (Ac + A,).2

Electron-Spray lonization Mass Spectrometry (ESI-MS) was measured on a Thermo Fisher Scientific
Exactive Plus in negative mode in HPLC acetronitrile directly from the reaction mixture without
purification. Oligomers were prepared using a 1:5 ratio of catalyst to monomer with the conditions
reported in the manuscript.
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2. MONOMER SYNTHESIS

2.1 Hydroboration of 3-carene!

1) 1 eq. BHs-THF, 0 °C to RT, 12 h OH
2) 3M NaOH, 30 wt% H,0, RT, 1 h 8

136.24 g/mol 154.14 g/mol

Under inert conditions 260 mL 1M borane in tetrahydrofuran (260 mmol, 1.0 eq.) were cooled to 0 °C. Via
addition funnel 37.0 g (272 mmol, 1.0 eq.) 3-carene dissolved in 100 mL tetrahydrofuran were added
dropwise to the stirred borane solution. The mixture is stirred at 0 °C for one hour and additional 12 hours
at room temperature. Subsequently, 40 mL water and 40 mL tetrahydrofuran are added, the mixture is
stirred for additional two hours and 40 mL of a 3M aqueous sodium hydroxide solution are added. To
complete the reaction, 40 mL 30 wt% H,0,., were added dropwise, keeping the temperature below
40 °C. The mixture is stirred for an additional hour before extracting with diethyl ether (3x300 mL). The
combined organic phases are washed with water (3x200 mL) and brine (2x200 mL) before drying over
magnesium sulphate. The solvent was removed in vacuo resulting in 40.1 g of crude 4-iso-caranol.
Distillation under reduced pressure using a Vigreux column (bps nuar = 76 °C) yielded 38.6 g (250 mmol,
92 %) 4-iso-caranol as colourless oil.

H-NMR spectrum (400 MHz, CDCl;, 300K): & (ppm)=3.06 (td, 3/,=9.8, 6.6Hz, 1H), 2.08(dd,
3Jun = 14.1, 6.6 Hz, 1H), 2.02-1.89 (m, 1H), 1.65-1.48 (m, 1H), 1.30-1.15 (m, 1H), 0.97 (s, 3H), 0.92 (s, 3H),
0.90 (s, 3H), 0.85-0.75 (m, 1H), 0.74-0.64 (m, 2H).

13C-NMR spectrum (125 MHz, CDCl;, 300 K): & (ppm) = 74.8, 36.5, 30.5, 29.0, 28.6, 22.0, 20.3, 17.9, 17.8
16.1.

GC-MS: t = 8.13 min, m/z = 154.1 (M*), 136.1 ([M-OHJ*).
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Figure S2: C-NMR spectrum (125 MHz, CDCl,, 300K) of 4-iso-caranol.
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2.2 Oxidation of 4-iso-caranol*

OH 0.6 eq. NayCr,07 1.6 eq. conc. H;S04 0
& RT, 6 h, (water)

154.14 g/mol 152.14 g/mol

For the oxidation of 4-iso-caranol to 4-iso-caranone, a chromic acid solution was prepared by adding
8.5mL (15.6 g, 159 mmol, 1.6 eq.) concentrated sulfuric acid to 16.12 g (54 mmol, 0.6 eq.) sodium
dichromate and 90 mL water were added for dilution. 15.0 g (97 mmol, 1.0 eq.) 4-iso-caranol were diluted
in 50 mL diethyl ether and the chromic acid solution was added to the alcohol over 2 hours at room
temperature. After complete addition, the remaining suspension is stirred for additional 4 hours at room
temperature before separating the phases and extracting the aqueous phase with diethyl ether (2x50 mL).
The combined organic phases were washed with water (2x60 mL) and brine (2x60 mL) before drying over
magnesium sulphate. Afterwards the solvent was removed in vacuo and the crude product was purified
via column chromatography (silica, p-anisaldehyde staining, hexanes/ethyl acetate = 1:20), yielding 7.65 g
(50 mmol, 51%) 4-iso-caranone as colorless oil.

1H-NMR spectrum (400 MHz, CDCls, 300 K): & (ppm) = 2.51 (dd, ¥, = 18.0, 8.4 Hz, 1H), 2.41-2.33 (m, 1H),
2.32-2.20 (m, 2H), 1.32-1.15 (m, 1H), 1.12-1.05 (m, 1H), 1.00 (s, 3H), 1.01-0.95 (m, 1H), 0.94 (d, ¥ =
6.4 Hz, 3H), 0.80 (s, 3H).

B3C-NMR spectrum (125 MHz, CDCl5, 300 K): § (ppm) = 216.8, 42.1, 36.9, 29.9, 28.0, 22.9, 20.5, 19.6, 15.0,
14.2.

GC-MS: t; = 8.15 min, m/z = 152.1 (M), 136.1 ([M-Me]*).

— 7.26 CDCI3

4-jso-caranone

»L T .

L —EREty

1.002.94 1.334353723.08

8.0 75 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 10 0.5 0.0
8 ppm

Figure S3: 'H-NMR spectrum (400 MHz, CDCl;, 300K) of 4-iso-caranone.
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2.3 Baeyer-Villiger Oxidation of 4-iso-caranone?

1.5 eq. mCPBA, RT, 6h, (-) o

152.14 g/mol 168.12 g/mol

For the lactone synthesis, 3.0 g (20.0 mmol, 1.0 eq.) 4-iso-caranone were put in a 50 mL flask with
stirring bar and 5.03 g (29.0 mmol, 1.5 eq.) meta-chloroperbenzoic acid were added without
solvent and a reflux condenser was attached. After stirring at room temperature for 6 hours, the
mixture is diluted with 20 mL dichloromethane, 11.1 g (80 mmol, 4.0 eq.) potassium carbonate
were added to remove residual mCPBA and 4-chlorobenzoic acid and the solution was filtered off.
After solvent removal the crude product was dissolved in 40 mL diethyl ether and the organic
phase was washed with saturated sodium sulfite solution (3x40 mL), water (2x40 mL) and brine
(2x40 mL) and dried with magnesium sulphate. The solvent was removed to yield 1.66 g crude
product. GC-MS analysis revealed a conversion of 65 % with regard to used 4-iso-caranone.
Separation via column chromatography (silica, hexane/diethyl ether = 1:3, CAM staining) yielded
0.23 g a-carenelactone (0.8 mmol, 4 %) as yellow oil, 0.31 g e-carenelactone (1.7 mmol, 8 %) as
white crystals and a mixture of both lactones (0.31 g, 2.0 mmol, 10 %, aCarL:eCarL = 40:60). Non-
converted 4-iso-caranone was isolated as separate fraction and reused for the BVO.

a-carenelactone:

'H-NMR spectrum (400 MHz, CDCls, 300 K): & (ppm) = 4.45 (dd, 3/, 4y = 13.1 Hz, 2,4, = 3.7 Hz, 1H, OCHHCH),
4.30 (dd, 3Jy = 13.1 Hz, %4 = 3.7 Hz, 1H, OCHHCH), 3.00-2.84 (m, 1H, Me-CH-CH,), 1.99-1.87 (m, 1H, Me-
CH-CHH), 1.58-1.45 (m, 1H, Me-CH-CHH), 1.27 (d, 3/, = 7.1 Hz, 3H, Me), 1.10 (s, 3H, gem-Me), 1.05 (s, 3H,
gem-Me), 1.04-0.98 (m, 2H, CHycopropane)-

13C-NMR spectrum (101 MHz, CDCls, 300 K): & (ppm) = 177.3 (CO), 66.3 (CH2), 41.3 (CH), 27.4 (gem-CH,),
27.4 (CH,), 25.4 (CH), 24.9 (CH), 20.2 (Cquar), 19.7 (CHs), 15.3 (gem-CH).

GC-MS: tz = 10.2 min, m/z = 168.1 (M*), 153.2 ((M-Me)*).

ATR-IR: V = 3440 cm™, 2940 cm™, 2866 cm™, 1722 cm™, 1470 cm™?, 1286 cm™, 1276 cm™?, 1193 cm™.

e-carenelactone:

1H-NMR spectrum (400 MHz, CDCl;, 300 K): & (ppm) = 4.68-4.55 (m, 1H, O-CH-Me), 3.16 (dd,
3Jyn = 15.6 Hz, 2y, = 4.3 Hz, 1H, OCCHH) 2.96 (dd, 3/, = 15.6 Hz, 2y, = 4.3 Hz, OCCHH), 2.11 (dd,
3Jyn=16.3, 10.0 Hz, 1H, CH,), 1.78 (td, 3Jy, =15.9, 10.2, 4yy = 5.1 Hz, 1H, CH;), 1.30(d,
3Jun = 6.4 Hz, 3H, Me), 1.05 (s, 3H, gem-Me), 1.03 (s, 3H, gem-Me), 0.95-0.83 (m, 1H, CH¢yciopropane),
0.78-0.68 (m, 1H, CHcyclopropane)-

13C-NMR spectrum (101 MHz, CDCl;, 300 K): & (ppm) = 173.3 (CO), 77.06 (CH), 33.2 (CH,), 30.8
(CH,), 29.2 (CH3), 22.2 (CH, CHs), 20.9 (CH), 18.6 (Cquart), 15.0 (CHs).

GC-MS: tg = 10.2 min, m/z = 168.1 (M*), 153.2 ((M-Me)*).

ATR-IR: ¥ = 3440 cm, 2940 cm'%, 2866 cm™, 1722 cm, 1470 cm'%, 1286 cm'%, 1276 cm™, 1193 cm'..
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Figure S5: 'H-NMR spectrum (400 MHz, CDCl;, 300K) of e-carenelactone.
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2.4 Reductive ozonolysis of 3-carene?

1) O3 -78 °C, 4 h, (MeOH:DCM = 1:1) J\/ﬁ\/\
HO OH

154.14 g/mol 172.15 g/mol

25.5 g (187 mmol, 1.0 eq.) 3-carene were dissolved in a 50:50 vol% mixture of dichloromethane and
methanol, the reaction flask was cooled to -78 °C and a steady flow of ozone was bubbled through
the mixture until a blue color occurred (approx. 4 h). To remove excess of ozone, the flask was
purged with argon for 30 min. Subsequently, 7.5 g (198 mmol, 1.1 eq.) sodium borohydride were
added stepwise, and the mixture was allowed to warm to room temperature overnight. 20 mL
water and 20 mL 1M hydrochloric acid were added and a pH of 1 was adjusted. The reaction
mixture was extracted with ethyl acetate (2x80 mL). Afterwards the organic phase was washed
with water (2x200 mL) and brine (2x200 mL) before drying over magnesium sulphate. After
solvent removal in vacuo, the crude product was distilled under reduced pressure (b, = 150 °C,
7 mbar) to yield 19.8 g (115 mmol, 61 %) 3-carene diol as colorless oil.

1H-NMR spectrum (400 MHz, CDCls, 300 K): & (ppm) = 3.97-3.81 (m, 1H, CH,CHMe), 3.79-3.58 (m, 2H,
CH,0H), 1.67-1.48 (m, 2H, CH,), 1.47-1.31 (m, 2H, CH,), 1.27-1.19 (m, 3H, Me), 1.07 (d, ¥y, = 3.1 Hz, gem-
Me), 0.94 (d, ¥/ = 12.9 Hz, 3H, gem-Me), 0.63-0.50 (m, 2H, CHyciopropane)-

13C-NMR spectrum (101 MHz, CDCl;, 300 K): & (ppm) = 70.0, 68.4, 63.6, 63.5, 33.9, 33.8, 29.3, 28.0, 27.7,
23.7,23.1,16.8, 16.2, 15.4.

GC-MS: t; = 9.86 min, m/z = 172.1 (M*), 125.1 ((M-Me-2xOH)*)
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Figure $9: 'H-NMR spectrum (400 MHz, CDCl;, 300K) of 3-carene diol.
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3. RING-OPENING POLYMERIZATION OF CARENLACTONES
3.1 Polymerization conversion determination
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Figure S11: Conversion determination for the polymerization of eCarl (black) to P(eCarl) (blue) via integration of the methine proton as indicated by the arrow with
X = lpoiymed/ (Imonomer*Ipolymer)-
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Figure S12: Conversion determination for the polymerization of aCarlL (black) to P(aCarlL) (blue) via integration of the CH,-group in a-position to the main chain ester
oxygen as indicated by the arrow with X = lpgmer/(Imonomer+ potymer) -
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3.2 Additional *C-NMR spectra
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Figure 513: *C-NMR spectrum (125 MHz, CDCl;, 300K) of P(eCarlL).
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Figure $14: 3C-NMR spectrum (125 MHz, CDCl;, 300K) of P(aCarl).
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3.3 Copolymer linkage analysis of P(aCarL-co-gCarL)q.,
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Figure S15: C-NMR spectrum (125 MHz, CDCly, 300K) of P(aCarL-co-eCarlL)u:.
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3.4 SEC characterization of ROP polymers (Table 1)
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Figure S18: Molecular weight distribution of P(eCarL) (Table 2, entry 1) determined via SEC in THF at 30 °C using RI detection.
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Figure S19: Molecular weight distribution of P(eCarl) (Table 2, entry 2) determined via SEC in THF at 30 °C using Rl detection.
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Figure $20: Molecular weight distribution of P(eCarL) (Table 2, entry 3) determined via SEC in THF at 30 °C using Rl detection.
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Figure S21: Molecular weight distribution of P(eCarl) (Table 2, entry 4) determined via SEC in THF at 30 °C using RI detection.
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Figure S 22: Molecular weight distribution of P(eCarL) (Table 2, entry 5) determined via SEC in THF at 30 °C using Rl detection.
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Figure S 23: Molecular weight distribution of P(eCarL) (Table 2, entry 6) determined via SEC in THF at 30 °C using Rl detection.
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Figure $24: Molecular weight distribution of P(eCarL) (Table 2, entry 7) determined via SEC in THF at 30 °C using RI detection.
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Figure 525: Molecular weight distribution of P(eCarL) (Table 2, entry 8) determined via SEC in THF at 30 °C using Rl detection.
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Figure S26: Molecular weight distribution of P(aCarl) (Table 2, entry 9) determined via SEC in THF at 30 °C using RI detection.
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Figure S27: Molecular weight distribution of P(aCarL) (Table 2, entry 10) determined via SEC in THF at 30 °C using Rl detection.
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Figure S28: Molecular weight distribution of P(aCarlL) (Table 2, entry 11) determined via SEC in THF at 30 °C using RI detection.
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Figure S29: Molecular weight distribution of P(aCarlL-co-eCarl),, (Table 2, entry 12) determined via SEC in THF at 30 °C using Rl detection.
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Figure S30: Molecular weight distribution of P(aCarlL-co-eCarl),,,, (Table 2, entry 13) determined via SEC in THF at 30 °C using RI detection.
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4. POLYCONDENSATION OF 3-CARENE DIOL

Table S1: Reaction parameters and molecular weights for the polycondensation of 3-carene diol with DMT.

Entry [3CarDiol]:[DMT]:[Cat]®? Precondensation Polycondensation Method?

[mol]:[mol]:[mol] p1 T, (o3 T,
[mbar] [°C] [mbar] e

Mn,rel € be

[kg/mol]  [-]

1 200:100:1 1013 170 0.5 180 slow

2 200:100:1 1013 170 0.5 180 fast

6.4 1.5

12.8 2.0

7 ratio of 3-carene diol to dimethyl terephthalate to catalyst titanium tetra-n-butanolate as weighed, 35 mmol of 3-carene diol; ® heating method
with heating to T, over time (slow) versus sudden increase in temperature (fast), ¢ relative molecular weight and polydispersity measured in THF

at 30 °C relative to polystyrene.

12064
129.60

188

_-165.97
< 165.46

a/ppm

Figure S31: *C-NMR spectrum (125 MHz, CDCls;, 300K) of P(3CarDiol-co-DMT).
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Figure $32: Molecular weight distribution of P(3CarDiol-co-DMT) (Table S1, entry 1) determined via SEC in THF at 30 °C using RI detection.
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Figure $33: Molecular weight distribution of P(3CarDiol-co-DMT) (Table S1, entry 2) determined via SEC in THF at 30 °C using Rl detection.

- 228 -



Appendix

5. ADDITIONAL ANALYSIS
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Figure S34: Powder X-Ray diffractogram of P(eCarl) (Table 2, entry 7).
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Figure S35: Peak deconvolution in the peak area between 7 — 28 ° (amorphous background blue, crystalline peaks red) for calculation of crystalline fraction Xc via area
integration of the amorphous parts A, and the crystalline parts A..*
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Figure $36: Thermogravimetric analysis of P(eCarl) (orange), P(aCarl) (blue), P(aCarl-co-eCarl),,, (black) and P(3CarDiol-co-DMT) (green).
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Figure S37: ESI-MS of P(eCarl) oligomers prepared with tin 2-ethylhexanoate SnOct; (M:Cat = 5:1, toluene, 110 °C, 20 min) and peak assignment.
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Figure S38: ESI-MS of P(eCarl) oligomers prepared with 2-methoxyethylamino-bisphenolate yttrium catalyst [(ONOO)*®Y(sym-col)(thf)] (M:Cat = 5:1, toluene, rt,
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1.

GENERAL EXPERIMENTAL
All reactions and polymerizations with moisture and air-sensitive reactants were carried out in a
MBraun LabMaster120 glovebox filled with argon 4.6 from Westfalen or using standard Schlenk
techniques. All glassware was heat-dried prior to use. All chemicals were purchased from Sigma-
Aldrich, ABCR, or TCI Europe and used without further purification unless otherwise stated.
Dichloromethane, tetrahydrofuran, toluene, and pentane were dried using an MBraun SPS-800
solvent purification system and stored over 3 A molecular sieve. 2-Vinylpyridine and
g-caprolactone were dried over CaH> for several days and distilled prior to use. (-)-Menthide was
crystallized from a concentrated solution in dried toluene and was purified via two-fold
sublimation for drying and purification. The symmetric 2-methoxyethylaminobisphenol ligand',
catalyst precursors Y(CH2TMS)i(thf)> and [(ONOO)B'Y(CH,TMS)(thf)]?, catalysts
[(ONOO)BUY (sym-col)(thf)]* and [((ONOO)™®B Y (thf))(TMPy)]® as well as (-)-menthide®’ were

prepared according to literature procedures.

NMR spectra were recorded on a Bruker AV-400HD spectrometer. 'H (400 MHz), '*C (125 MHz)
and 3'P (162 MHz). NMR spectroscopical shifts § were reported in ppm relative to the residual
proton or carbon signal of the deuterated solvent. Deuterated solvents (CDCl3, benzene-ds) were
purchased from Sigma-Aldrich or Deutero and dried over 3 A molecular sieves prior to use. DOSY
NMR spectra (RT, 16 scans) were transformed with MestreNova software using the Bayesian
DOSY Transform with a resolution factor of 5.00 and 5 repetitions, adapting the minimum and
maximum according to the sample and with 128 points in diffusion dimension. Molecular weights
and polydispersity of the polymers were determined by triple detection using two-angle light
scattering at 15° and 90 ° coupled with a viscometer and a refractive index detector in

N,N-dimethylformamide with 25 mmol/L LiBr as eluent at 30 °C on a Agilent GPC50 equipped
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with two Agilent PolarGel-M columns; for absolute molecular weight (triple detection)
determination of pure P2VP aliquots and homopolymers, the refractive index increment of P2VP
(dn/dc = 0.149 mL/g)® was used. For relative molecular weight (single detection) determination,
poly(methyl methacrylate) calibration standards were used. Lyophilization was performed on a
VaCO 5-1I-D at a pressure of 2 mbar and -90 °C condenser temperature from either 1,4-dioxane
or benzene. Elemental analysis was performed by the Laboratory of Microanalytics at the Institute
of Inorganic Chemistry at the Technical University of Munich, Department of Chemistry,
Catalysis Research Center. Dynamic light scattering was performed using a Malvern Zetasizer
Nano ZS in Millipore water with adjusted pH values (prepared by addition of 0.1 M HCI) and a
polymer concentration of 0.5 mg/mL, each sample is filtered using a 0.45 pum PTFE syringe filter.
Each sample was measured three times with 12 measurement points and the micelle diameter was
averaged. Dynamic scanning calorimetry (DSC) was performed on a DSC Q2000 from TA
instruments in exo-down mode with a heat rate of 10 K/min in a temperature range of -150 —
240 °C with 2 — 10 mg sample. Three cycles were recorded and the transition temperatures were
determined from the third cycle (heating, cooling, heating) using TA Universal Analysis. Powder
X-Ray diffraction measurements were performed on a PANalytical Empyrean diffractometer in
Bragg-Brentano geometry equipped with a PANalytical PIXcel 1D detector. For the
measurements, Cu K, radiation with a voltage of 45 kV and an intensity of 40 mA is used with
M =1.5406 A and A; = 1.5444 A (I)/1> = 0.5) in the range of 5 ° to 60 ° (20). Obtained data was
processed using TopSpin Software by Malvern Panalytical, stripping Cu Kq using Rachingers
method and background determination was done using the Sonneveld and Visser method. The data

is normalized for comparison reasons. Electronspray Ionization Mass Spectrometry (ESI-MS) was
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measured using a Thermo Fisher Scientific Exactive Plus Orbitrap in positive mode in HPLC

acetonitrile straight from the reaction mixture without quenching.

2. GENERAL COPOLYMERIZATION PROCEDURE
For the copolymerization of 2VP and CL, 13.5 umol catalyst 2 or 3 were dissolved in 4 mL
dichloromethane. 2VP was added and the polymerization was stirred at room temperature for
60 — 90 min. 0.1 mL as aliquot was removed from the mixture and quenched by addition of 0.3 mL
wet CDCls. The respective amount of CL relative to 2VP was added immediately and the
polymerization was stirred for additional 60 min. Afterwards, another 0.1 mL aliquot was
withdrawn and quenched with wet CDCl; before adding 0.5 mL ethanol to the polymerization
mixture quenching the reaction. The polymer was precipitated from 50 mL pentane, centrifuged,
the solution was decanted off and the residual polymer was freeze-dried from 1,4-dioxane or
benzene. The aliquots were subjected to '"H-NMR spectroscopy to determine the conversions of
2VP and CL and SEC analysis to determine the absolute molecular weight and polydispersity of

the P2VP block as well as the relative molecular weight and the polydispersity of the copolymer.

For the copolymerization of 2VP and M, 6.75 pmol catalyst 2 or 3 were dissolved in 2 mL toluene.
2VP was added and the polymerization was stirred at room temperature for 90 — 120 min. 0.1 mL
as aliquot was removed from the mixture and quenched by addition of 0.3 mL wet CDCIlz. The
respective amount of M relative to 2VP was added immediately and the polymerization was stirred
for additional 48 hours. Afterwards, another 0.1 mL aliquot was withdrawn and quenched with
wet CDCl3 before adding 0.5 mL ethanol to the polymerization mixture quenching the reaction.
The polymer was precipitated from 50 mL pentane, centrifuged, the solution was decanted off and
the residual polymer is dried at 60 °C under vacuum overnight. The aliquots were subject to 'H-

NMR spectroscopy to determine the conversions of 2VP and M and SEC analysis to determine the
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absolute molecular weight and polydispersity of the P2VP block as well as the relative molecular

weight and the polydispersity of the copolymer.

Slight variation from the given general procedure and exact reaction parameters can be found in

Table S1 and S2.

3. ACTIVITY MEASUREMENTS
20.5 pmol of catalyst 2 was dissolved in 6 mL toluene and the polymerization was started by
addition of 4.07 mmol 2VP while stirring at room temperature. In regular intervals, aliquots of
0.1 mL were removed, quenched by addition of wet CDCls and subject to '"H-NMR and SEC
analysis revealing the corresponding conversion, molecular weight, and polydispersity. After the
polymerization of 2VP was completed, remaining amount of reaction solution was determined by
weighing. The polymerization mixture was heated to 70 °C and an equimolar amount of
(-)-menthide (2.53 mmol) was added. Again, in regular intervals 0.1 mL aliquots were withdrawn
and subjected to 'H-NMR and SEC analysis. Turnover frequencies TOF [h"'] for both
polymerizations were determined as steepest slope of conversion over time. The normalized
turnover frequency for the P2VP block was determined using TOF* = TOF/LE. with initiator
efficiency LE. = Myheo/Mnabs and Mpaps from the last P2VP aliquot. For the PM block, the
calculated theoretical molecular weight using the initiator efficiency from block A and assuming
100% initiation efficiency of the P2VP macroinitiator in the (-)-menthide copolymerization is in
good correspondence to the actual number of repeating units observed via NMR spectroscopy. In

this case the normalized turnover frequency for M copolymerization corresponds to TOF* = TOF.
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4. BLOCK COPOLYMERIZATION OF 2VP WITH CL

Table S1: Block copolymerization conditions for 2VP-CL copolymerization synthesized with

the monometallic yttrium catalyst 2 (diblock copolymers AB*) and the bimetallic yttrium catalyst

3 (triblock copolymers BABX).

Entry ¢ | Feed Solvent | VR? | trave | Xovp® | Mugeo2ve? | LE. ¢ | trer | Xeo/
[YV[2VP)/[CL] [mL] | [min] | [%] [kg/mol] [%] | [min] | [%]

AB! 1/100/100 CHxCl, |3 60 96 7.7 63 60 98
AB? 1/200/200 CHxCL | 3.5 60 96 21.2 74 60 98
AB? 1/400/400 CHxCL | 7 120 87 78.8 48 60 97
AB* 1/300/100 CH:CL, | 4 60 85 27.7 47 60 96
AB’ 1/100/300 CH.Cl, | 4 60 84 7.5 935 90 98
AB® 1/200/200 thf 4 90 19 3.8 21 60 96
AB’ 1/200/200 toluene |4 75 83 20.6 57 60 99
Al 1/200/0 CH:CL, | 4 60 95 21.2 60 - -
B! 1/0/200 CHxCL | 4 - - - - 20 |98
BAB! | 2/100/100 CH:CL, | 4 60 99 11.8 98 60 97
BAB? | 2/200/200 CH:CL |4 60 99 20.3 84 60 98
BAB® | 2/400/400 CHxCL |7 o 93 39.3 69 60 98
BAB* | 2/300/100 CH:CL, | 4 120 99 45.9 59 60 97
BAB® | 2/100/300 CH:CL, | 4 75 99 9.3 66 60 98

“ ABX polymers using monometallic catalyst 2, BAB* polymers using bimetallic catalyst 3,

catalyst-monomer ratios, 13.5 pmol catalyst, RT,

b

reaction volume for copolymerization,

¢ conversion of 2-vinylpyridine determined via aliquot-'H-NMR ¢ theoretical molecular weight
determined
LE. = M theo,2vP/Mn.abs 2vp, / caprolactone conversion determined via aliquot-"H-NMR integration
of the CHa-group in a-position of the ester.

Matheo = (Mave X [2VP)/[Y] x Xavp),

¢ initiator
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7.26 CDCI3
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Figure S1: Exemplary 'H-NMR spectrum in CDCl3; from P2VP-b-PCL (AB!,

ManMrAB = 57.7 kg/mol, 2VP:CL = 50:50, D = 1.46, Table 1, entry 1).

For the calculation of the molecular ratios of 2VP to CL in the copolymer, the integral Lvp
(6 =8.06 — 8.40 ppm) of the proton signal in a-position of the nitrogen atom in the 2VP ring and
the integral of the CH»-group signal adjacent to the ester unit Icr (6 = 4.04 ppm) were determined.
The ratio of 2VP to CL was then calculated as %ovp = Lvp/(Iovp+0.5:IcL), this method is applicable
for both AB and BAB type copolymers. Accordingly, the ratio of CL to 2VP is calculated as
%crL = 0.5 Ic/(Iavp+0.5-1cL). The absolute molecular weight of the copolymer is calculated from

absolute SEC of the P2VP aliquot and the P2VP:PCL ratio derived from the 'H-NMR spectrum.
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aliquot P2VP from AB?, M, abs = 28.8 kg/mol, D, = 1.08 \/
block copolymer  AB? M, yur as = 57.7 kg/mol, B, = 1.46
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Figure S2: SEC traces from P2VP aliquot (black) and isolated P2VP-b-PCL AB diblock

copolymer (blue) for AB? (Table 1, entry 2).
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Figure S3: DOSY-NMR in CDCl; (bottom) for AB? (Table 1, entry 2).
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Figure S4: 'TH-NMR spectrum in CDCls of P2VP homopolymer A' (Table 1, entry 8).
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Figure S5: SEC trace of P2VP homopolymer A' (Table 1, entry 8).
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Figure S6: "H-NMR spectrum in CDCl3 of PCL homopolymer B! (Table 1, entry 9).
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Figure S7: SEC trace of PCL homopolymer B! (Table 1, entry 9).
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aliquot P2VP from BAB? M, .., = 24.1 kg/mol, B, = 1.11

block copolymer BAB?, M, ywras = 47.6 kg/mol, B, = 1.34
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Figure S8: SEC traces of P2VP aliquot (black) and isolated P2VP-b-PCL triblock copolymer
BAB? (blue) (Table 1, entry 10).
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Figure S9: DOSY-NMR spectrum in CDCls3 (bottom) of BAB? (Table 1, entry 10).
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Figure S10: DSC measurements for triblock copolymers BAB?, BAB* and BAB’ (Table 1, entries
10, 13, 14).
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Figure S11: pXRD measurements for triblock copolymers BAB?, BAB* and BAB® (Table 1, entries
10, 13, 14).
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5. BLOCK COPOLYMERIZATION OF 2VP WITH M
Table S2: Block copolymerization conditions for 2VP-M copolymerization synthesized with the
monometallic yttrium catalyst 2 (diblock copolymers ABX) and the bimetallic yttrium catalyst 3

(triblock copolymers BABX).

Entry “ | Feed Solvent | VR? | trave | Xovp® | Mogheo2ve | LE. € | trm | X/
[YV[2VP)/[CL] [mL] | [min] |[%)] | [kg/mol] |[%] | [h] [%]

AB® 1/100/100 toluene |2 90 93 9.8 51 48 62
AB’ 1/200/200 toluene |2 90 95 17.0 58 48 65
AB'" | 1/400/400 toluene | 1.5¢ | 120 |94 46.1 50 |48 4
AB'" | 1/100/300 toluene | 2 90 95 14.2 70 48 30
AB'? | 1/300/100 toluene |2 90 91 31.5 57 48 65
BAB® | 2/100/100 toluene | 2 920 99 13.1 76 |48 78
BAB’ | 2/200/200 toluene |2 90 99 24.0 82 48 83
BAB® | 2/400/400 toluene | 1.5¢ | 90 99 423 71 48 80
BAB’ | 2/100/300 toluene |2 90 98 13.1 73 48 80
BAB' | 1/300/100 toluene |2 90 99 33.8 71 48 70

@ AB* polymers using monometallic catalyst 2, BAB* polymers using bimetallic catalyst 3,
catalyst-monomer ratios, 6.75 umol catalyst, ® reaction volume for copolymerization, ¢ conversion
of 2-vinylpyridine determined via aliquot-'H-NMR  “theoretical molecular weight
Mu,theo = (M2ve X [2VP)/[Y] x Xavp), ¢ initiator efficiency determined via
L.E. = Mu.theo.2vP/Mn.abs2vp, / menthide conversion determined via aliquot-'H-NMR integration of
the methine protons, ¢ 0.75-fold experiment.
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Figure S12: Exemplary 'H-NMR spectrum in CDCl3 from P2VP-b-PM AB’

(MaNMrAB = 50.0 kg/mol, Dag = 1.14, 2VP:M = 75:25, Table 2, entry 2).

For the calculation of the molecular ratios of 2VP to M in the copolymer, the integral Iovp (8 = 8.06
— 8.40 ppm) of the proton signal in a-position of the nitrogen atom in the 2VP ring and the integral
of the CH-group signal adjacent to the ester unit Im (6 = 4.04 ppm) were determined. The ratio of
2VP to M is then calculated as %ovp = Iovp/(IavptIm), this method is applicable for both AB and
BAB type copolymers. Accordingly, the ratio of M to 2VP is calculated as %wm = Im/(Iovp+Im) The
absolute molecular weight of the copolymer is calculated from absolute SEC of the P2VP aliquot

and the P2VP:PM ratio derived from the '"H-NMR spectrum.
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aliquot P2VP from AB%, M, o, = 29.5 kg/mol, B, = 1.02

block copolymer  AB?, M, yur s = 50.0 kg/mol, B,5 = 1.14
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Figure S13: SEC traces of from P2VP aliquot (black) and isolated P2VP-h-PM diblock copolymer

AB’ (blue) (Table 2, entry 2).
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Figure S14: DOSY-NMR spectrum in CDCls (bottom) of AB? (Table 2, entry 2).

- 248 -

16



Appendix

aliquot P2VP from BAB", M, ,,, = 29.2 kg/mol, D, = 1.05 I
block copolymer BAB’, M, xar ag = 53.6 kg/mol, B3 = 1.21
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Figure S15: SEC traces of from P2VP aliquot (black) and isolated P2VP-h-PM triblock copolymer

BAB’ (blue) (Table 2, entry 7).
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Figure S16: DOSY-NMR spectrum in CDCls (bottom) of BAB’ (Table 2, entry 7).
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Figure S17: DSC measurements of AB block copolymers AB’, AB!!, AB!? and A! (Table 2,

entries 2, 4 and 5; Table 1, entry 1).
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Figure S18: DSC measurements of BAB block copolymers BAB’, BAB’ and BAB!” and A! (Table

2, entries 7, 9 and 10; Table 1, entry 1).
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6. ADDITIONAL MECHANISTIC DETAILS

(n

Figure S19: Initiation pathways of lactone ring-opening by a stabilized aza enolate as active
initiator of the P2VP chain coordinated to complex 2 via (I) acyl-oxygen cleavage with alkoxide

chain-end or (II) alkyl-oxygen cleavage with a carboxylate chain-end.”!!
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7. 3'P-NMR END-CAPPING

For the phosphorus end-capping experiment, 7.4 pmol of catalyst 2 were dissolved in 1 mL CsDs
and 20-40 eq. of 2VP were added. The reaction mixture was stirred for 40 min before an equimolar
amount of the respective lactone was added. For CL, the reaction mixture was stirred for an
additional minute before an excess of chlorodiphenylphosphine oxide was added and the mixture
was stirred over night at 70 °C. For M, the reaction mixture was stirred for additional 180 min at
70 °C before an excess of chlorodiphenylphosphine oxide was added and the mixture was stirred
over night at 70 °C. From each experiment, 3IP_NMR was measured, and the chemical shifts were

assigned to the formed corresponding phosphorus species.
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Figure S20: *'P-NMR spectra in C¢Ds from phosphorus end-capping experiments of P2VP-5-PCL

(top) and P2VP-H-PM (bottom).
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8. ESI-MS MEASUREMENTS OF COPOLYMERS

For obtaining oligomers for

ESI-MS analysis, 27.0 pmol of catalyst 2 were dissolved in 0.6 mL

dichloromethane and 135 pmol (5 eq.) 2VP in 0.5 mL dichloromethane were added. The reaction

mixture was stirred for 30 min before 54 pmol (2 eq.) CL in 0.5 mL dichloromethane were added.

After additional 10 min of

reaction time, the resulting solution was diluted in acetonitrile

(concentration of 100 pug analyte per 1 mL solvent) and ESI-MS (positive ionization) was

measured.

Full ESI-MS from m/z =700 - 1600

Close-up of m/z = 850 - 1050

E
"

voss ¢

Tree o

1 ulll‘

ML 1Ll
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les
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50601
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!A gl |

860 880 900 920 940 960

Peak assignment
A: [TMPy + CL + n x 2VP - 18] + Na*
[TMPy + 3x CL +m x 2VP - 18] + Na*
or [TMPy + CL + (m+2) x 2VP] + Na*
>: [TMPy + 4 x CL + p x 2VP - 18] + Na*
or [TMPy + 2 x CL + (p+2) x 2VP] + Na*

Figure S21: ESI-MS analysis

3.

T T .
980 1000 1020 1040 750 800 900 1000 1100 1200 1300 1400 1500 1600
m/z m/z

$:[TMPy +4 xCL+rx2VP-18-H + Na] + Na*
or [TMPy + 2 x CL + (r+2) x 2VP - H + Na] + Na*
2:[TMPy + 5x CL + s x 2VP - 18 - H + Na] + Na’
or [TMPy + 3 x CL + (s+2) x 2VP - 18- H + Na] + Na’
V:[TMPy +2xCL+tx2VP-2x 18] + Na*

and peak assignment for P2VP-h-PCL oligomers prepared with catalyst
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9. FULL SEC-CHARACTERIZATION OF P2VP-B-PCL AB-BLOCK COPOLYMERS

aliquot P2VP from AB* M, ., =288 kg/mol, D, =108
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Figure S22: Additional stacked SEC traces of P2VP aliquot (black) and isolated P2VP-5-PCL
diblock copolymers (blue) AB', AB?, AB?, AB*, AB> and AB’ (Table 1, entries 1-5, 7).
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10. FULL SEC-CHARACTERIZATION OF P2VP-B-PCL BAB-BLOCK COPOLYMERS
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Figure S23: Additional stacked SEC traces of P2VP aliquot (black) and isolated P2VP-5-PCL
triblock copolymers (blue) BAB!, BAB?, BAB?, BAB* and BAB’ (Table 1, entries 10-14).
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11. FULL SEC-CHARACTERIZATION OF P2VP-B-PM AB-BLOCK COPOLYMERS
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Figure S24: Additional stacked SEC traces of P2VP aliquot (black) and isolated P2VP-b-PM
diblock copolymers (blue) AB®, AB’, AB'°, AB!! and AB'? (Table 2, entries 1-5).
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12. FULL SEC-CHARACTERIZATION OF P2VP-B-PM BAB-BLOCK COPOLYMERS
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Figure S25: Additional stacked SEC traces of P2VP aliquot (black) and isolated P2VP-b6-PM
triblock copolymers (blue) BAB®, BAB’, BAB®, BAB® and BAB!” (Table 2, entries 6-10).
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