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3 Units, Abbreviations and NHC Nomenclature

3.1 International System of Units(!!

quantity name unit name unit symbol defining equation
time second S Avcs=9192631770 st
length meter m €=299792458 m s
mass kilogram kg h=6.62607015-103* kg m? s
electric current ampere A e=1.602176634-10"1° As
thermodynamic temperature kelvin K ks=1.380649-10% kg m? s K1
amount of substance mole mol Na=6.02214076-10% mol*
luminous intensity candela cd Kc=683 cd sr s® kg™ m?

3.2 Metric Prefixes

Name  Symbol  Power Name  Symbol  Power
yotta Y 10% deci d 10t
zetta Z 10% centi c 107
exa E 1018 milli m 1073
penta P 10 micro H 10
tera T 10%2 nano n 10°
giga G 10° pico P 1012
mega M 108 femto f 10°1°
kilo K 103 atto 1018
hecto h 102 zepto 102
deca da 10? yokto 1072
- - 10°




3.3 Abbreviations

5u-Me-CO> 1,3-dimethylimidazolium-2-carboxylate
Ac acetyl

AcOH ethanoic acid

Ad adamantyl

Ar aryl/aromatic substituent
BBL 4-methyloxetan-2-one
BDO 1,4-butandiol

BnOH phenylmethanol

BPL oxetan-2-one

br broad signal

CAAC cyclic alkyl aminocarbene
AEO azepan-2-one/g-caprolactam
AEO-Ac 1-acetylazepan-2-one

Cy cyclohexyl

d day(s)

d doublet

) chemical shift in ppm

dd doublet of doublets

dt doublet of triplets

Bwm polydispersity index

DCE 1,2-dichlorethane

CHzCl; dichlormethane



DFT
Dipp
Dmac
DME
DMF
DMSO
DSC
dt

EA
EDO
eq.

Et
etal.
EtOH
FT-IR
GC-MS

GPC

H12MDI
HDI
HOMO
HRMS

IPDI

density functional theory
2,6-bis(prop-2-yl)phenyl
N,N-dimethylacetamide
1,2-dimethoxyethane
N,N-dimethylformamide

dimethyl sulfoxide

differential scanning calorimetry
doublet of triplets

ethyl acetate

1,2-ethanediol

equivalents

ethyl

et alii

ethanol

Fourier transformed infrared

gas chromatography paired with mass spectrometry
gel permeation chromatography
hour(s)

1,1-bis(4-isocyanato cyclohexyl) methane
1,6-diisocyanatohexane

highest occupied molecular orbital
high resolution mass spectrometry

5-isocyanato-1-(isocyanatomethyl)-1,3,3-trimethylcyclohexane
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iPr

iPrOH

IUPAC
KHMDS

LA
LASER/Laser
LUMO

m/z
MALDI-ToF-MS
MDI

Me

MeCN

MeOH

Mes

min

Mn

Mw

NHC
NHC-CO.
NHO

NMR

OTf

2-propyl/isopropyl
2-propanol/isopropanol

infrared

International Union of Pure and Applied Chemistry

potassium bis(trimethylsilyl)amide

Lewis acid

light amplification by stimulated emission of radiation

lowest unoccupied molecular orbital

mass to charge ratio

matrix-assisted laser desorption/ionization-time of flight-mass spectrometry

1,1-bis(4-isocyanatophenyl) methane
methyl

acetonitrile

methanol

2,4,6-trimethylphenyl

minute(s)

number-average molecular weights
weight-average molecular weights
N-heterocyclic carbene

COq-protected N-heterocyclic carbene
N-heterocyclic olefin

nuclear magnetic resonance (spectroscopy)

trifluoromethane sulfonate
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PDI
Ph
ppm
Pr

PU

RIM
RTM

rt

tt
tBu
TDI
TEP
THF
TMS

Xn

conversion

polydispersity index

phenyl

parts per million

propyl

polyurethane

quartet

reaction injection molding
reaction transfer molding
room temperature

second(s)

singlet

size exclusion chromatography
time

triplet

triplet of triplets
2-methylpropyl/tertbutyl
2,4-diisocyanato-1-methylbenzene
Tolmans electronic parameter
tetrahydrofuran

trimethylsilyl

degree of polymerization
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3.4 Terminology of N-Heterocyclic Carbenes

The chemical manipulations discussed herein are often initiated or catalyzed by N-heterocyclic

carbenes (NHCs). Hence, the systematic of naming used herein is explained in the following.

/=" ( \)1-3
R/N \/N -
coordinated
group

R

Scheme 1: General structure of (latent) N-heterocyclic carbenes.

A-B-C

A: Ring size, five-, six- and seven-membered rings. In case of 5-membered rings “u” indicates an

unsaturated imidazole ring, “s” a saturated imidazoline ring.

B: Side groups bound to the intracyclic nitrogen atoms (R in Scheme 1). As this nomenclature

only names symmetrical substituted NHCs both side groups have the same structure.

C: Coordinated group. The carbene might be protected by molecules e. g. MgCl2, CO> or exist as

imidazolium salt or others. No mentioned coordination group indicates the free carbene.

Examples:

5u-Me-COz2 1,3-dimethylimidazolium-2-carboxylate

5s-Cy 1,3-dicyclohexylimidazolidin-2-ylidene

7-Mes-HBr 1,3-bis(2,4,6-trimethylphenyl)-1,3-diazepanium bromide
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4 Zusammenfassung

In dieser Arbeit werden finf Themenschwerpunkte aus dem Forschungsfeld der
Polymersynthese behandelt. Zu Beginn werden die Gebiete eingeftihrt durch einen Uberblick der
Literatur. Vorab werden Grundlagen der Polymerchemie und, weil sie im weiteren Verlauf der
Arbeit eine auflerordentliche Rolle spielen, N-heterozyklische Carbene (NHCs) eingefunhrt.
AnschlieRend werden die funf Themenschwerpunkte, ndmlich (1) latente, anhydridgehéartete
Epoxidharze, (Il) lineare Polyoxazolidin-2-one, (lll) latente Polyamide-6-systeme, (1V)
Erweiterung der Schutzgruppen latenter N-heterozyklischer Carbene und (V) niedermolekulare,
dihydroxytelechelische Poly(4-methyloxetan-2-on)e sowie die dazu durchgefiihrten Arbeiten im

Detail beschrieben.

Im Schwerpunkt latente, anhydridgehartete Epoxidharze wurde ein bekanntes Konzept
aufgegriffen und erweitert. Der Einsatz von latenten N-heterozyklischen Carbenen als Initiator
der Quervernetzungsreaktion von Diepoxiden und Anhydriden wurde bereits 2014
beschrieben.l? Im Gegensatz zu den verschiedenen von Buchmeiser et al. untersuchten Carbenen
wurde in der vorliegenden Arbeit der Fokus auf 1,3-Dimethylimidazolium-2-carboxylat (5u-Me-
CO2) gelegt, da dieser Initiator sich durch seine effiziente Synthese auszeichnet.®! Um die, im
Vergleich zu den Carbenen aus vorangegangenen Studien, geringere Reaktivitat auszugleichen
wurde eine Vielzahl von verschiedenen, substituierten Anhydriden und Diepoxiden untersucht.t!
Die aus DSC-Experimenten erhaltenen Maxima der Energiefreisetzung (Tmax) Wahrend der
Reaktionen im ersten Heizzyklus wurden herangezogen um die Reaktivitdten zu vergleichen.
Ausgewahlte Systeme wurden am Rheometer auf ihr FlieRverhalten und ihr Hartungsprofil

untersucht.
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Lineare Polyoxazolidin-2-one wurden durch kooperative Katalyse von N-heterozyklischen
Carbenen und Lewissauren hergestellt.™! Der atomékonomischste Syntheseweg filhrt Giber die
Polyaddition von Diisocyanaten und Diepoxiden. Um thermoplastische Polymere zu erhalten ist
die Vermeidung von Nebenreaktionen und -produkten essenziell, besonders die Trimerisierung
der Diisocyanate zu Isocyanuraten. Die kooperative Katalyse mit Lewisséduren und -basen, hohe
Temperaturen und der Einsatz geeigneter Losemittel (beispielsweise Sulfolan oder 1,3-
Dimethylimidazolidin-2-on)  erlauben die Herstellung von ausschlielich  linearen
Polyoxazolidin-2-onen. Die Regioisomerie der Oxazolidin-2-on-Wiederholungseinheiten wurde
anhand von monofunktionalen Vergleichssubstanzen und 3C NMR-Daten untersucht. Fiir die
hergestellten Polymere ergab sich eine iberwiegende Substitution an der Ringposition 5. Nach
einigen vergleichenden Experimenten wurde auch hier aufgrund der Robustheit und der
einfachen Synthese (iberwiegend 5u-Me-CO: als Katalysator eingesetzt obwohl die Latenz, bei
Temperaturen von 200°C, eine unwesentliche Rolle spielte. Sowohl mit LiCl als auch mit MgCl;
wurden gut Ergebnisse beziiglich der Abwesenheit von Trimeren erzielt. LiCl lieferte etwas
zuverlassiger lineare, isocyanauratfreie Polymere. Wesentlich fir die erfolgreiche Synthese war
auch die Reaktionsfihrung bei der die Monomere kontinuierlich der Katalysatorenlésung
zugeflhrt wurden. Es konnten Polymere mit Molekulargewichten bis zu 50000 g/mol isoliert

werden.

Eine weiter Einsatzmdglichkeit von 5u-Me-CO2 und dessen latenten Eigenschaften ergab sich
bei der anionischen ringoffnenden Polymerisation (AROP) von Azepan-2-on zu Polyamid 6.1
Auch zu diesem Themenschwerpunkt gab es bereits Vorarbeiten von Buchmeiser et al.,
wiederum wurden darin die verschiedenen N-heterozyklischen Carbene und deren

unterschiedliche Auswirkungen auf die Polymerisation beschrieben.l”-*1 Der in der vorliegenden
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Arbeit eingesetzte 5u-Me-CO: lieferte unter vergleichbaren Bedingungen nur geringe
Ausbeuten. Die Reaktion, die ohne Losemittel in der Monomerschmelze bei etwa 160 bis 200°C
durchgefuhrt wird, konnte durch Kkooperative Katalyse mit zusatzlichen Aktivatoren
(Acetylazepan-2-on) und Lewisséuren (MgCl2) zu quantitativen Umsétzen gefuhrt werden.
Besonders zu erwahnen ist dabei, dass weder die alleinige Zugabe von Lewisséduren noch die
alleinige Zugabe von Aktivatoren zum Monomer/NHC-Gemisch einen vollstandigen Umsatz
ermoglichen. Das Zusammenwirken der beiden Substanzen konnte mittels NMR-Spektroskopie
nachvollzogen werden. Die Solidifikationszeiten von wenigen Minuten werden hauptsachlich
vom molaren Verhdltnis des Monomers zu NHC, Lewissdure und Aktivator sowie der
Temperatur beeinflusst. Dasselbe molare Verhéltnis beeinflusst auch das Molekulargewicht der
Produkte. Zu den wichtigsten Ergebnissen dieses Abschnitts gehort die Mdglichkeit latente 1-
Komponentenmischung herstellen zu koénnen. Dazu werden 5u-Me-CO2, Aktivatoren und
Lewissauren in der Monomerschmelze (~80°C) geldst ohne, dass die Polymerisation ausgeldst
wird. Die erhaltene Mischung kann mehrere Tage im geschmolzenen und daher flissigen
Zustand oder Uber Monate abgekihlt auf Umgebungstemperatur, als Feststoff gelagert werden,
jeweils ohne Verlust der Reaktivitat. Da die Reaktion Uber einen anionischen Mechanismus
verlauft ist der Eintrag von Luftfeuchtigkeit zu vermeiden weil dadurch die anionischen Spezies
gequencht werden. Nichtsdestotrotz konnten auch unter Umgebungsatmosphare hohe Ausbeuten

mit erhohter Solidifikationszeit beobachtet werden.

5u-Me-CO: konnte mit zwei Aquivalenten Cyclohexylisocyanat unter Freisetzung von CO; in
1,3-Dicyclohexyl-6,9-dimethyl-1,3,6,9-tetraazaspiro[4.4]non-7-ene-2,4-dion (5u-Me-(OCN-
Cy)2) Uberfiihrt werden.[*% Die Struktur des spirocyclischen Parabanséurederivats konnte mittel

Einkristall-Rontgenstrukturanalyse, NMR und HRMS geldst werden. 5u-Me-(OCN-Cy)2 wurde
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als latenter Initiator fir anhydridgehértete Epoxidharze und zur Polyamid 6-Synthese eingesetzt.
Eine mit 5u-Me-CO: vergleichbare Reaktivitat wurde beobachtet. Im Gegensatz zur Freisetzung
des Carbens aus 5u-Me-CO:2 wird bei der Freisetzung aus 5u-Me-(OCN-Cy)2 kein Gas
freigesetzt, was fur potentielle Anwendung, wie HarzspritzgieRen (engl. (thermoplastic-)resin
transfer molding (T-)RTM)), von Vorteil sein diirfte. Die gebildeten zwei Aquivalente Isocyanat
werden vermutlich entweder durch Einbau in das Makromolekil oder Additionsreaktionen

abgefangen.

Der funfte Themenschwerpunkt befasst sich mit der Darstellung von niedermolekularen,
dihydroxytelechelischen  Poly(4-methyloxetan-2-on)en  aus  4-Methyloxetan-2-on  und
aliphatischen Diolen.[!Yl Die besondere Reaktivitit von viergliedrigen Lactonen verhindert eine
klassische,  anionisch  ringdffnende  Polymerisation. ~ Daher  wurden  verschiedene
Titan(IV)alkoxide als Katalysatoren eingesetzt die einem Koordination-Insertion-Mechanismus
folgen. Die Reaktionen konnten bei Temperaturen zwischen 60 und 100°C ohne Ldsemittel
erfolgreich durchgefihrt werden. Die Struktur der Produkte wurde mittels NMR, IR, Titration
und MALDI-ToF-MS bestimmt. Uber das Verhaltnis von Diol zu Lacton konnte die Kettenlinge
gesteuert werden, welche uber GPC-Messungen erhalten wurden. Durch Reaktionsoptimierung
konnten Nebenreaktionen, wie die Initiierung des Kettenwachstums ausgelost durch
Alkoxidliganden der Titankatalysatoren, minimiert werden, sodass im Produkt nur etwa 0.1 wt.-
% Titan enthalten war. Dies wirkte sich auch positiv auf die Molekulargewichte der als
Qualitatskontrolle synthetisierten Polyurethane aus. Hierzu wurden die dihydroxytelechelischen
Oligomere mit 1,1-Bis(4-isocyanatophenyl)methylen (MDI) in THF umgesetzt. Fir die bei

Raumtemperatur ablaufende Reaktion wurde kein zusatzlicher Katalysator benutzt. Die

17



Polyurethane wurden tUber NMR und IR identifiziert und die Molekulargewichte mittels GPC

bestimmt. Es ergaben sich Polymerisationsgrade von bis zu 44 (~50000 g/mol).

Die praktischen Herangehensweisen, Daten und Spektren, Chemikalienherkunft und
Messmethoden sind im Experimentalteil zusammengefasst. Abschlielend sind Anfragen zum

Nachdruck, ein Lebenslauf und die genutzten Quellen aufgefihrt.
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5 Abstract

In this thesis five main topics from the field of polymer synthesis are discussed and introduced
by a literature overview. Beforehand, basic principles of polymer chemistry and, because of their
extraordinary role in further course of this thesis, N-heterocyclic carbenes (NHCs) are
introduced. After the introduction, the five main topics, i.e. (I) latent, anhydride-hardened
epoxide resins, (I1) linear polyoxazolidin-2-ones, (111) latent polyamide 6 systems, (1) extension
of protective groups of latent N-heterocyclic carbenes and (V) low molecular weight poly(4-

methyloxetan-2-one)s and the related work are discussed in detail.

For the topic latent, anhydride-hardened epoxide resins a well-known concept was taken up and
extended. The usage of latent N-heterocyclic carbenes as initiators for the crosslinking reaction
of diepoxides and anhydrides was already described in 2014.1 In contrast to the various N-
heterocyclic carbenes investigated by Buchmeiser et al. the present work focuses on 1,3-
dimethylimidazolium-2-carboxylate (5u-Me-CQO2), since this initiator is characterized by its
efficient synthesis.®] To compensate for the reduced reactivity a wide range of different,
substituted anhydrides and epoxides was investigated.[*l The maximum of energy release (Tmax),
obtained from the first cycle of DSC experiments, during the reaction were used to compare the
reactivities. Selected systems were measured on the rheometer to investigate their flow behavior

and curing profile.

Linear polyoxazolidin-2-ones were synthesized by cooperative catalysis of N-heterocyclic
carbenes and Lewis acids.’) The most atom-economic synthesis route proceeds via the
polyaddition of diisocyanates and diepoxides. Cooperative catalysis using Lewis acids and bases,

elevated temperatures and the use of suitable solvents (like sulfolane or 1,3-
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dimethylimidazolidin-2-one) allow for the synthesis of exclusively linear polyoxazolidin-2-ones.
The regio-constitution of the oxazolidin-2-one repeat units was examined on the basis of
monofunctional reference substances and *C NMR data. The synthesized polymers were
predominantly substituted at the 5-position of the ring. After a brief catalyst screening 5u-Me-
CO2 was almost exclusively used although latency played a minor role at temperatures of 200°C.
Good results in terms of trimer avoidance were achieved with LiCl as well as MgCl». However,
LiCl delivered slightly more reliably linear, isocyanate-free polymers. The reaction control, in
which the monomers were continuously added to the catalyst solution, was also essential for the

successful synthesis. Polymers with molecular weights up to 50000 g/mol were isolated.

A further opportunity to use 5u-Me-CO:2 and its latent properties arose with the anionic ring-
opening polymerization (AROP) of azepan-2-one to polyamide 6.1 Preliminary work from
Buchmeiser et al. was available, describing the impact of various N-heterocyclic carbenes on the
polymerization.[-°! 5u-Me-CO, used in the present work, delivered only moderate yields under
comparable circumstances. The reaction, which was conducted without solvent in the molten
monomer at around 160 to 200°C, reached quantitative yields by cooperative catalysis with
additional activators (acetlyazepan-2-one) and Lewis acids (MgClz). It should be particularly
mentioned that neither the sole addition of Lewis acids nor the sole addition of activators to the
monomer/NHC mixture allowed for quantitative conversion. The interaction of both substances
was reconstructed by NMR spectroscopy. The solidification times of a few minutes were found
to be mainly influenced by the molar ratio of the monomer to NHC, Lewis acid and activator as
well as the temperature. The same molecular ratio influences the molecular weights of the
products. One of the most important results of this section is the possibility to produce latent 1-

component mixtures. For this purpose, 5u-Me-COz, activators and Lewis acids were dissolved in
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a monomer melt (~80°C) without initiating the polymerization. The obtained mixtures were
stored for several days in the molten and thus liquid state and several months at ambient
temperatures as solids, without loss of activity. As the reaction proceeds via an anionic
mechanism the entry of air humidity must be avoided, otherwise the anionic species is quenched.
Still, high yields were achieved under ambient atmosphere, although solidification times were

increased.

5u-Me-CO2 was converted to 1,3-dicyclohexyl-6,9-dimethyl-1,3,6,9-tetraazaspiro[4.4]non-7-
ene-2,4-dione (5u-Me-(OCN-Cy)2) by the addition of two equivalents of cyclohexyl isocyanate
and under release of CO,.[*! The structure of the spirocyclic parabanic acid derivative was
solved by X-ray structure analysis, NMR and HRMS. 5u-Me-(OCN-Cy)2 was applied as latent
initiator for anhydride-hardened epoxide resins and for polyamide 6 synthesis. A reactive
behavior comparable to that of 5u-Me-CO2 was observed. In contrast to 5u-Me-COz, no gas is
released on the liberation of the free carbene from 5u-Me-(OCN-Cy)2, which is an important
advantage for potential applications like (thermoplastic)resin transfer molding ((T-)RTM). The
two equivalents of isocyanate formed upon carbene liberation are probably captured by

trimerization or addition reactions.

The fifth main topic deals with the synthesis of low molecular weight, dihydroxy telechelic
poly(4-methyloxetan-2-one)s from 4-methyloxetan-2-one and aliphatic diols. The exceptional
reactivity of four-membered lactones disables classical, anionic ring-opening polymerization.
Instead, various titanium(1V) alkoxides were used as catalysts. The reactions were performed
solvent-free at elevated temperatures between 60 and 100°C. The product structure was
determined by NMR, IR, titration and MALDI-ToF-MS. The ratio of diol to lactone allows for

control of the chain length, determined by GPC. Side reactions like the initiation of chain-growth
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by the alkoxide ligands of the titanium catalysts, was suppressed by reaction optimization, thus a
product with less than 0.1 wt.-% Ti was obtained. Further, the low titanium content was
positively affecting the molecular weights of the derived polyurethanes which were used as
quality probe for end-group fidelity. For this purpose, the dihydroxy telechelic oligomers were
converted with 1,1-bis(4-isocyanatophenyl)methylene (MDI) in THF. No additional catalyst was
used for this polyaddition reaction, proceeding at room temperature. The polyurethanes were
characterized by NMR and IR and their molecular weights were determined by GPC. Degrees of

polymerization up to 44 (~50000 g/mol) were found.

The practical approaches, data and spectra, chemical suppliers and measurement details are
summarized in the experimental section. Finally reprint requests, a curriculum vitae, and

references are listed.
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6 Introduction

6.1 General

Several different polymerizations types will be discussed in the course of this thesis. Therefore, a
brief overview summarizes the basic, important and related types. Further, most chapters are
related to carbenes and their reactivity as initiator or catalyst. Thus, a fundamental introductory
section is dedicated to these remarkable molecules. The five following sections provide a

detailed introduction to the tasks addressed by this work and the literature thereof.

6.2 Carbenes

6.2.1 General and IUPAC Definition

An introduction to carbenes in general and to N-heterocyclic carbenes (NHCs) in particular is
given here as wide parts of the thesis deal with NHCs. Electronic structure and properties of
different kinds of NHCs are discussed and compared as well as basic mechanisms as initiator or

catalyst in chemical transformations by means of selected examples.
The IUPAC describes carbenes as:

“The electrically neutral species H>C: and its derivatives, in which the carbon is covalently
bonded to two univalent groups of any kind or a divalent group and bears two nonbonding

electrons, which may be spin-paired (singlet state) or spin-non-paired (triplet state).”*?

Further, carbenes are described by various books and publications and it is common to describe

them as neutral, divalent carbon atom bearing an electron sextet.[*3-1]
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Ernst Otto Fischer (*1918-72007)
is known, aside from the isolation
of carbenes, for his work on
sandwich complexes. He was
awarded the Chemistry Nobel Prize
in 1973 together with Geoffrey
Wilkinson "for their pioneering
work, performed independently, on
the chemistry of the
organometallic, so called sandwich
compounds,"[16-191

The first isolation of a metal-carbene complex is
attributed to A. Maasb6l and Ernst O. Fischer, published
in 1964.1%1 Conversion of W(CO)g with phenyl lithium or
methyl lithium and subsequent protonation and addition

of a methyl allowed the isolation of

group

W(CO)s5(=C(OCH?3)CHpg), although the final structure was

not conclusively clarified at that time. Methylation of the carbonyl ligands via Meerwein salts is

used as alternative route.?°! Fischer is the namesake for the carbene-metal complexes that bear a

heteroatom adjacent to the carbenoid carbon.

Another type of carbene-metal complex is named after
Richard Royce Schrock who published these results in

1974. From a reaction of TaJCH.C(CH)3]sCl. and two

equivalents  of  2,2-dimethyl

Ta[CH2C(CH)3]s[CHC(CHs)s] was isolated.[?!!

Both, Fischer and Schrock carbenes have the metal carbon

Richard Royce Schrock (*1945)
developed and investigated
organometallic metathesis
catalysts and, specifically, their
behavior in ROMP. Together with
Yves Chauvin and Robert Howard
Grubbs he was awarded the
Chemistry Nobel Prize in 2005
"for the development of the
metathesis method in organic
synthesis."[2%-2%]

propane lithium

double bond in common. However, quite some dividing lines must be drawn. Whereas Fischer

carbenes are substituted by heteroatoms, bear a negatively polarized and usually low oxidation

state central atom, Schrock carbenes are not heteroatom substituted, the central metal is usually

in high oxidation states and positive polarized. Further, Schrock carbenes appear as triplet

carbenes, unlike Fischer carbenes which are in singlet state.[?6-?"1 The orbital situation is visually

described in Scheme 2.
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Scheme 2: Orbitals of singlet Fischer and triplet Schrock carbenes in comparison.

6.2.2 N-Heterocyclic Carbenes

Interestingly, researching free carbenes, not bound to a metal has a long history starting in the
19" century.!283% Carbon dioxide (+I1V) and carbon monoxide (+I1) were known along with
methane (-1V) hence the existence of methylene (-11) and derivatives was quite plausible. Higher

homologous of carbon like tin and lead are very stable in oxidation state +11.

Hans-Werner Wanzlick NHCs are carbenes bearing one or more nitrogen atoms covalently
(*1917-71988) studied in
Berlin, his  doctoral bound to the carbene carbon atom, both located in a cyclic structure.
supervisor was Helmuth
Scheibler (*1882-71966). The development of N-heterocyclic carbenes (NHCs) took off when
Among other things, both
were researching on Wanzlick, in 1960, isolated the product of a subsequent reaction of a
divalent carbon. 2824

carbene.B-331 Although no stable, free carbene was isolated from

heating 1,3-diphenyl-2-trichloromethylimidazolidine in solution, the carbene dimer and 1,3-
dimethylimidazolidin-2-one, the addition product of an oxygen atom to a carbene, were

identified (Scheme 3).[34

7\ 5 —
N N CBHS C6H5 ' N N® /N\/N\
[ y/ ~—
OO = A T
-2 CHCI . H
H CCls 3 CoHs~” SN=Cots | rcrcoyg© ir(co)
_/ - 5

Scheme 3: At 150°C chloroform was released from 1,3-diphenyl-2-trichloromethyl imidazolidine
and the dimer of 1,3-diphenyl imidazolidine was isolated (left); Chromium NHC complex formation
(right).[31' 34-35]

The molecular weight determined for 1,3-diphenylimidazol-2-ylidene were higher than

expected; thus, the scientists speculated about an equilibrium between the monomeric and
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dimeric form, the so called Wanzlick-equilibrium. This hypothesis was controversially discussed
in the following years until 2000 when experiments confirmed the equilibrium between

tetraamines and carbenes for some examples.[32-33. 36-43]

1,3-Dimethylimidazol-2-ylidene pentacarbonyl chromium, the first NHC metal complex, was
synthesized and isolated by Ofele in 1968 by heating 1,3-dimethylimidazolium hydrogen
pentacarbonyl chromate (-1) under hydrogen formation (Scheme 3, right).* Both Wanzlick and
Ofele were pioneers in the field of N-hetercyclic carbenes and their metal complexes.?+4

However, attempts to isolate free, uncoordinated NHCs did not succeed.

Anthony Joseph Arduengo 111 In 1991, Arduengo published the crystal structure of 1,3-

(*1952) received his PhD from
Georgia Institute of Technology
and is well known for the first
successful isolation of an N-
heterocyclic carbene and the
structural elucidation.[?8 50-52]

diadamantylimidazol-2-ylidene isolated from the reaction
1,3-dimethylimidazolium chloride and sodium hydride in

THF with catalytic amounts of DMSO (Scheme 4).[5%

THF

N /N NaH DMsoCat
NaCI

Scheme 4: Synthesis of the first isolated N-heterocyclic carbene (NHC).[5%

The remarkable stability of this free N-heterocyclic carbene (NHC) under inert gas conditions
was underlined by the observation of the decomposition-free melting point of 240-241°C. On the
one hand, the stability of this carbene was attributed to the kinetic stabilization by the sterically
demanding adamantly groups adjacent to the nitrogen atoms. On the other hand, electron density
is donated into the empty pw-orbital of the carbenoid carbon (C.) by the nitrogen atoms and the
NHC backbone in a tmr-framework. Further, the electronegative nitrogen atoms reduce the

electron density along the o-bonds and thus the nucleophilicity of the double occupied, non-
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binding sp?-orbital at C2.*°! Note, that in case of an imidazoline-2-ylidene an aromatic situation

prevails due to the six electrons in the 1r-system (Scheme 5, grey).

@\W,O/N R

N —=—C :

R/ 6 §
Scheme 5: Quantitative electronic behavior of five-membered NHCs. The o-interactions, caused
by the electronegativity of the nitrogen atoms, reduce the electron density at the carbon atom C:
(red). The double occupied p-orbitals on the nitrogen atoms provide electron density to the empty

carbene carbon p-orbital by forming a m-system (green); in the case of unsaturated carbenes this
effect is enhanced (grey)."

Accordingly, the major differences between the isolable 1,3-diadamantylimidazoline-2-ylidene
and the 1,3-diphenylimidazolidine-2-ylidene, only existing in the monomer/dimer equilibrium,
are the unsaturated backbone and the higher steric demand of the residues adjacent to the
nitrogen atoms of the latter. Subsequent publications pointed out that NHCs with sufficient
electronic stabilization can be isolated without Kkinetic stabilization by sterically demanding
substituents on the nitrogen atom.% 53541 Several scientists contributed to the investigation of the
dimerization behavior of NHCs.[*3 3-42. 55581 |njtjal considerations, that unsaturation of the
backbone (C4 and Cs) is a prerequisite for the isolation of free carbenes, were proven wrong,
although (unlike for imidazole scaffolds) bulky groups like 2,4,6-trimethylphenyl were required
for the isolation of carbenes with saturated backbones.’®¢° The electronic configuration of
NHCs contributes as a very pronounced factor to their stability. Scheme 6 shows the four
possible configurations. *A; (pr?) is of high energy thus it can be neglected. *A; (c?) is the
typically assumed state of NHCs with both electrons paired in the sp?-orbital. 'B: (c'm?) is a
single state with on electron in the sp?-orbital and one electron in the pr-orbital, their spin is

antiparallel. ®B1 (o) is a triplet state again with one electron in the sp?-orbital and one electron
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in the pr-orbital, but here the electrons have parallel spins. The sp?-orbital represents the highest
occupied molecular orbital (HOMO), the pr-orbital represents the lowest unoccupied molecular
orbital (LUMO). The energy gap between HOMO and LUMO is AEgim, the required energy to
promote one electron from the HOMO sp?-orbital to the LUMO pr-orbital. The additional
stabilization (lowering of the energy level) of *A; (c?), which is gained by the electronegativity

of the nitrogen atoms or their o-electron density withdrawing effect, respectively, is called Es-t.

[13, 56, 60-62]

R R R R
N‘g@ N‘gm N‘gm N\go
e
R R R R
Ay (6?) 3B, (o'p,)) By (o'p,)) A1 (p2)

Scheme 6: Four electronic configurations of N-heterocyclic carbenes.6% Although the backbone is
drawn as saturated imidazolin-2-ylidene it is still valid for unsaturated imidazol-2-ylidenes and
benzannulated derivatives.

Cavallo et al. published a study based on density-functional theory (DFT) to rationalize the
dimerization tendency of NHCs.[®? Dimerization energies Egim were calculated according to

equation 1.

Egim = (A NHCsteric) + (B - NHCelectronic) + C 1)
For the molecular descriptors NHCsteric the buried volume (%Vpur) and for NHCeiectronic Singlet-
triplet splitting Es.t is used. A, B and C are empirically fitted parameters.l®® 621 The investigated
imidazoles, imiazolines and benzannulated imidazoles and the various nitrogen substituents are

shown in Scheme 7.
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R\N/\N/R

Scheme 7: Carbene structures investigated by Cavallo et al. in terms of dimerization.!62! A basic
skeleton (1, 2 or 3) always combines with one type of residue R (a, b, ¢, d, e, f, g, h, i orj) on the
nitrogen atoms, accordingly only symmetric NHCs were investigated.

A plot of the dimerization energy AEf versus the AERGh (reference) show quite similar
behavior (R?=0.93; Scheme 8). NHCs known to dimerize are displayed as red spares, yellow
triangles display NHCs that are in equilibrium with the corresponding dimer. Green rhombus
NHCs are stable, free carbenes and NHCs with unclear experimental behavior are depicted as
colorless circles. A trend from negative to positive energies is visible. At negative energies, the
dimers of NHCs can be found while at positive energies the stable, free carbenes and in the
middle (just below zero) NHCs in the equilibrium between dimer and carbene are located.
Among the stable, free carbenes are most of the imidazole-based structures and none of them
dimerize. In turn many of the imidazoline-based structures can be found at higher energies either
known or supposed to exist as dimers. Scheme 8 reproduces several results of Wanzlick and
Arduengo.[31: 34 50-51, 59-60, 62] 1 3_djphenylimidazoline-2-ylidene (1g in Scheme 8) is a dimer as
isolated by Wanzlick while 1,3-diadamantylimidazol-2-ylidene (3f) as well as 1,3-bis(2,4,6-
trimethylphenyl)imidazoline-2-ylidene (1j) are shown as stable carbenes. Neglecting those

molecules bearing only hydrogen as nitrogen substituent, the tendency to dimerize is lowest for
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imidazole derivatives, medium (dimer/carbene equilibrium) for benzimidazoles and highest for

imidazolines. 38 41, 43,57, 62]

40_: 9 NHC stable as monomer 3f
| A Monomer/dimer equilibrium
B NHC stable as dimer
] O No data available 2e 3e
20-
E | 1O "
= 1j._ 3¢ O 1e 3
3
< 0- 3d
2b c\2l 3i
g 1\ / 02d
-20-
] 1b’ 129 \\\
] 2a
-40-_ 1a
_‘,‘0 _20 (')2'04'0

AE?FT (kcal/mol)

Scheme 8: Numbers and letters within the plot area correspond to those in Scheme 7 and stand
for different NHCs. Reprinted with permission from (Organometallics, 2008, 27, 12, 2679-2681).
Copyright (2008) American Chemical Society.[52

Nowadays N-heterocyclic carbenes of many shapes are known and well characterized (Scheme
9).[13.32-33, 631 Aside from five-membered saturated imidazoline (5s-R) and unsaturated imidazole
(5u-R) derivatives, six- (6-R) and seven- (7-R) membered NHCs are well known.[5*7% Six-
membered NHCs, e.g., 1,3-dimethyltetrahydropyrimidin-2-ylidene, were not found to
dimerize.’72 |In addition, carbenes with ring sizes of four atoms were isolated.l”3! Further,
carbenes are not limited to structures bearing two nitrogen atoms in the ring. Carbenes with one
(cyclic alkyl amino carbene; CAAC), three (triazole) and even four (tetrazole) nitrogen atoms
were isolated.[’"*7"1 Alder et al. examined that acyclic carbenoid systems are possible

(acyclic).["®1 Substitution of one nitrogen atom by sulfur leads to thiazol-2-ylidenes while
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substitution of the two nitrogen atoms of a triazol-2-ylidene by phosphorus leads to 2,4-

diphosphazol-2-ylidenes (P-heterocyclic carbene (PHC) diphosphazole).[®-80]

mmmﬂ

5u-R 5s-R 6R 7R
R
N:< N=N R R
/ / \ I I
N\R R/N\/N\R R/N\/N\R R/N\/N\R
CAAC triazole tetrazole acyclic
R
/:\ N:<
/
O\/N\R R/P\/P\R
oxazol diphosphazole

Scheme 9: Various structural motives of N-heterocyclic carbenes. Various backbone
substitutions, including benzannulation, exist and for CAACs the methyl groups can be
substituted.

6.2.3 Carbenes in Catalysis

The electron sextet, basicity and nucleophilicity of N-heterocyclic carbenes make them an
interesting class of substances for applications in catalysis and coordination chemistry.[7-72 81-84]
Well-known examples are NHC metal complex-mediated reactions for carbon-carbon bond
formation. Single bond formation is achieved by cross-coupling reactions based on nickel or
palladium complexes among others with NHC ligands.[®87 Further, carbon-carbon double bond
formation is catalyzed by ruthenium-based Grubbs and Grubbs-Hoveyda catalysts of the second
generation, both bearing NHCs, and group IV oxo and imido alkylidene NHC complexes
(Scheme 10).188971 Both, the cross-coupling and olefin metathesis chemistry were awarded with

the Nobel prize and NHCs contributed and still contribute to their development.[%8-%°]
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Scheme 10: Cross-coupling catalyst (left), Grubbs-Hoveyda second generation catalyst (middle)
and molybdenum NHC alkylidene catalyst (right).[7. 100-101]

However, NHCs contribute not only as ligands in organometallic chemistry. A remarkable
Bransted basicity is an inherent property of NHCs.[5® 1921 Thus, numerous scientists spent efforts
in quantifying this basicity on the pKa scale. Magill and Yates calculated pKa values of
imidazolium in the gas phase and in aqueous environment.1%! Three reactions were investigated.
First, deprotonation of one of the nitrogen atoms, second, deprotonation of C, as well as
deprotonation of C4 and Cs, respectively. For most NHCs NH deprotonation (reaction 1) is
neglectable since both nitrogen atoms are usually substituted by organic residues. However, it
turned out that deprotonation of one of the heteroatom-bound protons proceeds at the lowest pKa
values. Followed by the deprotonation of C. (reaction 2) and finally deprotonation of the
backbone C4/Cs (reaction 3, leading to abnormal NHCSs) take place at the highest pKa values. For
the deprotonation of C; (reaction 2), pKa values from 24.3 to 25.8 (aqueous phase) and for
backbone deprotonation (reaction 3) pKa values from 32.2 to 34.7 (aqueous phase) were found.
This fits an experimental study where for the deprotonation of C, a pKa of 23.8 was found for
imidazole.*% Further, the authors found values for 1,3-dimethylimidazolium (23.0), 1,3-
dimethylbenzimidazolium (21.6) and 1,3-bis(1-phenylethyl)benzimidazole (21.2) for C.. Yates et
al. further published a study concerning calculated pKa values of twelve different NHCs in
DMSO or acetonitrile, respectively (Table 1).[1%! |rrespective of the solvent, some trends and

tendencies can be observed. The following discussion is based on the averaged, relative values in
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DMSO. The influence of residues adjacent to nitrogen is visible in entries 1 (Me, 21.3), 4 (iPr,

22.3) and 5 (tBu, 22.8), pKa increases with increasing positive inductive effect.

Table 1: Structures and pK, values in DMSO and acetonitrile, respectively.[105]

entry structure pKa (DMSO)  pKa (acetonitrile)
1 N N< 21.3 32.2
2 /?jf\ 23.9 34.7
Cl Cl
3 = 16.4 27.2
— N ~
\
4 N 22.3 33.1
[\
5 S 22.8 33.7
6 \FN7;<NT/ 24.7 35.6
/—\
7 @/“y“\@ 16.3 27.2
//\
8 &NYNQ 17.0 28.0
9 g 22.5 33.4
10 JOR 27.3 38.2
11 A 28.1 38.9
12 {he 14.6 25.5

A comparison of entries 1 to 3 as well as entries 4 and 6 highlights the impact of the backbone
substitution. Methyl group substitution increases the pKa values by 2.6 (entries 1 and 2) and 2.4

(entries 4 and 6), respectively. In contrast, substitution by chloride decreases the pKa by 4.9. By
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comparison of entries 1, 4 and 5 with 7 and 8 it appears that aromatic substituents at the nitrogen
atoms decrease the pKa. This effect is about as strong as the substitution with chloride in the
backbone. Entries 1 and 9 allow to contrast the basicity of saturated (22.5) and unsaturated (21.3)
N-heterocyclic carbenes. Further, a ring expansion to tetrahydropyrimidine (six membered) in
entry 10 gives the highest pKa values (27.3) in this study for cyclic substances. Interestingly,
acyclic carbenes exploit even higher values of 28.1 (entry 11). On the contrary, the lowest pKa

(14.6) was found for the methylthiazol-2-ylidene.

Cheng et al. investigated the pKa values of ten 1-methyl-3-organyl imidazolium compounds in
DMSO.1%] No substantial differences were found for methyl, ethyl, n-butyl and n-octyl
(pKa=22.0 to 22.1) moieties adjacent to the nitrogen atom. In contrast, the pKa values increased
for the substitution of a linear side group by one (pKa=22.6) or two (23.2) tertbutyl group. An
even stronger influence was found for methyl-substituents in the imidazole backbone
(pKa=23.4). In addition, a minor impact of the counter ion was observed. O’Donoghue et al.
published a study in which pKa values of imidazolium, imidazolinium and
tetrahydropyrimidinium salts in aqueous media were investigated.['°”! However, a comparable
tendency as in the aforementioned references was found. The highest pKa values were found for
tetrahydropyrimidine, followed by alkyl substituted imidazolium salts, followed by aryl
substituted imidazolinium salts and lowest for aryl substituted imidazolium salts. A generalized
illustration is shown in Scheme 11.1292 1971 Fyrther NHC structures were investigated by Ji et al.
and Harper et al (vide infra).[*08-110]

S/:\ ® M\ e [ \e M\ e [ \e q(?

\%N\R aryI/NVN\aryI aryI/NVN\aryl aIkyI/NVN\aIkyI aIkyI/NVN\aIkyI R/N\7 R

-
v

increasing pK, values

Scheme 11: Generalized structures of NHCs aligned according to increasing pKa values.
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The synthesis of polyurethane (PU) is one example for the utilization of the basicity of N-
heterocyclic carbenes in polymer chemistry. Publications by Buchmeiser et al. and Destarac et
al. show how NHCs can be applied to prepare crosslinked and linear polyurethanes,
respectively.[**11131 Mechanistically it was pointed out that an activation of the diol monomer is
achieved by reducing the bond strength between oxygen and hydrogen (or complete
deprotonation) caused by proton attraction by the basic carbenoid carbon (Scheme 12). Imidazol-
2-ylidenes appear most suitable to promote the carbamate formation. The application of NHCs as
catalysts for the polyurethane synthesis in a polyaddition reaction of diols and diisocyanates is all
the more interesting as it is known that NHCs can also be used as catalyst to trimerize
isocyanates to isocyanurates.**4118 Further, dimerization of isocyanates was observed in some
cases.['*®l The tendency to dimerize or trimerize isocyanates depends on the NHC applied as well

as on the substrate.[118!
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R
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Scheme 12: NHC mediated carbamate bond formation (left). The alcohol-NHC adduct might
possibly be an imidazolium alcoholate. Trimerization of isocyanate to isocyanurates catalyzed by

NHCs (right).
The basicity of NHCs is exploited in further reactions like the amidation of esters, the ring-
opening polymerization of lactones initiated by alcohols and in the ring-opening polymerization

of lactams.[7> 119-120]
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Many publications concerning the organocatalytic properties of NHCs, however, do not deal
with their basicity but their nucleophilicity. Prominent examples are the benzoin condensation,
Stetter reaction, homoenolate formation, 1,2-addition reactions, the trimerization of isocyanates
and ring-expansions.*17-118 121-1311 The Tolman electronic parameter (TEP) is a measure to
quantify the electron donating property of N-heterocyclic carbenes, although not the only one.[6®
1321331 Originally, the TEP was developed for phosphines. Its measurand is the IR wavenumber
(cm™) of CO ligands in complexes of the ligand to be analyzed (L) and nickel tricarbonyl
[Ni(L)(CO)z3]. Electron donation from (L) to the metal causes a shift of electron density from the
metal to the anti-binding 1 orbitals of the CO ligands. Thus, stronger electron donation
properties of (L) lead to lower stretching frequencies. Due to the toxicity of nickel carbonyl
complexes alternative iridium and rhodium complexes were developed as well as methods to
convert the values obtained from iridium ([IrCI(CO)2(L)]) and rhodium ([RhCI(CO)2(L)])
complexes to those values obtained from nickel complexes ([Ni(CO)s(L)]) with high accuracy.®
133139 Scheme 13 summarizes some NHCs and phosphines and their TEP values. Phosphines,
triazolylidenes and thiazolylidenes are relatively electron-poor compared to imidazolylidenes
and imidazolinylidenes. Within the latter two there is rather a small range of variation of the TEP
value (from 2052.4cm? to 2049.5cm™; ATEP=2.9cm™). Most electron-rich are the
tetrahydropyrimidine- and diazepinylidenes as well as CAACs. However, only a small selection
of the known NHCs (and phosphines) is shown here and the impact of the backbone substitution,
and nitrogen substituents (or other side groups) and eventually their substitution on Tolmans
electronic parameter must not be neglected. Thus, it is interesting to note the difference between
the two CAACSs depicted (Scheme 13). The variation in the substitution of the side group (on C;

and C4) from hydrogen to prop-2-yl and methyl, respectively lowers the TEP value from
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2048.5 cm™ to 2042.2 cm™ (ATEP=6.3 cm™) and is considerably high in contrast to the above

mentioned variation within the imidazol(in)ylidenes.[6% 13l
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Scheme 13: Selected examples of N-heterocyclic carbenes and phosphines and the
corresponding Tolman electronic parameters.[63!

Benefit from the nucleophilicity of NHCs towards catalysis can be obtained, for example, by
polybenzoin condensation.[!16 130 1401 This step-growth polymerization is based on the benzoin
condensation, a reaction that was conducted in the presence of strong bases and thiazolium or
imidazolium salts, respectively before the isolation of a free carbene. However, it was found that

the active species is a carbene and the reactions proceeds via the Breslow intermediate (Scheme

14). [115, 117, 141-145]

Breslow intermediate
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Scheme 14: Polycondensation reaction of benzene-1,4-dicarbaldehyde to poly(benzene-1,4-
dicarbaldehyde) catalyzed by N-heterocyclic carbenes (left). Catalytic cycle of the benzoin
condensation with Breslow intermediate.[130. 140-145]
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6.2.4 Latent N-heterocyclic Carbenes

The benefits of N-heterocyclic carbenes come along with drawbacks concerning their stability
towards air and moisture. Formation of imidazolin-2-one derivatives as an oxidation product of
free NHCs and ambient oxygen were described by Wanzlick et al., however, studies by Denk et
al. drew a different picture.[3t: 34 4849, 1461 |t wags observed that both 1,3-ditertbutylimidazol-2-
ylidene (5u-tBu) and 1,3-ditertbutylimidazoline-2-ylidene (5s-tBu) are inert towards oxygen and
other oxidizing agents like CuO, Cu20 and HgO. The different behavior found by Wanzlick et
al. is probably due to the formation of the dimer whereas the singlet-triplet splitting of 5u-tBu
and 5s-tBu is too high to form dimers (Scheme 15). In contrast, decomposition was observed

when water was added to the carbenes.

/N N< [\
CeH
— —TYyO

5u-tsu>F %—»% o {/

Scheme 15: Reaction presumably observed by Wanzlick et al. (top).[31 34, 48-49] Decomposition
reactions of NHCs in the presence of water (bottom).[146]

1,3-Bis(2,4,6-trimethylphenyl)-4,5-dichloro imidazol-2-ylidene (5uci-Mes) is one of the rare

examples stable under ambient conditions.*

Nonetheless, in recent years the number of metal complexes using N-heterocyclic carbenes as
ligands and their usage in catalysis reached a remarkable level.247-2491 Ajr- and moisture-stable

alkylidene complexes of ruthenium and NHCs (Grubbs catalysts) allow for ring-opening
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metathesis polymerization (ROMP) under ambient conditions, metathesis reactions in water and
column chromatography of the organometallic compounds.*3%*54 The stability of this NHC
metal complexes, however, does not reflect the stability of free carbenes. In addition, metal
complexes can often be synthesized in situ from a metal precursor, an NHC-HX precursor and a
base strong enough to bind the proton from the carbenoid center. However, strong bases are
necessary and it should be noticed that many substrates are sensitive to strong bases or initiate

side reactions.%°

Adducts of NHCs and CO, (NHC-carboxylate, NHC-CO2) proved to be useful in the synthesis
of palladium NHC complexes, which were applied in situ in a Suzuki-Miyaura cross-coupling
reaction.’>®! In addition examples for rhodium, iridium, ruthenium and further NHC metal
complexes synthesized from NHC-CO: are known.[** 1571 This is all the more interesting as it
was possible to transfer this technique to polymer-supported N-heterocyclic carbene carboxylates

introduced to the crosslinked ROMP polymer by copolymerization. %!

The concept of blocking the reactive carbenoid carbons was also used to produce latent N-
heterocyclic carbenes. Here, both electrons of the sp? orbital are coordinated to electron-deficient
moieties but can again be released upon exposition to external stimuli.l*02 155 1591601 The phond
between NHC and electrophile can be of covalent or coordinative nature depending on the
electrophile. Scheme 16 depicts a selection of strategies to protect the carbene comprising
betaines like NHC-CO2 and NHC-CS, hydrogen carbonates like NHC-H2COs, sp® hybridized
C carbon atoms like NHC-HOR’, NHC-HCCI3 and NHC-ArXm as well as coordinative, non-

covalent bonds like NHC-MX.
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NHC-H,CO;  NHC-HOR' NHC-CO, NHC-CS,  NHC-HCCI;  NHC-ArX,, NHC-MX,,
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Scheme 16: Structures of blocked N-heterocyclic carbenes with various protecting groups.
Although only imidazole(in) derivatives are depicted many strategies can be applied for triazole,
benzannulated, tetrahydropyrimidine and diazepan derivatives.[53]

NHC-H2COs precursors, upon increased temperature, release the carbene and carbonic acid,
which decomposes to H20 and CO,.[19% 1611631 Thejr synthesis is quite comfortable as an anion
metathesis from e.g. imidazolium halides with alkali metal hydrogen carbonate leading to the
desired molecule without the necessity to form a free and thus reactive or sensitive carbene as
intermediate. An ambivalent characteristic is the release of water that limits the use of NHC-
H2COs to non-water-sensitive reactions but at the same time these precursors provide a certain
stability towards ambient humidity and long-term storability. The sp3-hybridized precursors
allow for a comfortable liberation or isolation of the free carbene since the released small
molecule, the former protective group, might be evaporated and removed from the reaction at
elevated temperatures and/or reduced pressure.[3l 34 48-49, 74-75, 164-166] Fyrther, the release of an
alcohol might be used beneficially e.g., in ring-opening polymerizations.*”1 NHC-MX, and
may have a dual impact on catalyzed reactions. The carbene, on the one hand, affects the
reactions as Lewis or Brensted base while the metal compound MX,, on the other hand, acts as
Lewis acid. This was observed for both, AROP of lactones and step-growth polymerization of
polyurethanes.[111-112. 120, 159, 167-169] The released Lewis acids often increase the electrophilicity
and facilitate the attack of the NHC or another nucleophile activated by the NHC. The synthesis
of silver halide NHC complexes (NHC-AgX) is, like the synthesis of NHC-H2COs,

accomplished from of the NHC-HX salt. Two equivalents of NHC-HX mixed with one
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equivalent Ag.0 produce two equivalents of the organometal compounds and one equivalent of
H>0. NHC-AgX complexes are widely used to transmetallize NHCs to complexes in chemical
environments not tolerating free carbenes but also found application as catalysts.[8% 170-177]
Among the protected NHCs, the carboxylates are probably the best investigated class, whereas
the isoelectronic and structurally related NHC-CS:2 precursors are less researched, mainly due to
the stability of the adduct, making them less interesting in latent catalysis. Another drawback is
the released, toxic CS2.17817°1 Further, CS; is liquid at ambient temperatures whereas gaseous
CO: is easily removed from the reaction mixture. Noteworthy, the mixed form, NHC-COS was
isolated, the structure resolved by single crystal X-ray structure analysis, compared to NHC-CO:
and NHC-CS2 and the catalytic activity tested for transesterification and benzoin
condensation.*®% A closer look at the structure of NHC carboxylates shows a zwitterionic charge
separation where the positive charge is distributed between N-C-N (or the aromatic imidazole
moiety) and the negative charge is distributed between O-C-O. Both carbons are covalently
bound to each other although the electron density distribution is shaped comparable to NHC
metal complexes, where most of the electron density is located at the electron-deficient center.
Further, the CO2 moiety is twisted relative to the plane of the heterocycle. This torsion angle ®

can be determined by X-ray structure analysis or quantum mechanically calculated.

An outstanding issue for the latency of NHC-CO: catalysts and initiators is the stability of the
adduct of NHC and CO.. Mixtures of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (5ume-
iPr) and 1,3-bis(2,4,6-trimethylphenyl)imiazolium-2-carboxylate (5u-Mes-CO2) or 1,3-di(2,6-
diisopropylphenyl)imidazolium-2-carboxylate (5u-Dipp-COz) result in 5ume-iPr-CO2 and 5u-
Mes or 5u-Dipp, respectively (Scheme 17).11*4 The reaction of 5u-Mes or 5u-Dipp with Sume-

iPr-CO2 does not result in 5u-Mes-CO2 or 5u-Dipp-COz. In addition, the reaction of 5u-Mes
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and 5u-Dipp-CO: leads to 5u-Mes-CO2 and 5u-Dipp, again the back reaction was not observed.
Thus the authors concluded the following order of stability Sume-iPr-CO2>5u-Mes-CO2>5u-

Dipp-CO2.18
M\e —

Vo &5 f*@“ SRS

& ETH— ST B EE

Scheme 17 Reactions of NHCs with NHC-CO.[114. 181]

With respect to the application of latent N-heterocyclic carbenes in catalysis it was found that the
CO; and carbene release is facilitated for higher torsion angles ©.[178 1821 |t was argued that the
conjugation is disturbed for larger angles which in turn weakens the C-C bond. Louie et al.
correlated the NHC-CO: decarboxylation temperatures received from thermogravimetrical
analysis measurements (TGA) and torsion angles from X-ray structure analysis (Table 2).[t82
Comparison of entries 1 and 2 shows a remarkable strong influence of backbone methyl group
substitution. An increase in torsion angle of about 7° results in a decrease of the decarboxylation
temperature by 20°C. Further, the same backbone alkylation in entry 5 compared to 7 leads to a
difference of 41° in torsion angle and a decreased decarboxylation temperature from 136 to
108°C. Consequently, the steric demand of the nitrogen substituents is not the only factor
affecting the decarboxylation temperature. This is exemplified if entries 6 and 7 are compared
where the saturation state of the backbone results in a 30° difference in torsion angle and 12°C in

decarboxylation temperature. Nonetheless, steric properties of the nitrogen substituents have got
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an important effect underlined by the steadily increasing steric bulk in entries 1, 3 and 4 resulting
in increasing torsion angles and decreasing carboxylation temperatures while maintaining the

backbone substitution.

Table 2: Decarboxylation temperatures determined by TGA and torsion angles determined by
single crystal X-ray analysis of various NHC-CO,.[182]

entry NHC-COz2 decarboxylation temperature [°C]  torsion angle © [°]

\e

1 N 182 22.4
%
—\e
NN
2 o;(o 162 29.0
€]
Y=y
3 \/”I“\/ 144 475
(6] (6]

4 \FN;_(N(DT/ 139 69.0
(0]
©

136 46.7

Mo
N_ N
% é 120 58.0
(¢] (0]
€]
e
;( 108 88.1
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In solution, the stability of the NHC-CO:2 adduct is influenced additionally by the solvent. 5u-

v
<X
o

(o3}

\]

Me-CO, was found to be stable in both, pure water and anhydrous MeCN.281 However,
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solutions of 5u-Me-CO:2 in MeCN upon the addition of water exhibit quantitative formation of
the 1,3-dimethylimidazolium salt as observed by NMR. The observation was investigated more
in depth for MeCN, MeOH and 1,4-dioxane. For all three solvents, the rate of decomposition
decreased with increasing amounts of water. Further, it was found that decarboxylation was
faster for less polar solvents. The order of decomposition rate is thus reduced from dioxane over
MeCN to MeOH. DFT calculations showed shorter C,-CO2 bond lengths with simultaneously

increasing dipole moments and increasing dissociation bond lengths for more polar solvents.

The pKa value of the NHC-HX salts was compared to the stability of carbene CO> adducts by
means of DFT.[1% A linear correlation was found i.e., increasing stability (AG) of the adduct

occurs with higher basicity of the NHCs (Scheme 18).
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Scheme 18: Selected examples of NHC precursors from publications of Ji et al. Plotted AG of the
NHC-CO; adduct vs. pK, of the NHC-H* salt.[108-109]
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The study included 90 NHC carboxylates based on triazoles, imidazolines and imidazoles.
However, a follow up publication was enhanced to more than 400 structures including
imidazoles, benzimidazoles, triazoles, imidazolines, tetrahydropyrimidines, diamidocarbenes,
diazepanes, thiazoles, cyclic alkyl amino carbenes, 1,3-diazocyclo octan and mesoionic
carbenes.'®! Again, good linear correlation of the pKa and the stability of the CO, carbene
adduct was found. Nonetheless, perfluorinated or tertbutyl side groups deviate partially from this

behavior.

Increasing interest in latent NHCs fostered the development of various synthetic methods for
NHCs and the respective carboxylates.®1 A solvent-free one-pot procedure was established by
Rogers et al. in 2003 (Scheme 19).%! The authors heated a mixture of dimethyl carbonate and 1-
methylimidazole to from 1,3-dimethylimidazolium-2-carboxylate (5u-Me-CO2) which
precipitated from the mixture. 5u-Me-CO:2 can be synthesized, isolated, purified and stored at

ambient conditions.

®
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Scheme 19: Synthesis of 5u-Me-CO; according to Rogers et al.l®!

The concept of converting N-alkyl or N-aryl imidazoles with dimethyl carbonate was extended
for the synthesis of unsymmetric NHC carboxylates.[#>-187] Competitive carboxylation of the C4
or Cs of the imidazole ring and C, was found for temperatures above 95°C whereas above 120°C
only substitution in 4 or 5 position was observed.*>” 181 pyre C, substituted product was found
for temperatures below 95°C. The proposed mechanism starts with the methylation of the
unsubstituted imidazole nitrogen. The 1,3-dimethylimidazolium cation is deprotonated by the

methyl carbonate anion to form 1,3-dimethylimdazol-2-ylidene and instable methyl hydrogen
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carbonate, which decomposes to methanol and CO, which is in turn coordinated by the formed

carbene to result in 1,3-dimethylimidazolium-2-carboxylate.

A convincing possibility to form NHC-CO2 is via deprotonation of the NHC-HX and
subsequent addition of CO». This method is widely applied and allows converting many free
NHCs to the respective carboxylate. Further, this method also allows for preparing carboxylates
of saturated and unsaturated five membered NHCs with and without backbone substitution as
well as six and seven membered.[*®8-181 However, the formation of free carbenes requires careful
synthetic handling of both, the strong bases necessary to deprotonate the imidazolium salts and
the free carbene intermediates. Tommasi and Sorrentino published a route applying 1,3-
dialkylimidazolium chlorides and Na,COs under an atmosphere of 500000 Pa CO: thereby

avoiding the formation of a free carbene intermediate.[**"]

Noteworthy, NHC adducts with carbodiimide were reported (NHC-C(NR)2) representing
isoelectronic structures to NHC carboxylates.[**) Comparable to NHC-CO- they were proven to
exhibit a betaine structure. A torsion angle of 85.6° was found for Sume-iPr-C(NiPr)2 whereas
for 5ume-iPr-CO2 an angle of 69.0° was observed.l'8?l The different torsion angles can be
attributed to the varying steric demand of the electrophiles. The authors list the steric shielding of

the four isopropyl groups as the reason for chemical inertness.

Underappreciated and comparably early, isocyanate and isothiocyanate protected NHCs were
synthesized. However, these early representatives were prepared from bis(1,3-diorganyl
imidazoline-2-ylidene)s and isocyanates and/or isothiocyanates (Scheme 20) more than 20 years
before the first N-heterocyclic carbene was isolated and barely recognized as latent catalysts. >

50, 192-1941 'Winberg and Coffman converted bis(1,3-diethylimidazolin-2-ylidene) with two
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equivalents of phenyl isothiocyanate and isolated the betaine phenyl(1,3-diethylimiazolinium-2-
thionyl)amide. After subsequent reaction with iodomethane, the methyl group was found to be
bound to the sulfur atom, thus it seemed natural that the highest electron density is located on the
sulfur. In contrast, protonation upon treatment with HCIO4 occurs at the nitrogen and conversion
with ethyl isocyanate or methyl isothiocyanate produced the spirocycles 1-ethyl-3-phenyl-6,9-
dimethyl-1,3,6,9-tetraazaspiro[4.4]nonan-2-on-4-thione  or  1-methyl-3-phenyl-6,9-dimethyl-
1,3,6,9-tetrazaspiro[4.4]nonan-2,4-dithione, respectively, and a thiocarbonyl moiety was
observed whereas the nitrogen is part the five ring atoms.[*** Spirocycles of comparable
constitution were also synthesized from phenyl(1,3-diethylimidazolinium-2-thionyl)amide by
incorporation of but-1-en-3-one, prop-2-ennitrile and methyl prop-2-enoate. Interestingly, the

non-substituted CH_ group is bound to the nitrogen.[*9?]
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Scheme 20: Formation of phenyl(1,3-diethylimiazolinium-2-thionyl)amide and subsequent
conversion with iodomethane or ethyl isocyanate or methyl isothiocyanate.[*92
Bis(1,3-diphenylimidazoline-2-ylidene) and its reactions with isocyanates and thioisocyanates
were investigated in a study published by Regitz and Hocker.[***1 Conversion in the ratio of 1 to

4 resulted in the formation of spirocycles for isocyanates and isothiocyanates. This finding was
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almost independent of the substitution of the applied iso(thio)cyanate. However, the formation of
betaines was described exclusively for deactivated isothiocyanates (-Ph-NO2 group for example)
when converted with the bis(diphenylimidazoline-2-ylidene)s in a ratio 2:1. Methyl
benzthiazolium salts as well as 3,4,5-trimethylthiazolium were found to give the 1-thio-4,6,8-
triaazaspirocycles when converted with iso(thio)cyanates.[**®! In contrast, reactions starting from
1,3-dimethylimidazolium with either methyl isocyanate or phenyl isocyanate resulted in the
formation of 1,3-diazetidine-2,4-diones or 1,3,5-triazan-2,4,6-triones. Betaines of NHCs and

isocyanates were usually not isolated.[*8%]

For the sake of completeness, the successful syntheses of spirocycles with an imidazol(in)e
moiety with higher homologous like isoselenocyanates as well as reactions with other hetero
cumulenes like a-(thio)carbonyl and CS» and the formation of 1,3-diphenylimidazolin-2-

carboxylate as a hydrolysis product of aforementioned molecules must be mentioned.[*8% 195 197-

198]

With respect to synthetic applications, the reversibility of the NHC isothiocyanate adduct
formation  was  investigated by  Norris and  Bielawski  for  1,3-bis(2,2-
dimethylpropyl)benzimidazole-2-ylidene and phenyl isothiocyanate by means of NMR in
toluene-d8 (Scheme 21, top).11%1 An equimolar mixture of the products on the left and on the
right side was found after 20 h at 120°C. The actual goal of the study, to synthesize a reversible,
conjugated polymer, was fulfilled by adjusting the temperature and the ratio of the monomers.
The polymer synthesis is depicted in Scheme 21, (middle). Bielawski et al. also published on a
study in which 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene, protected by adduct formation
with phenyl isothiocyanate, was applied as organo catalyst for the trimerization of phenyl

isocyanate and the anionic ring-opening polymerization of lactide (Scheme 21, bottom).[2%
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Different substitutions of the protective phenyl isothiocyanate derivative allowed to adjust the
catalyst activation temperature significantly. The strongest activation temperature decrease was

observed for the 1 electron donating 4-methoxyphenyl isothiocyanate.
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Scheme 21: Equilibrium with deuterated and non-deuterated phenyl isothiocyanate (top).
Polymerization of a dicarbene and a diisothiocyanante (middle). Latent NHC organo catalyst and
applications (bottom).[199-200]
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Katritzky et al reported the syntheses and investigation of various CSz- and
(double)isothiocyanate-protected NHCs.[?022021 The behavior of the benzimidazole based
spirocycles towards increased temperatures was investigated by NMR experiments (Scheme 22).
A first decomposition step, releasing the NHC isothiocyanate adduct and non-bound
isothiocyanate was found at 70°C. Upon cooling, the sample below 70°C the initial spirocycle
was re-formed. Heating the mixtures above 80°C led to the formation of two equivalents of
isothiocyanate and the free carbene. It was claimed that this behavior could be exploited to

generate “on demand” catalysts.[2%?]

NP °

N N N N N
70°C H 80°C >:

NN T NI S T T N
- 2N -~z

/I\Q\ o Y N o Y N

Scheme 22: Stepwise liberation of a free carbene from a double isothiocyanate protected
NHC.[202]

Whereas betaines of NHCs and isothiocyanates are often isolated only a few examples of
isolated isocyanate adducts are known. Even if substoichiometric amounts of isocyanate are
added to the NHC, formation of the 1,3,6,9-tetraaza spirocycle seems to be preferred. Moieties
with electron-withdrawing properties adjacent to the isocyanate stabilize the betaine structure.
[181, 1951 However, spirocycles from either imidazolines or triazoles or thiazoles or benzimidazole
or benzthiazoles and two equivalents isocyanates are well known and their syntheses and

structures are described accurately in the literature, [194 196-197, 203-208]

50



6.3 Anhydride-Hardened Epoxide Resins

Epoxide resins are curable materials based on oxirane derivatives.?®! The polymerizable
mixtures are often called thermosets.[??®! Usually, the monomers bear two or more oxiranyl
groups, however, reactive thinners with only one oxirane moiety can be used additionally.[?*!]
After the curing reaction, duroplastic, crosslinked materials are formed. Epoxide resins find
application in various areas like coatings, windmill blades, microelectronics, ships, architectures,
automotive and aerospace parts, adhesives and matrices for fiber matrix composites.[2% 212214l
Characterizing properties are high electrical resistance, adhesion to many materials, low curing
shrinkage, heat resistance and mechanical capacities to withstand stress. All those properties can
be tuned according to need. The degree of crosslinking has significant impact on the material
properties.?242% Higher crosslinking results in material with higher Tq and higher chemical
resistance. Lower crosslinking content leads to greater elongation before break and improved
toughness as well as reduced shrinkage during curing.?!51 The different resin types for different
applications are, among other characteristics, distinguished by the curing agents. Aromatic and
aliphatic primary amines react in a ring-opening fashion with the oxirane moieties (Scheme 23).
Each primary amine undergoes two of these reactions commonly followed by a proton transfer.
Crosslinking is usually caused by the application of di- and polyfunctional amines. The curing
reaction of an amine with epoxides is depicted in Scheme 23.120° 261 |n principle, both, the
substituted and the unsubstituted position of the terminal three-membered ring are accessible for
the attack. In the following, reaction schemes are drawn showing the attack at the sterically less

crowded, unsubstituted carbon atom.
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Scheme 23: Reaction of a primary diamine with four epoxides.
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Another group of curing agents comprises benzylsulfonium, benzylpyridinium,
benzylammonium and phosphonium salts.[?% 2172231 The mode of action of these activators
generally increases electrophilicity of the oxirane moiety by coordination or even covalent bond
formation (Meerwein-like) between the oxirane oxygen and the cationic moiety. Thus, the
neighboring carbon atoms of the oxirane oxygen become accessible for nucleophilic ring-
opening attacks by other oxiranes. In some cases, these initiators are latent and become activated
by external stimuli like heat or UV light. The third group of curing agents includes imidazole
base or tertiary amines. Both are often used as accelerators in conjunction with other curing
agents, however, this is not necessarily the case.[?% 2242251 For use as accelerator, both imidazole
and tertiary amines can be used in conjunction with (primary) amines or with the fourth group of
curing agents namely anhydrides, more precisely cyclic anhydrides.[2%% 214 2261 For anhydrides

also hydroxyl curing agents can be applied as accelerator. 2262301

The initiation of anhydride-hardened epoxide resins is often described by starting from the
epoxide-immanent sp® carbon-bound secondary hydroxyl groups. These hydroxyl groups result
from reactions of the oxirane moieties with primary alcohols (mostly phenol derivatives). One
famous example is 2,2-di-4,4’(oxiranylmethoxyphenyl)propane commonly known as bisphenol-
A-digylcidyl ether (BADGE) (Scheme 24 (top)). BADGE is synthesized from 2,2-di-
4,4’ (hydroxyphenyl)propane and 2-(chlormethyl)oxirane and is one of the most important

monomers in epoxide resin chemistry (“workhorse”).[?? 231 Remarkably, the initial addition
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reaction of 2-(chlormethyl)oxirane to 4,4’ (hydroxyphenyl)propane proceeds under oxirane ring-
opening and proton transfer while the ring-closing and condensation products are formed in the
downstream reaction under the impact of NaOH. Further, the pKa of phenolic alcohols in DMSO
is around 18-19 for unsubstituted derivatives or small aliphatic substitutions on the aromatic ring.
The pKa of propan-2-ol is 30 (in DMSO).[2%2331 Weak phenolic acids react with the oxirane
moieties in an addition reaction whereas the non-acidic secondary alcohols coexist with epoxides
(or react very slowly) even at elevated temperatures.!?34 However, in the presence of e.g. tertiary
amines, secondary hydroxyl groups undergo anhydride-hardened epoxide curing reactions
probably due to the activation of the anhydride.[?"- 2% |t should further be noted that the addition
of one equivalent 2,2-di-4,4’(hydroxyphenyl)propane to two equivalents 2,2-di-
4.4’ (oxiranylmethoxyphenyl)propane does not necessarily correspond to the exact structure as
depicted in Scheme 24 (top). On the contrary a mixture of BADGE and addition products of
various chain length must be expected (Scheme 24, bottom).[?®® Therefore, the epoxide
equivalent weight is an important measure and refers to the mass of the resin that contains one
mole of oxirane moieties.!> 2261 |n other words one mole oxiranyl groups has a certain
molecular weight that is described by the epoxide equivalent weight. However, this measure is
not only used for BADGE and other diepoxides that are prepolymerized but also for epoxide
resins like bio-based epoxidized fatty acid triglycerides and novolaks. Novolaks are synthesized
from phenol and substoichiometric methanal and subsequently converted with 2-
(chlormethyl)oxirane to give oligomers with a single-digit number of repeat units each bearing

an oxirane unit (Scheme 25).1236-237]
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Scheme 24: Synthesis of BADGE and formation of a “prepolymer” (top). Polymeric structure
resulting from BADGE and 2,2-di-4,4’(hydroxyphenyl)propane (bottom).
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Scheme 25: Synthesis from phenol and methanal and the structure of novolak.

If alcohols are present in the anhydride-hardened curing reaction of epoxides two reaction
pathways occur. Both are initiated by a nucleophilic attack of an alcohol on the carbonyl carbon
of an anhydride and subsequent ring-opening under carboxylic acid formation (Scheme 26, top).
Two pathways are possible from the carboxylic acid (Scheme 26). On the one hand, reactions
with an oxirane moiety is possible. The ring is opened and an ester bond is formed as well as an
alcohol representing the new end-group (Scheme 26, right). Subsequent alternating incorporation
of anhydrides and epoxides leads to the formation of a polyester. On the other hand, the formed

carboxylic acid protonates an epoxide which in turn leads to an increased electrophilicity of the
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carbon atoms in the three-membered ring adjacent to the protonated oxygen.[227: 230. 234, 238] Thyg,
a nucleophilic attack of another oxirane moiety at one of these carbon atoms initiates the
formation of a polyether (Scheme 26, left). In anhydride-hardened epoxide curing reactions
containing hydroxyl groups a certain amount of polyether will form under the catalytic influence

of the carboxylic acids as depicted in the reaction pathway in Scheme 26 (left).[234]
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Scheme 26: Two reaction pathways for reactions in the presence of alcohols. Polyester formation
on the right an polyether formation on the left.[227. 230, 234]

Tertiary amine curing agents are widely used in anhydride-hardened epoxide curing
reactions.’?* In a model study it was shown that in the benzyldimethylamine-catalyzed reaction
of 2-(phenoxymethyl)oxirane with benzoic acid anhydride or ethanoic acid anhydride the tertiary
amine binds covalently and irreversibly to a carbon atom of the former oxirane ring (Scheme
27).12%1 The resulting betaine consists of a quaternary ammonium and an alkoxide function. The

alkoxide in turn attacks the carbonyl carbon of the acid anhydride to form an ester and releases a
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carboxylate which is not bond to the former molecule due to the acyclic structure. This
carboxylate then reacts with an oxirane in a ring-opening fashion, resulting in formation of an
ester and an alkoxide within the same molecule. A diester is produced by subsequent
esterification with an anhydride. The reaction cycle is restarted hereafter by the released
carboxylate. 1-Phenoxy propane-2,3-dibenzoate or 1-phenoxy propane-2,3-diethanoate,
respectively, were recognized as the main products of the amine catalyzed reaction. Low
concentrations of tertiary amine resulted in 99% of the diester, higher concentrations produced a

slightly increased amount of byproducts within the single-digit percentage range.[?*l
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Scheme 27: Proposed mechanism of benzoic anhydride and 2-(phenoxymethyl)oxirane

polymerization initiated by a tertiary amine as a model for epoxide resins.[239

Conversely, other authors claim that the initial step is a nucleophilic attack of the tertiary amine
at the carbonyl carbon of an anhydride and subsequent formation of a betaine comprising a
quaternary ammonium and a carboxylate group (Scheme 28).124% The formed carboxylate group

in turn attacks an oxirane moiety leading to an alkoxide after ring-opening. Here, again, two
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reaction paths are conceivable, i.e. either the incorporation of another anhydride, or another
epoxide, depending on the ratio of oxirane moieties to anhydrides.!??® 231 Equimolar amounts
result in the concomitant consumption of both reaction partners and esters are formed instead of
ethers. Further, epoxide homopolymerization is more pronounced if non-terminal epoxides like
cyclohexene oxide and vinylcyclohexene oxide are used. 75-80% of the epoxide moieties
undergo reactions with anhydrides and form ester bonds whereas the remaining 20-25% undergo

epoxide homopolymerization and form polyethers.[24
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Scheme 28: Reaction path of an anhydride-hardened epoxide resin accelerated by a tertiary
amine. After the incorporation of an oxirane moiety two reaction paths are accessible.[210. 227, 239]

An initiation by oxirane ring-opening is also proposed if imidazoles are applied as accelerators
(Scheme 29).[2%8. 2411 Byrchard et al. analyzed the reaction mechanism of imidazole-driven
polymerizations using MALDI-ToF-MS and found that a homopolyester is formed from the

reaction of 2-(phenoxymethyl)oxirane and 2-benzofuran-1,3-dione.[?®®! Mass spectroscopic
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analysis showed formation of both, carboxylic acid-terminated polymers with 2-benzofuran-1,3-
dione on the last incorporated molecule as well as alcohol-terminated polymers in which 2-
(phenoxymethyl)oxirane was incorporated last. The hydroxyl groups drawn in red in Scheme 29
were postulated but not observed by MALDI-ToF-MS. Usually these mass spectra contain a
proton or an alkali metal cation (Li*, Na*), which is necessary for the analyte to fly and which is
added during sample preparation. Here, however, due to the cationic end-group of the polyester
no alkali metal cation was observed. Thus, the initiating imidazoles are chemically bound after

initiation, underlining the C-N bond stability.[?3]

R"—N\;'I‘l )7‘/? /j/ O/? alcohol terminated
5" Y o
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Scheme 29: Polyester synthesis from 2-(phenoxymethyl)oxirane and 2-benzofuran-1,3-dione.
After the workup carboxylic acid (bottom, left) as well as alcohol (bottom, right) terminated end-
groups were found by MALDI-ToF-MS.[238]

More recently, Buchmeiser et al. published on the curing of anhydride-hardened epoxide resins
accelerated by NHCs.[> 242 The proposed polymerization mechanism is initiated by the
nucleophilic attack of the carbene at the carbonyl carbon of the anhydride under formation of a

betaine consisting of a NHC* moiety and a carboxylate.l It was argued that only moderate
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reactivity between e.g. 1,3-diprop-2-ylimidazol-2-ylidene and methyloxirane (epoxide
homopolymerization, 3 d, 50°C) was found in previous publications and therefore the initiation
at an oxirane moiety is less likely than at the anhydride. In addition, the NHC initiated ring-
opening of epoxides strongly depends on the carbene structure whereas for the anhydride-
hardened epoxide systems many carbenes show equally satisfying curing behavior.[? 243244
Further, the assumption was made that the carbene is released again after a nucleophilic attack of
an intermediary formed alkoxide at the carbonyl carbon bound to the NHC* moiety. If so, there

is a certain probability for the released carbene to attack another anhydride.[
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Scheme 30: Proposed mechanism of the anhydride-hardened epoxide curing accelerated by a
NHC and the release of the latter while polymerization.!?
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Buchmeiser et al. applied CO2, MgCl,, ZnCl, and SnCl>, protected saturated and unsaturated
five- as well as six-membered NHCs. Before initiation, the protection group had to be removed
by heating to release the free carbene. In addition, the mixtures of anhydride, epoxide and
protected carbene were found to be stable for days and even weeks at ambient conditions. By

DSC the released energies during curing were determined directly after compounding and one,
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two, three and four weeks after compounding. Only in one case after four weeks less than half of
the initial heat tinting was observed. If 2-benzofuran-1,3-dione was used as hardener for
BADGE, solidification times for various NHCs were between three and seven minutes, whereas
for hexahydro-2-benzofuran-1,4-dione solidification times of four to ten minutes were observed.
The Tmax value was defined as the temperature of maximum negative heat flow in DSC
measurements of one equivalent of carbene precursor, 100 equivalents of BADGE and
200 equivalents of anhydrides at a heat rate of 5 K/min. Lewis acid protected carbenes were
found to display the highest Tmax values, ranging between 169°C for 5s-Mes-ZnCl. over 172°C
for 6-Mes-ZnCl2 to 175°C for 5s-Mes-MgCl2. However, 5s-Mes-SnCl2 with a Tmax of 155°C is
situated in-between the unsaturated five-membered NHCs 5u-Cy-CO: (158°C) and 5u-tBu-CO:2
and 5u-Ad-CO: (both 154°C). The lowest Tmax values were found for CO.-protected
tetrahydropyrimidines comprising 6-Cy-CO2 (146°C), 6-2,6-(OMe)Ph-CO2 and 6-Mes-CO:2
(both 150°C). An exception is represented by 6-Me-CO:2 with an increased Tmax 0f 162°C, which
is explained by the decreased steric pressure caused by small methyl groups compared to the
sterically demanding nitrogen substituents in other tetranydropyrimidines. The authors concluded
that deprotection of the carbene and reactivity of the carbene determine the curing rate. The
observed increased reactivity of CO2 compared to Lewis acid protected carbenes was attributed
to the evaporation of the gas, thus precluding the back reaction to the protected carbene. Most
active 6-Cy-CO2 was further used to prepare glass fiber composites.[??l Resins made from
hexahydro-2-benzofuran-1,3-dione and BADGE were prehomogenized with the carbene
precursor. The mixture was processed by vacuum assisted resin infusion (VARI process) and
subsequent curing at temperatures from 85 to 165°C. Pot times of more than two weeks were

observed.
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The chemical structure of the monomers together with the type of curing agent strongly influence
the properties of the thermosets.?®! Already introduced novolak epoxides cause a high
crosslinking density and thus desirable resistance against thermal, chemical and solvent
impact.[245-2461 Cycloaliphatic epoxides are based on the structure of cyclohexene oxide, bear one
or more of these groups and contribute to thermal and UV stability as well as weatherability.[?4"-
2481 Bijobased resins can consist of cycloaliphatic epoxides (e.g. limonene dioxide) or of
epoxidized triglycerides of unsaturated fatty acids. The latter bear three, four, five, six and more
epoxide groups leading to high crosslinking densities for demanding applications but remain low
in price as the epoxidation is executed by hydrogen peroxide.[?18: 221 236, 241, 249-250] The cyring of
tetrafunctional epoxides results in high crosslinking density and high thermal stability as well as
chemical resistance, UV blocking and high modulus.?>%-%5 Fillers like surface-modified silicon
dioxide nanoparticles, aluminum oxide nanoparticles or carbon nanotubes improve the
mechanical properties.[?12-213. 252-2531 The water (and other fluids) uptake ability might be adjusted

by the choice of monomer and curing program.[?t% 2431
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6.4 Polyoxazolidin-2-ones

Polyoxazolidin-2-ones are characterized by a five-membered ring comprising a carbamate group
within the polymer main chain (Scheme 31). Due to the structural similarity some authors see
them as subgroup of the polyurethanes.[?®*! However, their adjustable properties, including
chemical inertness, high glass transition temperature, high temperature stability, electrical as well
as mechanical behavior, enabled by a huge pool of available monomers, render them unique with

a broad range of possible applications, 254264
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Scheme 31: Generalized polymer structures of polyoxazolidin-2-ones (left) and polyurethanes
(right). They have the carbamate group in common.

Low molecular weight cyclic carbamates serve as auxiliaries in stereoselective synthesis. They
can be prepared from amino acids by reduction and cyclization (Scheme 32). Benzyl-substituted
oxazolidin-2-ones synthesized from phenylalanine are very common. These auxiliaries are

named after David Evans.[265-267]
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Scheme 32: Synthesis of the auxiliary molecules from amino acids (top). Usage of the auxiliary to
gain stereocontrol (bottom).[265-267]

62



Concerning polyoxazolidin-2-ones a major challenge is their synthesis.[?>!l Various approaches,
starting from different monomers, are known. Most common is the synthesis from diepoxides
and diisocyanates. This polyaddition proceeds under formal oxirane ring expansion at elevated
temperatures (typically 150 to 200°C). However, some effort was spent to avoid isocyanates not
only due to their toxic properties but also due to their reactivity. Several isocyanate-free

synthesis procedures have been reported.

Diamines and cyclic dicarbonates were polymerized in a ring-opening fashion resulting in a
polyurethane with ketone side groups (Scheme 33).1254 2682701 A sybsequent ring-closing reaction
leads to a polyoxazolidin-2-one with tertiary hydroxyl groups in the polymer backbone, which in
turn can be removed by dehydration leading to a methylidene group in the polymer

backbone.[?%4
= R %W W\R/W "
0
. R
R

Scheme 33: Polyoxazolidin-2-one synthesis from cyclic dicarbonates and dlamlnes.[zs“n 268-270]

A copper-catalyzed four-component reaction comprising COz, aldehydes, alkynes and amines (or
the respective ammonium salts) resulted in oxazolidin-2-ones.[”* The reaction proceeds at 75°C
overnight in ethanol. Usage of dialkynes and diamines led to the respective polyoxazolidin-2-
ones (Scheme 34, top).1272-2731 Again, temperatures as low as 75 to 80°C are sufficient to execute
the manipulations. In addition two reaction mechanisms were proposed (Scheme 34, bottom).

Both start from the amine, however the sequence of substrate addition remains unclear.

63



i
J o
Ar (0]
R\N)]\O@ )]\
ORI o R
+ M3
Ar % /
o\\ R' R/NH2 Ar
+C\\O R'
NH NH
R™ 2 [Cu*R” " H,0
N @ Ar<__OH ® _
H3N N o}
O 7

=

R ®
R
>\_/v o+ H3N/
o
|

Ar
Scheme 34: Four component polyoxazolidin-2-one synthesis catalyzed by Cul (top). Proposed
mechanism (bottom).[273!

Dicarbamates and diepoxides can be used as starting material for polyoxazolidin-2-one synthesis
(Scheme 35).[255 2742751 The reactions are catalyzed by a base, for example by tertiary amines or
quaternary ammonium salts. Even though the avoidance of isocyanates has advantages, the most
atom-economic formation of carbamates comprises isocyanates. A major advantage of applying
carbamates as starting material are the low reaction temperatures (25 to 140°C, mostly 90°C) at
which the reaction proceeds at least for monofunctional substrates.?”® Further, the carbamate
approach allowed for monofunctional substrates to work without any solvent and a reaction time
of 2 h. For difunctional substrates the polymerization was executed in solution (DMF) and the

reaction times at 90 to 100°C were expanded to 5 to 32 h.[274l
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Scheme 35: Reaction pathways for the polycondensation reaction of dicarbamates and
diepoxides which, under release of an alcohol, react to a polyoxazolidin-2-one.

A related approach, despite starting from diisocyanates, is catalyzed by alkoxides (Scheme
36).2761 Noteworthy, the diisocyanate (2,4-diisocyanato-1-methylbenzene, TDI) was added to the
diepoxide (BADGE) and the alkoxide (lithium n-butoxide) dissolved in 1,2-dichlorobenzene at
180°C over a period of 60 min. For initial experiments with monofunctional epoxides and
isocyanates it was found that yields increase if the isocyanate was added portionwise. Dileone
also investigated the reaction between the alkoxide and the epoxide as well as the reaction

between epoxide and isocyanate. In both cases no reaction was observed. 2’
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Scheme 36: The alkoxide attacks the isocyanate, the formed carbamate anion in turn attacks the
oxirane moiety under ring-opening resulting in an alkoxide end-group, which subsequently
releases the initial alkoxide under oxazolidin-2-one formation.

The polyaddition of diepoxides and diisocyanates is the most common and most atom-economic
approach to synthesize polyoxazolidin-2-ones. Both, diepoxides and diisocyanates are
commercially available with many varying molecule cores in-between the two functional groups.
The consequence of changing from 1,1-bis(4-isocyanatophenyl)methane (MDI) to TDI is an
increase in Tg from 170 to 195°C and a decrease in tensile strength from 66 to 55 MPa,

respectively.l?’8l Therefore, most of the developments focus on the investigation of catalyst
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systems, the preparation of prepolymers and reaction setups (solvents, temperature, monomer

ratio and addition).?”"]

The employed catalysts comprise several types and classes.’?’”1 Among others, ammonium salts
like tetramethylammonium iodide, hexadecyltrimethylammonium bromide and chloride,
tetraethylammonium bromide and iodide, ethyltriprop-2-ylammonium iodide; tertiary amines
like triethylamine, 2,4,6-tris(dimethylaminomethyl)phenol; phosphonium halides like tetraphenyl
phosphonium bromide; Lewis acids like LiF, LiCl, LiBr, Lil, KI, MgClz, Mgl> AICIz and
complexes thereof with hexamethylphosphor amide, N-methylpyrrolidone, diethyl ether, THF
and triphenylphosphine oxide; alkoxides like lithium n-butoxide; nitril-based catalysts like 1-
cyano-2-ethyl-4-methylimidazole and cyanoacetamides as well as triphenyl antimony iodine and

more have been employed.[2°5-256. 261, 263, 276-287]

Mechanisms were proposed for many of these catalysts and initiators. An initial nucleophilic
attack at the oxirane moiety under ring-opening and alkoxide formation is frequently published,
e.g. for catalysts like phosphonium and ammonium halides as well as for Lewis acids and tertiary
amines (Scheme 37, top).[277: 280, 283, 286-288] Tg glkoxide attacks the carbon atom of an isocyanate
moiety. This mechanism was excluded for alkoxides as no reaction took place in the sole
presence of epoxide and alkoxide.l?"8] Other authors proposed the formation of isocyanurates as
the initial step (Scheme 37, middle).[?7® 2871 The isocyanurate ring-opening nucleophile can be a
halide but also other available nucleophiles and must not necessarily be anionic, but is depicted
as anionic X in Scheme 37. For example, it is conceivable that the oxirane moiety attacks and
opens the six-membered ring. The negative charge subsequently located at the nitrogen atom

attacks the oxirane ring under opening the O-CH> bond (“leaving group”) and formation of an N-
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CHa bond. In Scheme 37, bottom the reaction shown represents the generalized version of the

reaction in Scheme 36 clarifying the mechanism.[276]
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Scheme 37: Selected proposed mechanisms of the oxazolidin-2-one formation from the cited
literature.[288]

Good experimental arguments for all mechanisms were found.[?®81 In a given reaction system,
there is no necessity to assume only one mechanism. Two or more reaction pathways are
conceivable simultaneously (or in case of isocyanurate ring-opening subsequently) for most
cases. Competitive formation of oxazolidin-2-ones (Scheme 37, top and bottom) and
isocyanurates (Scheme 37, middle) are not mutually exclusive, nor is a subsequent ring-opening
of the latter and transformation to oxazolidin-2ones in the presence of epoxides excluded.?%* For
example, isocyanate and oxirane moieties disappear simultaneously when oxazolidin-2-one
formation is catalyzed by AICIs-triphenylphosphine oxide.?’”! On the contrary, other
experiments showed disappearance of the isocyanates after several minutes while the full

intensity of the oxazolidin-2-one carbonyl vibration was only observed after hours, implying an
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isocyanurate ring-opening.?641 This underlines the strong dependence of the mechanism on the

reaction conditions and the catalyst type.[25% 28l

The production of polyoxazolidin-2-one thermosets must be mentioned here for completeness
but are not discussed further because this work focuses on thermoplastic materials and defects,
crosslinking and side reactions (discussed in the following) do not hamper or even improve the

thermosets.[256: 263]

Two major side reactions were observed in polyoxazolidin-2-one chemistry using diisocyanates
and diepoxides as monomer. First, epoxide homopolymerization and second, as mentioned
above, isocyanate homopolymerization, typically leading to trimers and dimers of isocyanates

(Scheme 38).[277' 281-282]
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Scheme 38: Homopolymerization of oxiranes (top) and isocyanates (bottom).

The occurrence of side reactions depends on the catalyst, solvent and temperature as well as the
monomers and their ratio.[?6% 277. 2891 The trimerization of diisocyanates results in trisisocyanates
with an isocyanurate core structure. Trifunctional groups in polyaddition reactions force the
formation of crosslinked polymers.[61l |t therefore does not matter whether a monomeric
diisocyanate or a polymeric diisocyanate or poly-a-epoxide-m-isocyanate undergoes the
trimerization. A mixture of phenyl isocyanate and 2-(phenoxymethyl)oxirane in the presence of

N(CHs)4l in DMF formed the desired oxazolidinone at temperatures of 140 to 160°C.[2"8] From
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the same mixture at lower temperatures (56.1°C) the isocyanurate (trimer) was produced as
major product. Most interesting, the polyoxazolidin-2-one is formed in 17% yield if 1 equivalent
of trimer is heated to 140-160°C with 3 equivalents 2-(phenoxymethyl)oxirane in the presence of

the catalyst in DMF, underlining the principial reversibility of the trimerization.
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Scheme 39: Synthesis of oxazolidinone from isocyanate and from isocyanurate.[278]
Structure analysis of polyoxazolidin-2-ones was achieved by IR spetroscopy. Typically, the

carbonyl vibration of an oxazolidin-2-one can be found around 1735 to 1750 cm™, while

isocyanurates cause signals around 1690 to 1710 cm™ (aliphatic and aromatic, respectively).[?6%

285]

Whitmore and Herweh produced polyoxazolidin-2-one from diepoxides and aliphatic and
aromatic isocyanates under reflux conditions in DMF applying LiCl as catalyst.*®3] Molecular
weights between 1000 and 5000 g/mol were found. Aromatic diisocyanates resulted in lower
molecular weights compared to aliphatic diisocyanates. Formamidine end-groups were found by
NMR and IR. The authors affiliated these end-groups to the incorporation of the solvent, DMF.

The formamidine moieties were found more frequently in polymers synthesized from aromatic
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diisocyanates and prohibit chain-growth. In addition, Braun and Weinert identified issues with
other solvents like hexamethylphosphoramide, ethanoic anhydride, bis(2-methoxyethyl) ether
and 3-methylpyridine.’?”® The remarkable approach to circumvent solvent-induced side reactions
was the synthesis and application as reaction solvent of low melting oxazolidin-2-one solvents,
namely 3-phenyl-3-methyloxazolidin-2-one (mp. 80°C) and 3,4-diphenyloxazolidin-2-one (mp.
130°C). Although, due to insolubility of LIiCl, the catalyst had to be changed to
tetramethylammonium iodide, the produced polymers displayed higher thermal stability than
polymers synthesized in DMF. Concluding, isocyanates are very reactive towards many

functional groups including several common solvents. 2%

In a more recent approach Azechi and Endo used LiBr as catalyst and NMP as solvent for the
polyoxazolidin-2-one synthesis.[?®® The applied 9,9-diglycidyl fluorene was polymerized with
MDI at temperatures between 100 and 180°C (Scheme 40, top). A magnification of the carbonyl
area of the recorded IR spectra of these polymers was presented. Two major peaks were
observed, one at 1710 cm™ caused by the isocyanurate and a second at 1750 cm™, caused by the
oxazolidin-2-one moieties. Different polymerization temperatures resulted in different relative
ratios of these peaks. Equally pronounced intensities were found at low temperatures of 100 to
120°C, decreasing intensities of the isocyanurate were observed for reactions at higher
temperatures of 160 and 180°C. Thus, the oxazolidin-2-one content increased whereas trimer
content decreased at higher temperatures. Further, with increasing temperature, narrower
molecular weight distributions were found, however, accompanied by decreasing molecular
weights (120°C: M;=4100 g/mol, B=8.5; 180°C: Ms=2700 g/mol, B=2.0). Wolf et al. used
tetraphenylphosphonium bromide as catalyst and 1,2-dicholobenzene as solvent for the

polymerization.[?®3 TDI was polymerized with various diglycidyl ethers of bisphenols (Scheme
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40). Increasing Tq values from 156 to 211°C were observed with increasing steric demand of the
diepoxide core. Noteworthy, the molecular weights were determined in two different ways. One
included the low molecular weight fractions >500 g/mol while the other included fractions
>2000 g/mol. The differences in the molecular weights between the measuring methods were
about a factor of two. The low molecular weight fractions were assigned to cyclic oligomers of
polyoxazolidin-2-one. The lowest number-average molecular weights were found for BFDGE
(Mx=11000 g/mol), all other diepoxides resulted in comparable molecular weights between
16000 and 18000 g/mol (all values without parts below 2000 g/mol). Weight-average molecular
weights (Mw) (and as a consequence also the molecular weight dispersities) increase with the
steric demand of the diepoxide core (31000 to 85000 g/mol). Luinstra et al. used
tetrabutylammonium chlorides, bromides and iodides as catalysts in reactions without solvent to
convert 2-(2-methylphenoxymethyl)oxirane (monofunctional) or BADGE (difunctional) with
MDI in the ratio of 3 to 1 at 170°C.[?54 Quantitative consumption of the isocyanate within 30's,
the rapid (1 min) formation of oxazolidin-2-one and isocyanurate as well as the increase of signal
intensity of oxazolidin-2-one relative to the signal intensity of isocyanurate over 3 h was
reported. The conversion rate of isocyanurates to oxazolidin-2-ones decreased from chloride to
bromide to iodide. Due to the excess of epoxide monomer, oxirane terminated prepolymers were

formed.
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Scheme 40: Three different polyoxazolidin-2-one synthesis approaches.[264. 283, 290]

In a study using monofunctional phenyl isocyanate and 2-(phenoxymethyl)oxirane as model
compounds to investigate the reactivity of various AIClz complexes, two oxazolidin-2-one
regioisomers were observed by HPLC (Scheme 41).2"" The ratio of four (4-Oxa) to five (5-Oxa)
substituted oxazolidin-2-one rings was strongly influenced by the catalyst, the temperature and
the solvent. An AICIl3 complex with a triphenylphosphine oxide ligand in 1,2-dichlorobenzene at
80°C led to a ratio of 4-Oxa : 5-Oxa of 17 : 100. Temperature decrease to 60°C resulted in a 4-
Oxa : 5-Oxa ratio of 2.5 : 100. On the contrary, a temperature increase to 140°C gave a ratio of
20 :100. The same aluminum complex at 80°C in benzene produced a ratio of 4-Oxa : 5-Oxa of
2 : 100. In the very same study, no isocyanurate formation was observed for the AlCIs complexes
of triphenylphosphine oxide and hexamethylphosphoramide. The low reaction temperatures,
compared to the above described procedures, are also noteworthy. Further, no reactivity at was

found for LiCl in boiling benzene and the productivity of ligand-free or THF coordinated AIClI3
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was below the one of other complexes. The authors attributed this to the low solubility of the

catalysts.

Scheme 41: Formation of the regioisomers 5- phenoxymethyl-3-phenyloxazolidin-2-one (5-Oxa)
and 4-phenoxymethyl-3-phenyloxazolidin-2-one (4-Oxa).
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6.5 Polyamide 6 Synthesis

Many polyamides like polyamide 6.6 (PA6.6), polyamide 6.10 (PA6.10), poly(para-phenylene
terephthalamide) are accessible by polycondensation reactions from amino acids (AB monomer)
or diamines and dicarboxylic acids (AA/BB monomer).[?°2 The aliphatic polymer derivatives of
the AA/BB monomers are named by the number of carbons in the chain of the monomers

starting with the diamine ( e.g. 1,6-diamino hexane and

Paul Schlack (*1897-1987)
discovered that azepan-2-
one was polymerizable to
PA6 and developed the
production of fibers from
the material. [2°1

octanedioic acid result in PA6.8). Other polyamides are produced
by ring-opening polymerizations of lactams. For example,
polyamide 6 (PA6) is a semicrystalline, thermoplastic
macromolecular material with applications as fiber and engineering plastic, which is synthesized
from azepan-2-one (AEO).12%% 2% The number of carbon atoms within the ring are namesake for

this polyamide class.

6.5.1 Hydrolytic Ring-Opening Polymerization of Polyamide 6

The majority of the world consumption of PAG6 is produced by hydrolytic ring-opening
polymerization.[?®!! At temperatures above the melting point of PA6 (~220°C), azepan-2-one and
water react to 6-aminohexanoic acid as initial step of the polymerization (Scheme 42). Step-
growth (condensation) and step-wise addition take place simultaneously.?®! Reaction times for

the hydrolytic polymerization commonly range between 4 and 24 h.[2°%]

o n NH

H n+1
(0]

(0]
Scheme 42: Hydrolytic synthesis of PAG.[293
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6.5.2 Cationic Ring-Opening Polymerization of Polyamide 6

The cationically driven polymerization of azepan-2-one is conducted under anhydrous conditions
using non-anhydride forming acids.!?** 2%1 Additionally, salts of these acids formed with amines
or amides can be used as well as Lewis acids.?®* By protonation (or coordination of a Lewis
acid) of the amide nitrogen, the electrophilicity of the carbonyl carbon is increased. Thus, a
nucleophilic attack by the lone pair of the nitrogen of a neutral monomer is facilitated, followed
by ring opening (Scheme 43). However, the mechanism of the cationic polymerization of
azepan-2-one is complex and ambiguous for different catalysts.?®*?% Due to insufficient
conversion and molecular weights, cationic polymerization of azepan-2-one is uncommon.?°%
Unlike anionic ring-opening polymerization of lactams, cationic ring-opening polymerization

allows to convert monomers with substitutions on the nitrogen of the monomer.[?%4
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Scheme 43: Cationic synthesis of PAG.12%
6.5.3 Anionic Ring-Opening Polymerization of Polyamide 6
Anionic polymerization of azepan-2-one proceeds via the deprotonated monomer often added as

sodium azepan-2-onate (Na-AEO, compare also Scheme 46, bottom) or magnesium bromide

azepan-2-onate (MgBr-AEQ).[2%-297l However, in situ preparation of the anions by addition of
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sodium hydride or Grignard compounds is also common.[?°¢-3%1 Fyrther bases applied for anionic
ROP are carbonates, amides and alkali metal as well as alkaline earth metal hydroxides.[?° A
nucleophile attack of the lactamate on the carbonyl carbon of a neutral monomer is the initial
step of the anionic polymerization. However, this initial step proceeds slowly compared to the
chain growth.B° Anionic ROP (AROP) of azepan-2-one is divided into reactions that proceed
above the melting point of PA6 (~220°C) and reactions that proceed in a temperature range
between the melting point of azepan-2-one (~70°C) and the melting point of PA6. For the latter
method, temperatures from 130 to 200°C are common.[?®L: 297. 302 Degpite the slow initiation,
AROP of is among hydrolytic, cationic and anionic the fastest polymerization method for

azepan-2-one. Quantitative yields were described for processing times of minutes and below.[%

294]
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Scheme 44: Anionic synthesis of PA6 (top) and the two possible structures of the azepan-2-
onate.[?%3l

Anionic, cationic and hydrolytic polymerizations of azepan-2-one suffer from side reactions.?%!
However, only polymerization details of the anionic PA6 (also known as cast PA6) formation are

discussed here.
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The mechanism for the AROP of azepan-2-one is shown in Scheme 45.53% The cyclic monomer
is attacked by the nucleophilic lactamate and ring-opening results in an amide anion (Scheme 45,
A). This reaction is actually an equilibrium reaction and proceeds slowly. The amide anion
deprotonates the next monomer to regenerate the lactamate (B). Despite the structural
relationship, the nucleophilic attack C at the cyclic moiety of the previously formed dimer differs
from the initial nucleophilic attack A. The initial step A is a nucleophilic attack on an amide.
Step C is a nucleophilic attack on an imide. The electron-withdrawing properties of the
additional carbonyl group adjacent to the nitrogen increase the electrophilicity of the carbonyl
carbon within the ring. Thus, the nucleophilic attack is eased in step C compared to step A and

proceeds faster.[?%% 2%3. 301 The jnitial step A was identified as rate-determining step.?*
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Scheme 45: Mechanism of the anionic ring-opening polymerization of azepan-2-one.[301l
A comparison of the basicity of the aminic anion and the amidic anion is interesting. The pKa
value of AEO is 27.2 (in DMSO) and the pKa values of NHsz and pyrrole are 41 and 44,
respectively (both in DMSO0).E%-3%41 Although no data were found for primary amines in DMSO,
the values of ammonia and a secondary amine (assuming a primary amine to be in between) are a
valid hint to suggest that the basicity of the initially formed aminic anion is greater than that of
the cyclic amide or the amidic anion.?®l Thus, proton transfer (Scheme 45, step B) and

formation of a further cyclic nucleophile is favored. Bordwell and Fried compared the pKa values
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of cyclic compounds and their open-chain analogues.*®! Among these substances is N-
ethylpropanamide with a pKa of 26.5 as an open-chain derivative and pyrrolidine-2-on and
piperidin-2-on with pKa values of 24.2 and 26.6, respectively, as a cyclic derivative. Other
authors found pKa values of 24.8 for the five-membered lactam, 26.7 for the six-membered
lactam and, as cited above, 27.2 for the seven-membered lactam.%! The similarity of the values
for linear and cyclic amides found in the literature and the different structure of the polymer, that
might also affect the pKa, result in the assumption that the proton transfer in step D and thus the
formation of cyclic nucleophiles is as pronounced as its backreaction (formation of the lactam).
However, electrophilicity of the chain-end imide and the released ring strain drive the reaction
towards the polymer despite comparable small differences in basicity of lactams and amides.

Overall, the proton transfers in step B and D do not hamper the reaction and proceed fast.[2%%: 3

As mentioned above, the initiation step of the PA6 synthesis (Scheme 45, step A) is slow while
the proton transfer as well as the chain growth are fast (steps B, C and D).[?°%: 3% To accelerate
the initial step, the addition of activators to the reaction mixture is common. Electron-
withdrawing properties must increase the electrophilicity of the carbonyl carbon to ease the
nucleophilic attack. Therefore, it is common to substitute the nitrogen atom of the monomer
with, e.g. carbonyl groups and dope the monomer with the electron-deficient molecules.[2%% 297
300, 3061 The structure of activators often mimics the imide structure formed by the attack of the
lactamate anion and subsequent ring-opening. Commonly applied activators are based on
aromatic and aliphatic (di-)isocyanates or acylated azepan-2-one (Scheme 46). The use of
activators allows to fully polymerize azepan-2-one in an anionic fashion within single digit
minutes.?°> 24 Type and concentration of the applied activator strongly influence the reaction.

Polymerization initiated by Na-AEO were found to be ‘very fast’ and ‘fast’ (reaction time below
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one minute and between one and two minutes, respectively), when initiators like N-cyclohexyl-2-
oxoazepane carboxamide (CI-AEO) or the adduct of hexane-1,6-diisocyanate and two
equivalents of AEO (HDI-AEO:) were used. ‘Slow’ (two or more minutes) reactions were found
if acetyl azepan-2-one (AEO-Ac) or 1,3,5-tripheyl-2,4,6-trion-1,3,5-triazin (trimer of phenyl
isocyanate, an isocyanaurate) served as activators.?®1 Further known activators are based on
addition or condensation products of azepan-2-one and 1,1-bis (4-isocyanato cyclohexyl)
methane (Hi2MDI), 5-isocyanato-1-(isocyanatomethyl)-1,3,3-trimethylcyclohexane (IPDI),
phenyl isocyanate, 2,4-diisocyanato-1-methylbenzene (TDI), benzoic acid and propanoic acid.
(Cyclic) esters, carbamates and (di-)isocyanate are also added in order to form the activating
substances in situ.[2%4 302 307-308] gpecial activator precursors are based on urea (e.g. diphenyl
urea), carbodiimides (e.g. N,N’-dicyclohexylmethane diimine) and methanal derivatives (e.g.

bis(2-oxoazepane)methanone).l2%4
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Scheme 46: Various activators (top and middle) and initiators (bottom) commonly used in
polyamide 6 synthesis.[294. 300]

Although, activators are most commonly built from azepan-2-one with a carbonyl moiety
adjacent to the nitrogen, the end group functionalities of the resulting polymers differ.

Isocyanate-based activators form urea end groups whereas acyl-based activators form amide end
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groups.?®!l Also within the group of carbamoyl lactams (isocyanate azepan-2-one addition
adducts) differences in the end-groups were found.*%! A series of carbamoyl lactams comprising
n-butyl-, benzyl-, 4-methoxy phenyl, phenyl, 4-nitrile phenyl and 4-nitro phenyl isocyanates
were applied as activators. Decreasing acidity (order as given above) of the resulting end-group
resulted in increased initial reaction velocity. This was attributed to the lower amount of
lactamate anions quenched by the end-groups of lower acidity.[?% 31 All the more, the
discussion on acidity and basicity can be intensified comparing systems with activators and
systems without activators. Whereas amides and urea derivatives are found for systems with
activator, stronger basic amines can be found, too. In addition, the influence of steric hindrance
of the acyl substituents adjacent to the nitrogen was investigated.[?°® 310-3111 Bylky tertbutyl
groups show decreased initial reaction rates compared to methyl and n-propyl groups. However,
methyl and n-propyl isocyanate adducts do not differ much. The application of activators,
especially such bearing carbonyl groups adjacent to the amide nitrogen atom of azepan-2-one,

resulted in the publication of modified or specified reaction mechanisms.

The ‘lactamolytic’ mechanism (Scheme 47, top) is based on Na-AEO or MgX-AEOQ initiators
and acyl- or isocyanate-based activators.[?2: 2941 The cation (Na* or [MgBr]*) is coordinated by
the imide structure of the activator. As a result, the electrophilicity of the carbonyl carbon of the
activator (or growing chain end) and the concentration of (unshielded) free lactamate is
increased.[?%* 3123131 Both accelerate the polymerization reaction. Unlike the ‘lactamolytic’
mechanism in the ‘coordinative-ion’ mechanism, the azepan-2-onate anion participates in the
complexation of the cation as ion pair (Scheme 47, bottom).4-3151 The attacking nucleophile is
not necessarily the coordinating lactamate. However, aside from free or paired ions, both

mechanisms are similar and bear inaccuracies with respect to side reactions.?%4
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Scheme 47: The ‘lactamolytic’ mechanism (top) and the ‘ion-coordinative’ mechanism
(bottom).[291, 294, 312:315]

The strongly basic conditions, increased polymerization temperatures and reaction times as well
as the high reactivity of the substances applied for the polymerization of PA6 cause various side
reactions.’?® The large number of side reactions e.g. transacylation, transamidation, Claisen-
type condensations, undergone by imide groups in strong alkaline conditions, or the further
consequences of the acidity of the a-carbonyl C-H bonds and the impact on monomer

consumption and degree of polymerization are discussed in several reviews and publications.[?%%

293-294, 300, 316-318]
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6.5.4 N-Heterocyclic Carbenes in Polyamide 6 Synthesis

Aside from Na-AEO and MgBr-AEO NHCs were applied in the synthesis of cast polyamide 6.
In a patent from 2006, the carbenes 5u-Ad, 5u-Cy and 5s-Ad were applied to polymerize
AEO.BY Reactions at 200°C (and higher) for 40 min (and longer) resulted in 84%
(Ma=37 kg/mol, AEO:NHC=30:1), 11% (Mx=48 kg/mol, AEO:NHC=160:1) and 8%
(Mn=55 kg/mol, AEO:NHC=114:1) conversion of the monomer, respectively. However, the
different reaction conditions and ratios of AEO : NHC allowed no meaningful comparison of the
reaction system. A publication by Buchmeiser et al. investigated the application of latent NHCs,
protected by CO2, MgCl. and ZnCls, for the polymerization of azepan-2-one.[l At 180°C many
of the applied precursors produced polymers in up to 85% yield within 45 min. The metal salt
protected derivatives 5s-Mes-MgClz and 5s-Mes-ZnClz, however, showed no reactivity under
the mentioned reaction conditions using an AEO : NHC ratio of 140 : 1. For some CO,-protected
precursors no or low reactivity was found e.g. for the seven-membered 7-Mes-COz2, the six-
membered rings with aromatic substituents on nitrogen (6-Mes-CO2 and 6-Dipp-CO2) as well as
for the five-membered carbene precursors with cyclohexyl (5u-Cy-COz) and 2-propyl groups
(5u-iPr-CO2) adjacent to nitrogen. On the contrary, 1,3-ditertbutyl substituted five-membered
ring based NHCs produced polymer. Yield of 62% and 41% were found for the saturated 5s-tBu-
CO:2 and unsaturated 5u-tBu-COz, respectively. The viscosity average molecular weights were
determined to be 180 kg/mol and 170 kg/mol, respectively. Further, six-membered rings with
aliphatic side groups showed even higher activities. Initiators with 2-propyl substituents on
nitrogen (6-iPr-CO3) produced polyamide 6 in 69% yield with a molecular weight of 140 kg/mol
(ratio NHC:AEO 1:110). With 4-heptyl groups (6-Hept-CO2) a polymer in 78% vyield with a

molecular weight of 240 kg/mol (ratio NHC:AEO 1:120) and with cyclohexyl groups (6-Cy-
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CO:2) a polymer in 85% yield with a molecular weight of 280 k/mol were found. Ratios of NHC
to AEO of 1 : 300 were investigated for 6-Cy-CO:2 and 6-iPr-COx. Yields of 76 and 35% as well
as molecular weights of 420 and 250 kg/mol were observed. Although yields decreased, the
average molecular weights increased with decreasing initiator loading. This finding goes along
with the assumption that each equivalent of initiator initiates the growth of one polymer chain.
The authors argue that the yield is strongly correlated with the pKa of the carbenes (or the
respective NHC-H" salt) although arguably not the only important factor. The following order of
basicity was proposed 6-Cy-CO:2 = 6-Hept-CO2 = 6-iPr-CO2 >> 5s-tBu-CO2 > 5u-tBu-CO2 >
5u-Cy-CO: =~ 5u-iPr, in accordance with the literature.lX%-1%°l The observed trend for basicity
does not explain why 5u-tBu-CO2 (pKa 23.9) produces polymer whereas 6-Mes-CO2 (pKa 24.2),
6-Dipp-CO:2 (pKa 24.5) and 7-Mes-CO2 (pKa 24.5) resulted in low or no yield.l”- %1 In a further
study Buchmeiser et al. investigated the polymerization of azacyclotridecan-2-one and its
copolymerization with AEO, both initiated by latent NHCs.[®l For the homopolymerization of
azacyclotridecan-2-one various carbene precursors were investigated. Insightful overlaps of the
activity towards polymerization of AEO were found. For example, Lewis acid (MgClz, ZnCl;
and SnCl,) complexes of 5s-Mes produced no polyamide 12 (PA12) at 180°C within 45 min at a
ratio of NHC to monomer of 1 to 100. No polymer formation was observed for six- and seven-
membered NHC carboxylates with aromatic nitrogen substituents. Reactions with 5-Cy-CO: and
5-iPr-CO:z resulted in low yields of 23 and <5%, respectively. Again, high yields (96 and 71%)
were found for polymerizations applying 5s-tBu-CO:2 and 5u-tBu-CO2. In addition, six-
membered NHC-CO; bearing aliphatic side groups readily produced PA12. Remarkably, 6-Cy-
CO2 produced quantitative yields not only in the ratio of 1 : 100 (NHC to monomer) but also in

the ratio of 1:300. Even at a ratio of 1:500 77% vyield were reached. If high yields were
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obtained from reactions with a NHC : monomer ratio of 1 : 100, the resulting number-average
molecular weights were between 6.7 kg/mol and 8.5 kg/mol. For a NHC : monomer ratio of
1: 300 molecular weights up to 13.9 kg/mol were isolated. Further, the polymerization behavior
was investigated by rheological measurements. For this purpose, 5s-tBu-CO2 : monomer in the
ratio of 1 : 100 was applied at 170 and 180°C, respectively. As expected, at higher temperatures
the viscosity increased faster. An induction time with constantly low viscosities was observed at

both temperatures. €
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Scheme 48: Polyamide synthesis initiated by an NHC and the liberation of the NHC from its CO2
adduct.

In a more practical approach Buchmeiser et al. investigated the fiber production by
copolymerization of the aforementioned seven- and thirteen-membered lactams for in situ melt

spinning.l®! 6-Cy-CO2 and 6-Me-CO2 were applied as initiators in high loadings of up to
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5 wt.-%. The fibers, produced at 180-190°C, contained one third to almost half of oligomers
(Mn<1000 g/mol) which, as suggested by the authors, serve as softeners. Both NHC carboxylates
were investigated towards their temperature stability or in other words their room temperature
latency. By proton NMR a release (or initiation) temperature of 100°C was found. Special care
was spent to work under water free conditions, especially, if copolymers were synthesized as

azepan-2-one is very hygroscopic and anionic polymerizations are sensitive towards proton

sources, 318, 320-321]
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6.6 4-Methyloxetan-2-one

6.6.1 General

Polyesters formally produced by the ring-opening polymerization (ROP) of (substituted) four
membered cyclic esters, so called B-lactones (oxetan-2-ones), represent a common class of
biopolymers.*22l Equivalent structures as produced by ROP are accessible via polycondensation
of 3-hydroxy alkyl acids. Polyesters can be found in many microorganisms and the most
common derivative is formally made up of 4-methyloxetan-2-one.?®l Natural occurring
polyesters can be divided into high (10000 to 1000000 repeat units) and low (~200 repeat units)
molecular weight fractions. In biological systems, the latter are often associated covalently and
non-covalently to other macromolecules and fulfill various functions.®243271 The higher
molecular weight polymers possess a low solubility resulting in no increase of osmotic pressure
within the cells and are therefore ideal to serve as carbon and energy storage.?”! Various
research groups investigated the intracellular metabolism of poly(4-methyloxetan-2-one) in
different organisms.328-330 |t was found to be an intermediate storage of acetyl-SCoA before

entering the citric acid cycle (Scheme 49).

Biodegradability is a property of many poly(oxetan-2-one)s. Remarkably, depolymerization
proceeds more rapidly under anaerobic than under aerobic conditions. Naturally occurring
poly(4-methyloxetan-2-one)s are linear, chiral and isotactic polyesters.??2 3241 However,
synthetic poly(4-methyloxetan-2-one)s with different degrees of tacticity or copolymers thereof
where also found to be biodegradable.3! Despite the higher molecular weight, degradation of
the natural, isotactic (R)-poly(4-methyloxetan-2-one) occurs much faster (factor of ~10)
compared to synthetic, syndiotactic and atactic polymers.332-3%3 Copolymers containing different

ratios of 4-methyloxetan-2-one and oxepan-2-one or 4-methyloxetan-2-one and oxan-2-one,
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respectively were investigated for their degradation properties. In both cases, a higher 4-

methyloxetan-2-one content resulted in an increased degradation velocity.
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Scheme 49: Metabolic pathway of poly(4 methyloxetan-2-one).[322

Degradation, however, seems to be correlated with the thermal and mechanical properties.[*
These polyesters are thermoplastic and therefore purposed to have a certain potential to
substitute polyolefins (poly(propene) in particular) in areas like packaging, in order to reduce
environmental harm caused by plastics, and in the broad field of bio-medical applications.[235-3%
Isotactic poly(4-methyloxetan-2-one) and isotactic poly(propene) (PP) have comparable melting
areas (~170-190°C vs. ~170-200°C) and glass transition temperatures (5°C vs. 0°C).3¥71 The
material properties in turn strongly depend on tacticity. Naturally occurring, isotactic poly(4-
methyloxetan-2-one) is highly crystalline and brittle.[33% 338 A crystallinity of 67% (+5) was
found for the isotactic material whereas the atactic polymer is an amorphous material, which

does not possess any crystallinity and has a glass transition temperature of -1°C. Unlike
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poly(propene) (decomposition starting around 300°C), the proximity of the melting point of
isotactic poly(4-methyloxetan-2-one) and its decomposition temperature of around 250°C
complicate industrial processing.[23%-34% Therefore, several research groups investigated the
application of plasticizers and blends of iso- and atactic polymers.[33* 3381 Other approaches were
the synthesis of macromolecules with tailored tacticities or copolymers by ring-opening
polymerization.[33% 335 3441 These efforts resulted in decreased melting points, sometimes below

50°C.[344]

ROP offers an attractive avenue to polyesters. Adding to biocompatibility, biodegradability and
the mechanical properties of poly(4-methyloxetan-2-one), the four-membered cyclic monomers
are accessible via an atom economic (waste consuming) synthesis.?**! Methyloxirane is
catalytically carbonylated by ring expansion with carbon monoxide. Tetracarbonyl cobaltate is
commonly used in carbonylation reactions.[3*5-341 For example Coates et al. published a study
where [(salophen)Al(THF)2][Co(CO)4] was applied to produced various B-lactones in bulk

reactions.[34°]

[L,M]"[M'(CO),

Scheme 50: Generalized catalytlc cycle of the production of B-lactams.[34%

The polymerization of four-membered lactones follows three different mechanisms. Anionic
ring-opening polymerization (AROP), insertion polymerization or a cationic mechanism
(activated monomer mechanism, active chain-end mechanism).?’1  The ring-opening

polymerization of 4-methyloxetan-2-one is a favored reaction path since a ring strain of -59,2 kJ
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is released per mole.®! Therefore, four-membered lactones bear a special reactivity among
lactones, which will be introduced along with the three different mechanisms. Generally, the
ROP of 4-methyloxetan-2-one proceeds via two fundamentally different paths. Either by
cleavage of the O-acyl bond (Scheme 51, pathway A) as known for the most of the lactones or

by O-alkyl cleavage (Scheme 51, pathway B). 04

0 O 0
o - §‘ p - o
Scheme 51: Two observed ring-opening modes for 4-methyloxetan-2-one.[301

6.6.2 Cationic Ring-Opening Polymerization of 4-Methyloxetan-2-one

Among the catalysts and initiators used for the cationic polymerization of four-membered
lactones are carboxylic acids, mineral acids (H2SO4, HOSO.CF3), Lewis acids (Zn(CeFs)z,
Et>O-BF3), triethyloxonium hexafluorophosphate and methyl trifluoromethanesulfonate, often in
conjunction with alcohols.3*-352 However, three reaction pathways are discussed for the
cationic polymerizations of four-membered lactones.®*d The initial step of the ‘activated
monomer’ mechanism is the protonation (or alkylation) of the ring oxygen followed by a
nucleophilic attack at the alkyl group connected to the oxygen and ring-opening (Scheme 52,
top). In turn, the ‘active chain-end’ mechanism starts with the protonation (or alkylation) of the
carbonyl oxygen followed by the attack of the next monomer unit and an opening of the ring
(Scheme 52, middle). The activated monomer mechanism is commonly accepted for many

lactones although it is often described with the electron-withdrawing moiety at the carbonyl

oxygen and the nucleophilic attack at the carbonyl carbon (bottom).[2%5 353-3%]
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Scheme 52: Top: ‘Activated monomer’ mechanism initiated by an electrophilic attack at the ring

oxygen. Middle: ‘Active chain-end’ mechanism initiated by an electrophilic attack at the carbonyl
0Xygen_[301, 350, 354-355]

Approaches following Scheme 52, bottom, were described by Pohl et al. and Couffin et al. Both
used trifuoromethanesulfonic acid (HOTf) in conjunction with primary alcohols as initiators to
polymerize 4-methyloxetan-2-one in either toluene or benzene.[*543%%1 pon| et al. reached degrees
of polymerization up to 54 and suggested a living polymerization from NMR data and thus
alcoholate end-groups and O-acyl cleavage. Technically interesting, HOTf was replaced by
nafion (a perfluorinated polyolefin with sulfonic acid groups), which can be removed from the
reaction mixture.®% Couffin et al. reported number-average molecular weights up to 8090 g/mol
(DP of 94) and underlined hydroxyl end-group fidelity by block-copolymerization with oxepan-

2-one, chain extending onto the poly(4-methyloxetan-2-one).

6.6.3 Anionic Ring-Opening Polymerization of 4-Methyloxetan-2-one

The nucleophilic attack of an anion at 4-methyloxetan-2-one and other four-membered lactones
takes place at the carbonyl carbon or at the carbon atom on the other side of the ester group
(Scheme 53).°U Which mechanism prevails depends on the solvent polarity, the counter ion
(nature and size) as well as on the presence of complexing agents (crown ethers and cryptands)

and the propagating chain end (carboxylate or alcoholate).[56-357]
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Scheme 53: The different pathways of anionic polymerization of four-membered lactones
including some side and downstream reactions.[301. 356, 358-360]

The initiator Nu in Scheme 53 can be neutral or ionic (grey). In case, anionic initiators are used
the counterion (M) and its ligand(s) (L¢) affect the reaction. For example, crown ethers or
cryptant serve as ligand and enable “living” reactions. *6-%4 Increasing solvent polarity favors
formation of ionic compounds that are necessary to undergo crotonate formation (B.1). Crotonate
formation is commonly observed in the polymerization of four-membered lactones often forming
the initiating carboxylate (and more often described than B.2).[356. 358 364-366] Fo|lowing pathway
A (O-acyl cleavage) and A.2, the active chain-end can change from alkoxide to carboxylate by
changing from O-acyl scission to O-alkyl scission. The other way around leads to the formation
of anhydrides, which is principially not excluded, but, if a change in reaction pathway was
observed over time an increased concentration of carboxylates, serving as active chain-end, was
found.[358-3%9. 367-368] Einally, A.1 leads to alkoxide end-groups, which were rarely observed as
only product of an anionic polymerization.*® For example, the reaction of potassium
methanolate and 4-methyloxetan-2-one in conjunction with crown ethers forms methylbut-2-

enoate and complexed potassium cations with hydroxyl counterions.*®! Even if an alkoxide is
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formed, elimination, driven by the formation of a conjugated system, and thus formation of dead

chain ends make it a challenge to produce hydroxyl end-groups.°

6.6.4 Coordination Insertion Polymerization

Both, O-acyl and O-alkyl scission were also observed for coordination insertion
polymerization.% Aluminum alkoxides, lanthanum alkoxides, yttrium alkoxides and zinc
alkoxides were found to undergo O-acyl cleavage (Scheme 54, A).[331 335, 369-3701 O_g|ky| scission

was observed for aluminum chlorides (B).16]

_ML,
ML X +

Scheme 54: O-Acyl and O-alkyl bond scission observed for metal insertion polymerizations.[30%.
369]

Several studies investigated the ring-opening polymerization mechanism of yttrium
alkoxides.B371 |t is commonly accepted that the monomer initially coordinates via the
carbonyl oxygen to the metal center thereby increasing the electrophilicity of the carbonyl
carbon before electron density is shifted from the alkoxide oxygen to the carbonyl carbon and a
covalent bond is formed (Scheme 55, right). Further on, a bond from the former carbonyl oxygen
to the metal center and coordination of the latter to the ring oxygen is established. Finally, the
carbonyl is restored and the new yttrium alkoxide is formed under O-acyl scission. All in all, O-
acyl ring-opening and monomer insertion into the central metal alkoxide oxygen bond was
claimed. A very similar mechanism was also proposed for zinc alkoxides (Scheme 55, left).40]
Both Zn and Y complexes proved active in the polymerization of 4-methyloxetan-2-one and

produced molecular weights of >100000 g/mol while the polydispersities remained below 2,134

374]
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Scheme 55: Exemplary metal insertion mechanism.[340. 371-373]

Titanium complexes are also widely used for the polymerization of lactones."5%¢ The ligand
setup for these catalysts can simply consist of alkoxides or, more sophisticated, of tri- and
tetravalent ligands. Del Hierro et al. synthesized several titanium dialkoxide di-2-propanolate
complexes and used them to polymerize oxepan-2-one in CH2Cl> (Scheme 56). For oxepan-2-
one, O-acyl scission was observed. Upon addition of fresh monomer to the active polymer chain

a propagation reaction and further increase of molecular weight was observed.F"!

k@ Jﬁl
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Scheme 56: Synthesis of a titanium complex and subsequent application in the polymerization of
oxepan-2-one.379
6.6.5 a,0-Dihydroxy Telechelic Macroesters and Polyurethanes Thereof
Couffin et al. extended their approach of using trifluoromethansufonic acid initiators in benzene
to dihydroxy initiators resulting in a a,o-dihydroxy telechelic poly(4-methyloxetan-2-one) and

proved the end-group fidelity by the synthesis of a block-copolymer with five blocks, a

molecular weight of 29000 g/mol and a polydispersity of 1.33.1354
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In a remarkable study, Davidson et al. published the preparation of an air-stabile metal organic
framework built up from Ti(OiPr)s and excess 1,4-butandiol.®®!) The resulting material was
applied in the ring-opening polymerization of oxepan-2-one and 1,4-dioxol-2,5-dione and
produced polymers with molecular weights of 22000 g/mol (Bwm=1.24) and 34000 g/mol
(Bm=1.76), respectively, in >90% yield. These polymers were found to be a,o-dihydroxy

telechelic leading to the description of the Ti ligands in the framework as chain extenders.

Kricheldorf et al. reported on dialkyl tin (di-)alkoxides and oxides in conjunction with diols in
the synthesis of macrodiols based on 4-methyloxetan-2-one, 1,4-dioxol-2,5-dione and oxepan-2-
one.[¥82381 |ncreasing molecular weights were found for increasing monomer to initiator ratios.
In the following the same group described an approach using dioctyl tin as catalyst to synthesize
macrodiols from 1,4-butandiol and oxepan-2-one.l*®! The molecular weights depended on the
monomer to diol feed ratio. The same authors also describe methods to synthesize tri- and

tetrafunctionalized polyesters.

Copolymers of 4-methyloxetan-2-one and oxepan-2-one were polymerized to a,o-dihydroxy
telechelic macrodiols based on ethanediol or 1,4-butanediol. Dioctyltin was applied as catalyst at
110°C for 4 days.*¥ The actual amount of 4-methyloxetan-2-one incorporated into the polymer
was lower than in the monomer feed. Further, the molecular weights (9000 g/mol for oxepan-2-
one, 7000 g/mol for 70:30 oxepan-2-one:4-methyloxetan-2-one) and the crystallinity decreased
with increasing 4-methyloxetan-2-one ratio. Subsequently, the macrodiols were converted with a
six-fold excess of MDI, mixed with dibutyl tin dilaurate before a five-fold excess of 1,4-
butandiol in DMAc was added. Once the reaction was finished, thermoplastic polyurethane was
found. GPC investigations revealed a molecular weight of 22000 g/mol for sole oxepan-2-one-

based prepolymers and a M, of 20000 g/mol for a prepolymer based on 70:30 oxepan-2-one:4-
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methyloxetan-2-one. Interestingly, melting points were reduced about 10°C (~30 to 40°C)
compared to the respective polyester (~40 to 60°C) while melting enthalpies were reduced about
40 J/g (polyesters ~50 to 80 J/g, polyurethanes ~10 to 40 J/g). Within the respective polymer
class the lowest melting points and enthalpies were found for the highest 4-methyloxetan-2-one

content.

Brzeska et al. published a series of studies on the properties of polyurethanes based on diols and
triols of macroesters of 4-methyloxetan-2-one and oxepan-2-one as soft segments.[37-381 The
diols based on 4-methyloxetan-2-one were synthesized by anionic ring-opening using 3-
hydroxybutyric acid sodium salt whereby the sodium was complexed with 18-crown-6. Finally,
the hydroxy end-groups were introduced by converting the polymers with 2-bromethanol or 2-

iodethanol.

95



7 Results and Discussion

7.1 Anhydride-hardened Epoxide Resins
The basics of this work were elaborated by Buchmeiser et al.[> 155 159 2421 The authors reported
on various Lewis acid and CO.-protected NHCs as latent initiators for the curing of anhydride-

hardened epoxide resins. The resins were prepare from BADGE and hexahydro-2-benzofuran-

1,3-dione (A1) (Scheme 57) or 2-benzofuran-1,3-dione.

The aim of this project was the formulation of an anhydride-hardened epoxide resin meeting the

following requirements:

e aviscosity low enough to spray the resin ([n]<500 mPa-s is required)

e alatent resin formulation at room temperature

e air- and moisture stability of the initiator and the formulation

e fast curing/polymerization reaction at moderate temperatures (80-140°C)

o favorable in price of chemicals and starting materials

simple synthesis

Most of the results of this topic are published: H. J. Altmann, S. Naumann, M. R. Buchmeiser,
Protected N-heterocyclic carbenes as latent organocatalysts for the low-temperature curing of

anhydride-hardened epoxy resins, Eur. Polym. J. 2017, 95, 766-774.[4

This work focused on the application of a specific NHC-CO; - 1,3-dimethylimidazolium-2-
carboxylate (5u-Me-COz2). This precursor is favorable due to its convenient synthesis, the
stability towards air and moisture and the low-priced starting materials.® Consequently, the

reaction system had to be optimized for the application of 5u-Me-CO2. On the one hand a broad
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spectrum of diepoxides and (di-)anhydrides was investigated. On the other hand, suitable
precursor loadings had to be found with respect to the specific reactivity of 5u-Me-COz2. Thus, a
mixture of BADGE and Al was chosen as a benchmark system to compare the behavior of 5u-

Me-CO:z to other initiators (compare Table 3).

Mixing BADGE and Al in a molar ratio 1: 2 results in a homogeneous, colorless and clear
solution. The mixtures of BAGDE, Al and NHC precursor were homogenized at 40°C until a
clear solution was achieved (typically 30 min). Although the starting materials were stored and
mixed inside the glove box, homogenization and sample preparation for DSC was executed

under ambient atmosphere.

O O,
1eq./== )1_2
200 eq. N N (o)
R™ R
O 100 eq. A 0-O o N
%O O\/A A 0
+ R o
-CO, .-
o .
o} O,

o

Scheme 57: Curing reaction of BADGE and Al catalyzed by a NHC depicted as carboxylate
precursor as executed for the experiments summarized in Table 3.

The prepared mixtures were submitted to DSC and heated with 10 K/min. Typically, energy is
released while the epoxide resin is cured and the energy release is measured by DSC. The

temperature at the maximum of exothermic energy release in the first heat cycle is called Tmax
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and given in °C. Tmax is used as measure to compare the activity of various carbenes towards the
anhydride-hardened epoxide resin taking in account both, the carbene release, depending on the
carbene structure and the protective group, and the reactivity of the free carbene, depending on
the carbene structure. Initially, for the benchmark experiments in Table 3 a comparison to
literature is reasonable. Tmax Of 146°C was found by Buchmeiser et al. for the curing reaction
catalyzed by 6-Cy-CO2 whereas within this work a value of 148°C was observed (entry 7).1 A
similarly small difference was measured for 6-Me-CO: (entry 3). A Tmax 0f 162°C was reported
while a value decreased by only 3°C was found here. Even more consistent values were found
for 6-Mes-CO2 where in both studies a Tmax value of 150°C was observed (entry 5). However,
values for 6-Mes-ZnCl. differ slightly by 8°C from 172 to 180°C (entry 1). The following
discussion relies on the values measured in the course of this work. Resin curing with 5u-Me-
CO:2 led to a Tmax value of 163°C (entry 2). This is very close to the decarboxylation temperature
of 162°C for 5u-Me-CO2 found by Louie et al.*8 However, this proximity must not be
overrated, as comparison of dissolved NHC carboxylates to with those in solid state is not
viable.*8 |f 5u-Me-CO:2 is compared to the other CO,-protected imidazolium derivate 5u-Mes-
CO:2 (entry 8) showing a Tmax of 147°C, the small nitrogen substituents of 5u-Me-CO: probably
strongly contribute to the increased Tmax by reduction of steric pressure onto the CO2 moiety and
thus higher stability.[*®?! In addition, the lower pKa value of 5u-Mes-HX (19.6) compared to 5u-
Me-HX (21.5) comes along with a decreased CO, adduct stability.[*%®-1°] The lower stability of
the NHC-CO> adduct 5u-Mes-CO: eases the release of the free carbene at lower temperature
compared to 5u-Me-COg2. In order to discuss the reactivity of the free carbenes the Tolman
electronic parameter (TEP) is a useful starting point. 5u-Mes-CO2 showed a TEP of 2050.7 cm™

and thus a higher nucleophilicity than 5u-Me-CO: displying a TEP of 2052.4 cm™.1%1 Higher
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TEP values can result in higher reactivities, however, it is difficult to pinpoint reactivities to only
one factor or cause in epoxide curing.l*42-145 3% Ajlthough backbone-saturated 5s-Mes-HX
displays a pKa value of 20.8 and is therefore situated between the two previously discussed
NHCs, the observed Tmax value was identical to the Tmax Of the unsaturated derivative 5u-Mes-
COz2 (entry 9). This is in contrast to the aforementioned impact of nucleophilicity judged from
the respective TEP values (2051.5 cm™ for 5s-Mes-COz). Both, pKa and TEP should place the
Tmax of 55-Mes-COz2 in-between 5u-Mes-CO2 and 5u-Me-CO2. Seemingly, pKa and TEP values
are only valuable to the discussion to a certain extend. Denning and Falvey studied the solvent
polarity-depending decarboxylation behavior of 5u-Me-CO2 and found increased NHC-CO;
adduct stability in solvents of higher polarity.*83 An extension of this study to other NHCs could
enlighten the differences between various NHCs in epoxide/anhydride media. The entries 1, 4
and 5 in Table 3 show latent derivatives of 6-Mes with different protecting groups. The Tmax
values range from 150°C for the carboxylate to 180°C for the ZnCl, protected derivative. A Tmax
of 156°C was observed for 6-Mes-AgBr. Despite different adduct stabilities with the different
protecting groups, gaseous CO> leaving the reaction mixture is not accessible for the reformation
of the adducts whereas the metal salts remain within the epoxide/anhydride mixture.[? Further,
Buchmeiser et al. postulated the possibility of non-innocent behavior of the released Lewis acids
such as Lewis acid coordination to the carbonyl oxygen, thereby increasing the electrophilicity of
the carbonyl carbon and the accessibility for a nucleophilic attack. The influence of the Lewis
acid within the reaction mixture will be discussed below. However, aiming at lower Tmax Values,
NHC carboxylates are more promising candidates. Interestingly, 6-Mes-CO2 and 6-Dipp-CO:2
show the same Tmax Of 150°C although a higher steric pressure and therefore lower Tmax was

expected for 6-Dipp-COz2. Conversely, the pKa values for 6-Mes-H* and 6-Dipp-H* are almost
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the same (24.2 for entry 5 vs. 24.5 for entry 6).[1% 7-Mes-CO: with a pKa value of 24.5 shows a
stark decrease of Tmax t0 132°C and is by far the most active initiator investigated (entry 10). The
highest pKa value of 27.6 was found for 6-Me-HX.[%1 Although 6-Cy-HX was not included in
the study by Ji et al. a similar pKa is expected since 6-iPr-HX and 6-tBu-HX display values of

27.5 and 29.4, respectively.

In conclusion, among the five-membered ring-based NHCs saturation does not seem to be
decisive for reactivity (Table 3, entries 8 and 9). Methyl substituents at the nitrogen seem to
decrease reactivity (Table 3, entries 2 and 3) more by their reduced steric demand than by their
aliphatic character. This is underlined by 6-Cy-CO2 which shows a Tmax value of 148°C which is
within the typical range, for five- and six-membered carbenes, protected by CO> and bearing
cyclic substituents on the nitrogen. Sterically demanding side-groups are a common feature of
the more active initiators (Table 3, entries 5 to 10). Lewis acid-based protecting groups resulted
in increased Tmax values compared to CO> (Table 3, entries 1 and 4). This is in agreement with

observations by Buchmeiser et al.[?!
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Table 3: Tmax values determined by DSC from 30 to 250°C (5 K/min). Mixtures of
BADGE:A1:NHC-precursor (ratio 100:200:1) were investigated to compare the reactivity of
different initiators.

entry name structure Tmax [°C]

9

1 6-Mes-ZnCl2 /@ ¢ b\ 180
ZnCl,

—N _/ N@)\

2 5u-Me-CO 163
? olo
[S]

3 6-Me-CO2 - I > 159
i

9
4 6-Mes-AgBr /@: T :@\ 156
5  6-Mes-CO» /@: T :@\ 150
8
> }m@; $
6  6-Dipp-CO2 150
Oj/ig

M
7 6-Cy-CO2 L7 Y NS 148

P oat
8  5u-Mes-CO2 147
P oat
9 5s-Mes-CO 147
2 o/j\o

( o
10 7-Mes-CO2 = 132
ﬁolgﬁ

Tmax IS the maximum of the exothermic peak during curing reaction in DSC first cycle.
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Several examples, taken from Table 3, namely 5u-Me-CO: (red curve), 6-Dipp-CO2 (black), 6-

Cy-CO:2 (blue) and 7-Mes-CO2 (green) are displayed in Scheme 58 to demonstrate typical

curing profiles as determined by DSC (Table 3, entries 2, 6, 7 and 10).

heat flow (endo up) [mW]

50

—>5u-Me-CO,
—6-Dipp-CO, Thax=163°C
—6-Cy-CO,
—7-Mes-CO, Trax=148°C
Toax=150°C
T,..,=132°C
70 90 110 130 150 170 190

temperature [°C]
Scheme 58: Typical DSC thermograms of anhydride-hardened epoxide resins consisting of
BADGE, Al and a carbene precursor (ratio 100:200:1).

Variation of the NHC precursor loading is an evident measure to improve the reactivity of a

given epoxide resin system. Suitable precursor loadings for 5u-Me-CO2 were determined and

compared to those of other initiators. An overview is summarized in Table 4. Increased precursor

loadings decreased the Tmax Values in all curing reactions investigated. Whereas loadings of eight

equivalents result in a reduction of Tmax Of up to 38°C (for 6-Mes-AgBr) compared to

1 equivalent loading; the Tmax reduction by increasing the catalyst loading from eight to

15 equivalents lowers Tmax only in the single digit range. This indicates a certain limit of

improvement that can be achieved by addition of higher amounts of initiator. Noteworthy, the

differences between 6-Mes-CO2 and 6-Mes-AgBr have vanished for loadings of eight
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equivalents whereas the distance to the Tmax Of 6-Mes-ZnCl2 remains constant. For the
application of 5u-Me-CO: an initiator loading of 8 equivalents was chosen. This increase is
possible due to the straightforward synthesis and inexpensive starting material for 5u-Me-COs..

Especially when compared to the effort that must be spent for the synthesis of the other NHCs.

Table 4: Tmax [°C] values of different carbene precursors of 1, 8 and 15 equivalents loading
relatively to 100 equivalents of BADGE and 200 equivalents Al determined by DSC with a heat
rate of 5 K/min.

loading 5u-Me-CO2 6-Cy-CO2 6-Mes-CO2 6-Mes-AgBr  6-Mes-ZnCl2

1 163 148 150 156 180
8 125 120 1178 1182 1522
15 120 1112 1102 - -

ainhomogeneous mixtures were used.

As mentioned above, epoxide anhydride curing experiments in conjunction with various Lewis
acids were carried out. 10 equivalents of metal salts were added to the mixtures of
100 equivalents BADGE, 200 equivalents Al and 8equivalents 5u-Me-CO2 precursor,
homogenized, if possible, and submitted to DSC. Again, Tmax Was chosen to evaluate the
reactivity. Since the enhanced polarization of the monomer caused by the coordination of Lewis
acids to almost any ring-opening reaction can be enhanced by Lewis acid addition, which
encouraged the investigation of Lewis acids in conjunction with anhydrides.?? 3%1-3921 However,
the expected decrease of Tmax Was not observe for the investigated mixtures. On the contrary,
Tmax values were increased if Lewis acids were added. The effect is limited to 3 to 6°C for all
fully inorganic Lewis acids, underlined by entry 1 in Table 5 compared to the entries 2 to 5.
Furthermore, entries 6 and 7, employing B(Ph)z and Sn(OAc)2 as Lewis acids show Tmax values
increased by 17°C compared to the reaction without any Lewis acid (entry 1). B(Ph)s and
Sn(OACc)2 were chosen due to their organic ligands, which were expected to lead to an increased

solubility in the resin. Neither full solubility nor higher reactivity was observed. Especially in the
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case of B(Ph)s, the reduced reactivity may partially be attributed to borate complex formation
with the active anionic growing center. Additionally, for all Lewis acids an adduct with the
released NHC can be postulated. Examples of Lewis acid-protected NHCs were shown in the
introduction and in the literature as well as in this chapter.? 11121 Dye to the counterproductive

influence of the Lewis acids the experiments were not pursued any further.

Table 5: Tmax values of epoxide curing reactions with BADGE:A1:5u-Me-CO.:Lewis acid (ratio:
100:200:8:10) determined by DSC with a heat rate of 5 K/min.

entry Lewisacid Tmax [°C]

1 - 125
2 MgCl, 131
3 GaBr3 1292
4 AICl; 1292
5 ZnCl; 1282
6 B(Ph)s 1422

7 Sn(OAc)2 1422
ainhomogeneous mixtures were used.

Instead, a broader range of diepoxides and (di-)anhydrides was investigated for their curing
behavior. The selected monomers are depicted in Scheme 59. All diepoxides were liquid at room
temperature (the D.E.R. 332 standard BADGE used in this chapter, received from Sigma
Aldrich, is liquid, although pure BADGE is a colorless, wax-like solid at room temperature).
Among the anhydrides, A2 and A7 are liquid at room temperature, all other anhydrides are
solids. Each diepoxide was combined with each anhydride in the ratio of 100 to 200. If
dianhydrides were used, a ratio of diepoxide to dianhydride of 100 to 100 was used. Within all
cases 8 equivalents of 5u-Me-CO:2 were employed relative to 100 equivalents of the diepoxide.
Thus, 0.04 mol 5u-Me-CO2 are present per mole oxirane moiety or per mole anhydride.

Homogenization was commonly executed at 40°C for about 30 min under constant stirring.
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Some of the resin combinations form homogeneous solutions; however, most combinations stay
heterogeneous mixtures or slurries. Subsequently a small sample was submitted to DSC analysis.

Table 6 summarizes the Tmax vValues found for the various reactions performed by DSC.

FORY, CEE 4 »i

0
0
0
0 ‘ ‘ 0
ECHDE A10 5
0
0
L\/ 5
BDDGE %
A14
rA130 0

Scheme 59: Structure of the diepoxides and (di-)anhydrides that were applied. Table 6 provides a
summary of the Tmax values of the various combinations of epoxides and anhydrides cured with
5u-Me-CO:..
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Table 6: Tmax values of epoxide/anhydride mixtures cured with 5u-Me-CO; in DSC with 5 K/min
(ratio: oxirane groups:anhydride groups:5u-Me-CO, 200:200:8).

BADGE DPDGE ECHDE BDDGE

Al 125 133 133 131
A2 146 145 149 146
A3 1462 1012 082 1652
A4 1242 1088 1172 1322
A5 131 1352 1314 132
A6 152 1162 115 142
A7 125 126 113 125
A8 1102 918 n.d. 062
A9 1302 n.d. 1352 108?
Al0 1342 1208 1172 1228
All 1262 1178 n.d. 1212
Al2 1292 1012 038 1042
Al3 1142 914 958 1142
Al4d 1052 n.d. n.d. n.d.

ainhomogeneous mixtures were used.

Anhydrides with electron-withdrawing substituents were selected in order to increase
electrophilicity and thus increase reactivity. The selection comprised the (di-)anhydrides A8 to
Al4 in Table 6. Chlorides, bromides, a second anhydride moiety, ethers and nitro group
substitutions on 2-benzofuran-1,3-dione effectively decrease the electron density. Judging from
the observed Tmax Values, this approach was successful. Tmax values below 100°C were found in
many cases. The impact is obvious within this group if for example A10 bearing on chlorine
substituent is compared to A12 bearing two chlorine substituents. In addition, the comparison of
A10 bearing one chlorine atom to A1l bearing one fluorine atom or Al4 bearing a nitro group
underlines the impact of electron-withdrawing moieties on the reactivity. Aside from the
disadvantage that these electron-poor anhydrides do not form clear, homogeneous resins, some

do not allow to form latent mixtures but polymerize at ambient conditions. Thus, from a latency
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point of view these electron-deficient anhydrides turned out to be unusable. Despite their
aliphatic character, A3 and A4 were also found to dissolve incompletely in one of the four
diepoxies. Especially A3 shows large differences between the Tmax values for the different
diepoxides. For the cyclohexene oxide-based ECHDE a Tmax of 98°C was found whereas for
BDDGE a value of 165°C was observed. This temperature gap of 67°C presents the largest
difference between two epoxides hardened with the same anhydride. In addition, with respect to
the heterogeneous mixtures, DPDGE and ECHDE display a tendency to lower Tmax Vvalues
compared to BADGE and BDDGE. However, less differences in the Tmax for a specific
anhydride were found if the anhydride and the diepoxide compound formed homogeneous
solutions. Unexceptional homogeneous solutions with the investigated diepoxides were only
formed if A1, A2 or A7 were used. For those anhydrides, the largest difference in Tmax was found
to be 13°C in case A7 was applied. Other fully homogeneous systems were formed from

BADGE/A5, BADGE/A6, ECHDE/A6, BDDGE/AS5 and BDDGE/AG.

Noteworthy, for the system BADGE/A1/5u-Me-COg, reduction of the heat rate from 5 to
1 K/min in DSC lowered the Tmax from 125°C to 103°C. On the one hand this finding underlines
the impact of time necessary for the decarboxylation, initiation and polymerization. Avoidance
of “overheated” temperature programs is generally beneficial. One explanation for the huge
influence of the heat rate on Tmax is the absence of significant latency and an occurring, slow

polymerization already at room temperature.

Thus, suitable, homogeneous mixtures from Table 6 were selected and investigated, first under
isothermal conditions at various temperatures followed by a heat ramp to check for released
energy as control for completeness of resin curing. To further investigate latency and reactivity

rheological measurements were executed. Systems consisting of DPDGE/A6, DPDGE/A7,
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ECHDE/A6 and ECHDE/AT were selected because of their low viscosity and high reactivity. In
addition, a system made of 50 equivalents BADGE, 100 equivalents 2-(phenoxymethyl)oxirane,
100 equivalents Al and 100 equivalents A10 was prepared. This multi-component mixture was
researched with the aim to increase the reactivity of BADGE/AL by substituting half of Al by
A10 (even though not dissolving in BADGE in a 100 to 200 ratio), which dissolves in the given
mixture. To decrease viscosity, half of the BADGE was substituted with 2-
(phenoxymethyl)oxirane, a low viscosity monoepoxide. In all following experiments 5u-Me-

CO2 was applied.

r
5V
% — —160°C
> —140°C
2 ~ T~ —120°C
‘; v \//_* —100°C
2| | | | | | . —o90°C
3o 50 90 130 170 210 250 80°C

temperature [°C]

Scheme 60: Stacked DSC thermograms of post-isothermal heat ramp from 20 to 250°C with a
heat rate of 20 K/min for the resin system DPDGE/A7/5u-Me-CO- (ratio 100:200:8). The
temperatures in the legend represent the temperature of the isothermal pre-curing (20 min).

In Scheme 60 the post-isothermal heat ramps of DPDGE/A7/5u-Me-CO2 are summarized. The
temperatures applied in the isothermal runs were applied to the resins for 20 min. No energy was
released in the control cycle for isothermal curing at 120°C and higher, consequently full curing

can be assumed. 127 J/g were observed in the control cycle after isothermal curing at 100°C,
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236 J/g at 90°C and 324 J/g at 80°C. This increase of released energies from 0 to 320 J/g within a
temperature span of only 40°C from 120 to 80°C points towards useful latent behavior. All the
more since the energy released from non-preheated anhydride-hardened epoxide curing reactions
is typical between 260 and 400 J/g and 80°C is already an elevated temperature, far from
ambient conditions. Other homogeneous resin systems show latency up to 80°C, too. Latent
behavior is even better presented by rheology. Hence, the rheological behavior of the system
DPDGE/A7/5u-Me-CO2 (100:200:8) was investigated (Scheme 61). Data for 25, 45, 65 and
85°C were collected in a row not changing the sample starting from 25°C whereas for 120 and
140°C fresh resin was used. No increase of viscosity was observed at 25 (~27 mPa-s) and 45°C
(~19 mPa-s) within 30 min. Although slight increases in viscosity were observed at 65 and 85°C,
the viscosity was still below 1 Pa-s after 30 min of applied heat. This is in stark contrast to
measurements at 120 and 140°C where a fast increase of the viscosities to about 100000 Pa-s
was observed. The viscosities increased with increasing degrees of polymerization (DP).
Viscosity increase is enhanced for the formation of crosslinked materials compared to linear

polymers.
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Scheme 61: Viscosities of the system DPDGE/A7/5u-Me-CO; (100:200:8) determined by
rheology at various temperatures.

The viscosities resulting from the reaction of the resin system ECHDE/A7/5u-Me-CO2 at
various temperatures are depicted in Scheme 62. No or a low increase in viscosity was observed
at 25°C (orange), 45°C (violet) and 65°C (green). At 85°C, a strong increase was observed
(blue). Consequently latency was not as successful as for the system DPDGE/A7/5u-Me-COso.
Most interesting is the step-effect around 15 min that was found for both rheological
investigations concerning ECHDE. As discussed in the introduction, epoxides based on
cyclohexene oxide tend to a certain degree to epoxide homopolymerization, although anhydrides
are still present in the reaction.!?*® The resulting polyether formation is one explanation for this
step-effect. However, fast curing was observed again at temperatures of 120°C or higher (red and

black, respectively).
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Scheme 62: Viscosities of the system ECHDE/A7/5u-Me-CO, (100:200:8) determined by
rheology at various temperatures.

Viscosities for the system BADGE/2-(phenoxymethyl)orxiraneA1/A19/5u-Me-CO: showed no
second step-like increase but fast curing below 5 min at 140°C (black). While a moderate
increase in viscosity was observed at 85°C (blue), no, or no significant increase was found at
temperatures below. The viscosity remained constant, both at 25°C (125 mPa-s, orange) and at
45°C (59 mPa-s, violet). At 65°C (green) initially the lowest viscosity of 32 mPa-s was found,

however increasing slightly to 55 mPa-s within 30 min.
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Scheme 63: Viscosities of the system BADGE/2-(phenoxymethyl)oxirane/A1/A10/5u-Me-CO;
(50:100:100:100:8) determined by rheology at various temperatures

All reaction profiles determined by DSC at 120 and 140°C of mixtures containing terminal
epoxides showed no induction periods. In contrast, the mixtures containing ECHDE, which is
based on cyclohexene oxide and thus an internal epoxide, displayed a certain induction period of
2 to 5min. This is consistent with the literature according to which the electrophilic carbon
atoms of the oxirane ring are almost exclusively attacked at the sterically less hindered
position.[3*3-3%1 This suggests eased and thus faster reaction, which in turn leads to the induction
period for ECHDE. This observation is basically independent of the question whether the initial
reaction of the released carbene ring-opens an oxirane moiety or an anhydride. All experiments
show satisfying latent behavior at ambient temperatures, but the induction period could be
especially useful for applications that need an extended delay or pot life time even at elevated

temperatures.
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Concluding, anhydride-hardened epoxide resins with latent initiators based on NHCs were
investigated. After an initial screening of different NHC precursor structures, Lewis acid
additives and initiator loadings in conjunction with a BADGE/A1 system, a screening of four
diepoxides and fourteen (di-)anhydrides was performed. From the NHC precursor screening a
reactivity boost caused by sterically demanding (cyclic) side groups was deduced. Despite the
minimal steric demand of the nitrogen substituents, 5u-Me-CO2 was used as an initiator due to
its favorable synthesis and robustness. Loadings of 8 equivalents of precursor to 100 equivalents
of diepoxide were found to be suitable (1 equivalent precursor per 25 oxirane moieties and
25 equivalents anhydride). Latent resins were not formed in case very strong electron-
withdrawing moieties were connected to the anhydrides; instead, gelation was observed already
at room temperature. Further, the solubility of electron-deficient anhydrides in the diepoxides
was limited resulting in heterogeneous mixtures, which are hardly sprayed (clogged nozzles) and
bear unfavorable mechanical properties. On the contrary, liquid and low melting anhydrides form
homogeneous mixtures, which are apparently latent. Isothermal DSC as well as rheological
measurements showed the latency of the systems more quantitatively. Stabile latent behavior was
found below 65°C for all resins investigated by rheology. Temperature increase decreased the
viscosities, which were well below 1 Pa-s, in many cases below 100 mPa-s. Slow to moderate
curing was observed between 65 and 100°C. Here, 65°C might be an advantageous temperature
for the handling of some resins as their viscosity is remarkably low for a certain time period after
the temperature was applied. Above 100°C, rapid curing reactions were observed. In some cases
full curing at 140°C was observed within 3 min and in all cases with temperatures of 120 the

polymerization was complete after 30 min according to the viscosities determined by rheology.
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A final remark on the experiments conducted in conjunction with anhydride-cured epoxide resins
concerns anhydride mixtures. As seen for  the mixture BADGE/2-
(phenoxymethyl)oxirane/A1/A10/5u-Me-CO: the application of different anhydrides can be
advantageous from a reactivity, a viscosity and a preparation (liquid-liquid mixing) point of
view. Thus, three anhydrides that are solid at room temperature, namely Al, A4 and A6, were
selected to search for eutectic mixtures that are liquid at room temperature. For this purpose the
samples were weighed in in various ratios and heated in a closed vial to 60°C for several
minutes. Mixtures of A1/A4 as well as mixtures of A4/A6 resulted in compositions that were
solid at room temperature. Mixtures from 100 equivalents A6 and 30 equivalents Al to mixtures
of 100 equivalents A6 and 200 equivalents A1 were found to remain liquid after cooling to room

temperature.

The approach to mix anhydrides with the intension to optimize reactivity, viscosity, handling,
flame retardancy or the mechanical properties after curing offers many possibilities for future
scientific work and applications. All the more if the epoxide compounds are additionally taken
into account. Further, the starting materials were stored and the resins were mixed inside the
glove box. However, homogenization and polymerizations were executed under ambient
atmosphere. Depending on the application it would be interesting to identify whether the
polymerizations can be conducted with various amounts of additional water and the impact on
the carboxylate and the free carbene, respectively, could be investigated. Further, the
incorporation of other additives like carbon black, silver, polyurethanes and other materials to
adjust the final properties of the cured resin must be reinvestigated for the special reactivity of

latent NHCs. Upstream investigations applying monoepoxides and anhydrides, to form linear
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polyesters, could facilitate mechanistic investigations, the research for suitable additives and

latent resins for the formation of thermoplastic polyesters.
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7.2 Polyoxazolidin-2-ones

In this chapter the synthesis of polyoxazolidin-2-ones from diepoxides and diisocyanates
catalyzed by NHCs and Lewis acids is described. Many of the results of this chapter are
published: H. J. Altmann, M. Clauss, S. Konig, E. Frick-Delaittre, C. Koopmans, A. Wolf, C.
Guertler, S. Naumann, M. R. Buchmeiser, Synthesis of Linear Poly(oxazolidin-2-one)s by
Cooperative Catalysis Based on N-Heterocyclic Carbenes and Simple Lewis Acids,

Macromolecules 2019, 52, 487-494.5%1 Special attention was spent on the aims in the following.

e Although different synthesis routes, starting from other monomers than diisocyanates and
diepoxides were established and offer advantages like reduced reaction temperature and
high chemoselectivity, the most atom economic synthesis for polyoxazolidin-2-ones
comprises commercially available diisocyanates and diepoxides. 24255 268-277]

e The avoidance of isocyanurate formation is essential for the synthesis of an exclusively
linear, thermoplastic polyoxazolidin-2-ones since triisocyanates, which result from the
trimerization of diisocyanates, act as crosslinking agents.

e Homopolymerization of both, diisocyanates and diepoxides had to be avoided due to its
impact on the stoichiometry of the reaction, which is important to reach high molecular
weight polymers from polyaddition reactions.

e NHCs were selected as catalysts because they were supposed to provide side-product-free
polymers.

e To exploit the full potential of the polymer class of polyoxazolidin-2-ones both, aliphatic
and aromatic diisocyanates should be used.

e A solvent, innocent at the harsh reaction conditions and suitable for the monomers and

the polymer, had to be found.
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e Clarification on the regioisomerism of polyoxazolidin-2-ones was aimed at since the
repeating oxazolidin-2-one rings can be substituted in four or five position, which was

supposed to affect the polymer properties.
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Scheme 64: Monomers used for the synthesis of polyoxazolidin-2-one, the solvent (sulfolane),
and a general polymer structure.

Initial experiments were performed applying BADGE (100 equivalents) and TDI
(100 equivalents) in conjunction with various NHC carboxylates (1 equivalent) at 60°C (or room
temperature), in bulk, DMSO or sulfolane. NHC carboxylates were chosen as pre-catalysts
because of the increased temperatures that are necessary to release the carbene thus avoiding side
reactions like trimerization at low temperatures.[**® The initially employed reaction temperature
and time were chosen according to reports on NHC catalyzed oxirane ring-opening reactions.%!
However, irrespective of the NHC used, IR spectroscopy of the isolated colorless substances
only showed signals at 1690 to 1710 cm™ indicating formation of the isocyanate trimer instead of
the oxazolidin-2-one for which no evidence was found (Scheme 66). The trimer yields after
either precipitation of the reaction mixture, centrifugation, decanting off supernatant solution and

drying or intensive washing and drying (for gelly material) ranged from <5 to 37%.
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Scheme 65: Reactions of BADGE and TDI lead to the trimer at rt/60°C catalyzed by NHC-COs..
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Scheme 66: IR spectrum of the product resulting from an one-pot reaction of BADGE and TDI
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A different picture was found when 6-Mes-MgCl2 was applied at 60°C in sulfolane over a period
of 4 days. An intensive oxazolidin-2-one carbonyl vibration (1748 cm™) was found next to a
peak caused by the isocyanurate (1697 cm™) (Scheme 67). The formation of oxazolidin-2-one
was attributed to the MgCl> protecting group and the NHC, since the sole application of MgCl»
under the same reaction conditions also led to isocyanurate products (compare chapter 9.3). The
product resulting from the reaction with 6-Mes-MgCl2 was partially soluble in common organic

solvents like DMSO, DMF and DMALc.

118



100
=

RUKER
e | (O
§ o (0 0O 1
e ‘ 1748 cm™ ‘ ks
§ o | a5 N N’
" ? ’ 2\ /g
R ,\_/ (o) N (o)

65
N

o < 85 398 § 898339 5839

- - -

g © DS AN = gwgwg&s$3Q§§§;28§N

< & SR 883 T R YLICEF;R8RIB RRAITT

2] N e o e e O®O®ON COVD T
T

T T T
2500 2000
Wavenumber cm-1
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Oxazolidin-2-one and isocyanurate carbonyl vibrations were also observed if 5u-Me-CO2 was
applied as catalyst in conjunction with MgCl> (each 1 equivalent) in polyaddition reactions of

BADGE and TDI (each 100 equivalents) in a one-pot reaction in sulfolane at 60°C after 6 h.

Lower trimerization rates and lower tendencies for side reactions were reported for alkyl
isocyanates compared to aryl isocyanates.[**® 285 3971 Therefore, TDI was exchanged by HDI as
monomer for the following investigations. An overview of most polyoxazolidin-2-one structures
synthesized in this work is given in Scheme 71. The polyaddition reactions were heated since
elongated reaction periods at higher temperatures were shown to enable reopening of
isocyanurate rings and concurrent transformation into oxazolidin-2-one rings by conversion with
oxirane moieties.[?%* 2781 The reaction system consisted of equimolar BADGE and HDI as well as

5u-Me-CO2 and MgClI; in sulfolane. The one-pot reaction was heated to 220°C for 15 h and
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gave 48% isolated yield of a solid with oxazolidin-2-one (1738 cm™) and isocyanurate
(1683 cm™) signals in the IR spectrum (Scheme 68). The wave numbers of both signals are lower

compared to polymers containing TDI. The product was fully soluble in organic solvents like

DMF, DMSO and CHCls.
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Scheme 68: IR spectrum of the product resulting from an one-pot reaction of BADGE and HDI
catalyzed by 5u-Me-CO; and MgCl. at 220°C for 15 h in sulfolane. Carbonyl vibration of
oxazolidin-2-one moieties is labeled in red, isocyanurates in green

In a further modification of the reaction setup, two solutions were prepared. Solution 1 contained
1 equivalent 5u-Me-COz2, 2 equivalents MgCl, and 100 equivalents BADGE dissolved in
sulfolane. Solution 2 was made of 100 equivalents of HDI in sulfolane. Solution 1 was heated to
200°C and solution 2 was added dropwise within 1 h, and the combined solutions were kept at
reaction temperature for 2 h. The IR spectrum of the product isolated in 76% yield displays no

isocyanurate signal but an intensive oxazolidin-2-on carbonyl vibration (1735 cm™).
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Scheme 69: IR spectrum of a polymer synthesized from BADGE and HDI. An HDI solution in
sulfolane was added to a solution of 5u-Me-CO,, MgClz and BADGE in sulfolane at 200°C over a
period of 1 h. The combined mixture was kept at 200°C for 2 h. Carbonyl vibration of oxazolidin-2-
one moieties is labeled in red.

The polymers presented in Scheme 68 and Scheme 69, both consisting of BADGE and HDI,
were submitted to NMR analysis. Comparison of the carbonyl areas from =140 to 160 ppm in
13C NMR is shown in Scheme 70. The upper spectrum was received from the polymer
synthesized in one-pot. A signal at 6=149 ppm results from the isocyanurate carbonyl carbon
(green), underlining the findings by IR. The lower spectrum was received from the polymer
synthesized by portionwise addition of a sulfolane solution containing the isocyanate to the
residual reaction mixture at reaction temperature (200°C). It does not show any peaks besides the
expected oxazolidn-2-one signal and the two aromatic signals. Which in turn means this POxa-
BADGE-HDI is isocyanurate-free (Scheme 70). The molecular weight of 9000 g/mol was
determined by DMACc-GPC and translates into 18 BADGE-HDI repeat units. A broad molecular

weight distribution of 4.8 was found.
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The successful isocyanurate-free synthesis approach was extended to other carbenes and LiCl.
The results are summarized in Table 7. In all cases sole application of either NHC carboxylate or
Lewis acid resulted in a certain degree of trimerization (entries 1, 2, 5, 8 and 11). Exclusively
linear polymers were found for 6-iPr-CO2 and 5u-Me-COz, irrespective of the Lewis acids used
(entries 3, 4, 9 and 10). In contrast, 6-Mes-CO2 in conjunction with MgCl. delivered a
crosslinked polymer (entry 7). The reasons remain speculative. Nonetheless, in conjunction with
LiCl an isocyanurate-free polymer was synthesized (entry 6). Therefore, experiments hereafter
were executed with LiCl. The molecular weights in the range of 5000 to 22000 g/mol correspond

to 18 - 43 BADGE-HDI repeat units (508.62 g/mol per unit).

Table 7: POxa-BADGE-HDI synthesized by portionwise addition (within 1 h) of a solution
containing the diisocyanate (100 equivalents) to the reaction mixture at 200°C containing BADGE
(100 equivalents), 5u-Me-CO; (1 equivalent) and MgCl: or LiCl (2 equivalents). Post-heating 2 h.

entry NHC Lewis acid Mn[g/mol]? Bm?
1 - LiCl crosslinked -
2 - MgCl; crosslinked -
3 6-iPr-CO- LiCl 12000 5.3
4 6-iPr-CO- MgCl; 10000 5.4
5 6-iPr-COz2 - crosslinked
6 6-Mes-CO:2 LiCl 22000 5.4
7 6-Mes-CO2 MgCl> crosslinked
8 6-Mes-CO2 - crosslinked
9 5u-Me-CO:2 LiCl 5000 8.3
10 5u-Me-CO2 MgCl; 9000 4.8
11 Su-Me-COz2 - crosslinked

a determined by DMAc-GPC.

Interestingly the molecular weights follow a trend within the carbenes. An increase in the
Tolman electronic parameter (TEP) resulted in lower molecular weights. The TEP of 5u-Me was

determined to be 2052.4 cm™ (5000 g/mol), the TEP of 6-iPr 2048.3 cm™ (12000 g/mol) and the
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TEP of 6-Mes 2042.6 cm™ (22000 g/mol).l*31 Nevertheless, the decarboxylation and thus the
basicity of the carbene and the NHC-H" salt, respectively, as well as the steric situation and NHC

ring size must also be considered.

Although higher molecular weights were reached with other carbenes, 5u-Me-CO2 was chosen
for further experiments due to its favorable synthesis and robustness. The reaction setup was
optimized. Instead of adding the isocyanate to the reaction mixture, both monomers were added
to a mixture of 5u-Me-CO2 and LiCl in sulfolane at 200°C. Further, the time span during which
the monomers were added was elongated to 2 h. In turn, the subsequent heating phase was
reduced to 1h. The ratio of monomers : catalyst system (diepoxide:diisocyanate:5u-Me-
COz2:LiCl) was varied from 50:50:1:2 over 200:200:1:2 to 400:400:1:2. For high catalyst
loadings, slightly increased yields of 80% were found, while the latter two ratios resulted in 50
and <10% vyield, respectively. Consequently, the ratio was kept at 100:100:1:2. DMSO and 1,2,4-
trichlorbenzene caused major issues (isocyanurate formation and crosslinking). In contrast
sulfolane and 1,3-dimethylimidazol-2-one were successfully applied in the process. Lowering the
reaction temperature (175°C) resulted in the formation of trimer and 200°C were set as standard.
This setup was applied to five diisocyanates and two diepoxides. The results and the monomers
are summarized in Table 8. The improved reaction setup resulted in an increased molecular
weight for POxa-BADGE-HDI of 32000 g/mol and narrower molecular weight distributions
(entry 1). The measured molecular weights can be categorized by the type of monomers that
were used. For all combinations of BADGE and aliphatic isocyanates molecular weights are in
the range of 30000 g/mol. For BADGE and aromatic isocyanates values of 11000 and
14000 g/mol were found. Lowest molecular weights were found for BDDGE and the differences

between aromatic and aliphatic diisocyanate vanished in terms of molecular weights. Molecular
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weight distributions between 1.9 and 3.0 are acceptably low for polyadditions, especially for
polymers synthesized at 200°C. For the production of polyoxazolidin-2-ones from MDI and TDI
the monomer addition times were doubled to 4 h and in the case of TDI it was also found
favorable to change the solvent from sulfolane to 1,3-dimethylimidazol-2-one since POxa-
BADGE-TDI from sulfolane contained small amounts of isocyanurates. Polymers consisting of
former aromatic isocyanates were soluble in typical polymer solvents like DMF, DMSO and
DMAC in addition to those used in their synthesis. For polymers made from HDI, H12MDI and
IPDI additional solubility in CH.Cl. and CHCIs was found. This affected the workup procedure.
Once the polymerization samples were cooled down the reaction solution was precipitated into
iPrOH, centrifuged, the supernatant solution decanted and the polymer dried under reduced
pressure. Eventually the polymer was redissolved and the workup process was repeated. This
was needed in several cases especially to remove the remaining sulfolane. The glass transition
temperatures for polymers based on BADGE were found to be high if cyclic structures were
incorporated in the diisocyanate monomer. POxa-BADGE-HDI displayed a little lower value for
Tg. The substitution of BADGE by BDDGE further reduced the Tq4 to 83°C for POxa-BDDGE-
MDI and no signal was found for fully aliphatic and acyclic POxa-BDDGE-HDI, respectively.
The broad range of 83 to 178°C implied the possibility to adjust the glass transition temperature
to a temperature of choice by mixing more than two monomers. In entry 8 a mixture of
BADGE:HDI:MDI (100:50:50) was added within 4h to the reaction mixture to form a
copolymer. Indeed the Ty was in-between POxa-BADGE-HDI and POxa-BADGE-MDI. An
experiment to synthesize a block-copolymer by adding first BADGE and MDI over 4 h and after
an 1 h break second BADGE and HDI did not lead to a clear result. Although the polymer was

isocyanurate-free only one T4 was found at 129°C. For block-copolymers two values, close to
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those of the homopolymers were expected. A molecular weight of 35000 g/mol (Bm=2.9) and a
yield of 85% were determined. In comparison to the literature, the measured molecular weights
are reasonable. Azechi and Endo observed number-average molecular weights up to
5000 g/mol.?®! In a study by Wolf et al. for POxa-BADGE-MDI a molecular weight of
9000 g/mol was found by DMAc-GPC.[?8%l |f, additionally, molecules with a molecular weight
below 2000 g/mol were excluded a molecular weight of as high as 18000 g/mol was observed.

All polymers were found to be amorphous.

Table 8: Polymerization results of various monomers synthesized according to the improved
reaction setup.

entry  epoxide isocyanate M, [g/mol]? bwv? DP® Tg[°C]  yield [%]
1 BADGE HDI 32000 2.7 63 110 72
2 BADGE IPDI 31000 1.9 95 178 69
3 BADGE  Hp2MDI 32000 2.5 53 148 73
4° BADGE MDI 14000 2.7 24 151 71
5¢¢  BADGE TDI 11000 2.4 21 156 89
6 BDDGE HDI 9000 2.0 24 - 52
7 BDDGE MDI 9000 3.0 20 83 76
8 BADGE HDI/MDI 31000 2.5 56 145 >90

adetermined by DMAc-GPC; P calculated from the molecular weight results; ¢ the monomer
addition period was extended to 4 h; 41,3-dimethylimidazol-2-one was used as solvent.

With the optimized reaction setups at hand, additional NHC carboxylates were selected to
investigate the influence of the carbene on the reaction. The selection was made according to the
TEP of the free carbenes. There were2052.4 cm™ for 5u-Mez, 2050.7 for 5u-Mes, 2045.5 for 6-
Dipp and 2042.6 for 6-Mes.[***! The selected NHCs were used to synthesize POxa-BADGE-HDI

(Table 9) and POxa-BADGE-MDI (Table 10).
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Table 9: Polyoxazolidin-2-ones synthesized from BADGE/HDI/NHC/LICI (100:100:1:2) at 200°C.

entry NHC Mn [g/mol]?  Bm®  DPP  yield [%]
1 5u-Me-COz2 20000 19 39 73
2 5u-Mes-CO2 14000 1.7 28 78
3 6-Dipp-CO: 12000 19 24 74
4 6-Mes-CO2 10000 16 20 78

adetermined by DMSO-GPC; b calculated from the molecular weight results.

To prevent confusion, it must be mentioned that the DMSO-GPC system was used to determine
the values in Table 9 and Table 10 instead of the DMACc-GPC system used before. The changed
GPC system influences the molecular weights determined e.g. the M, of POxa-BADGE-HDI in
the DMACc system was 32000 g/mol (Table 8, entry 1), whereas with the DMSO-GPC a M, of
20000 g/mol was found (Table 9, entry 1). Similarly, the molecular weight changed for POxa-
BADGE-MDI from 14000 g/mol for the DMAc system to 42000 g/mol with the DMSO system.
The reasons are mostly attributed the solvent, which has a strong impact on the polymer

geometry. However, within the respective system the values appear trustworthy and comparable.

For POxa-BADGE-HDI the molecular weights increase with increasing TEP (Table 9). On the
contrary, albeit less pronounced, for POxa-BADGE-MDI the opposite behavior was observed
(Table 10). Both polymers, POxa-BADGE-HDI and POxa-BADGE-MDI had narrow molecular
weight distributions in common. The differences between the polymers are attributed to the
interaction of the NHC with the monomer in the initiation reaction. Hence, trimerization
experiments were executed for phenyl-, 4-methylphenyl-, cyclohexyl- and n-hexyl isocyanate.
The isocyanates were mixed with 6-Cy-CO2 at room temperature. Under these conditions
aromatic isocyanates react rapidly to the isocyanurate whereas aliphatic isocyanates do not
undergo trimerization. If the same applies to the diisocyanates during the polymerization, two

different reaction pathways are conceivable for aromatic and aliphatic diisocyanates,
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respectively. One starts from NHC-activated isocyanates and Lewis acid-activated oxirane
moieties. The other starts from either isocyanurates ring-opened by alkoxides resulting from
epoxide ring-opening or by Lewis acid activated epoxides that are ring-opened by NHCs and
subsequently undergo a nucleophilic attack at the isocyanate. The mechanism will be discussed

in detail at the end of this chapter.

Table 10: Polyoxazolidin-2-ones synthesized from BADGE/MDI/NHC/LICI (100:100:1:2) at 200°C.

entry NHC Mn [g/mol]? Bm® DP®  yield [%]
1 5u-Me-CO2 42000 14 71 80
2 5u-Mes-CO2 46000 14 70 82
3 6Dipp-COz 47000 14 80 84
4 6-Mes-CO2 51000 15 86 83

a determined by DMSO-GPC; b calculated from the molecular weight results.

In order to simplify the reaction and facilitate the use of a variety of NHCs, a process
circumventing the synthesis of carboxylates and the associated deprotonation and elaborate inert
gas proceedings was developed. Here, the catalyst system is formed in situ from NHC-HX and a
metal hydride (Scheme 72). For demonstration purposes 5u-Mes-HCI and LiH were chosen.
Both were mixed together with sulfolane and heated to 200°C for 1 h to form the free carbene
5u-Mes and the Lewis acid LiCl in situ under hydrogen evolution before a solution of BADGE
and HDI in sulfolane was added portionwise to form POxa-BADGE-HDI (Scheme 72). In
addition, a control experiment was conducted applying 5u-Mes and LiCl as dual catalytic system
under the same conditions. Isocyanurate-free polymers with an M, of 13000 g/mol (Bwm=3.7,
DMACc-GPC) for the in situ system and an M, of 15000 g/mol (Bm=3.1 DMACc-GPC) in the
control experiment were found. The similar outcomes suggest successful in situ formation of the
dual catalyst system. There are two explanations for the observed reduced molecular weights in

both experiments. On the one hand the LiCl loading was halved compared to the POxa-BADGE-
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HDI (Table 8, entry 1), on the other hand the built up molecular weight was lower for 5u-Mes
than for 5u-Me (Table 9, entries 1 and 2). In addition it must be mentioned that side reactions
e.g. with the solvent or impurities during the in situ dual catalyst formation or during the heating
of the control experiment to 200°C for 1 h cannot be excluded. Nonetheless, the potential of this
approach is high since basically any NHC-H* and other metal hydrides like NaH, KH, CsH,
MgH: or other could be used. Further, the addition of other Lewis acids in order to reach a ratio

of carbene to metal salt of 1 to 2 is possible.

[T\ 200°C, 1 h [\
NN + LiH sulfolane NN + LiCl
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Scheme 72: In situ formation of the catalyst system 5u-Mes and LiCl and subsequent monomer
addition and polymerization.

Regioisomerism has an eminent impact on polymer properties. In the context of polyoxazolidin-
2-ones the substitution of the oxazolidin-2-one ring in position four or five must be discussed. A
comparison of the polymer structures with monofunctional molecules promised to be insightful.
The reaction of phenyl isocyanate with 2-(phenoxymethyl)oxirane catalyzed by 5u-Me-CO: and
LiCl was chosen to synthesize 4-(phenoxymethyl)-3-phenyloxazolidin-2-one (4-Oxa) and 5-
(phenoxymethyl)-3-phenyloxazolidin-2-one (5-Oxa) in sulfolane at 200°C in a one-pot reaction
(Scheme 73). The consumption of 2-(phenoxymethyl)oxirane was followed by GC-MS (Scheme
73). 2,5,8,11-Tetraoxadodecane was used as internal standard. The oxirane derivative was

consumed to more than 80% within the first 15 min indicating a fast reaction with the isocyanate.
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Aside from oxazolidin-2-one formation 1,3,5-triphenyl-1,3,5-triazin-2,4,6-trione was observed.
Its relative signals decreased with decreasing 2-(phenoxymethyl)oxirane signals. However, after
60 min it was still detected, albeit in minor concentrations. Unfortunately, one oxazolidin-2-one
regioisomer (5-Oxa) was produced almost exclusively, thereby precluding comparison with the

polymers for regioisomer determination.
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Scheme 73: Consumption of 2-(phenoxymethyl)oxirane relative to the internal standard 2,5,8,11-
tetraoxadodecane in an addition reaction with phenylisocyanate. The sample at 0 min was taken
directly before heating to 200°C.

Thus, 4-Oxa and 5-Oxa were synthesized starting from 1,3,5-triphenyl-1,3,5-triazin-2,4,6-trione
and 2-(phenoxymethyl)oxirane. The used catalyst systems were either sole LiCl or sole 5u-Me-
CO:2 or dual catalysis with both in sulfolane at 200°C (Scheme 74 and Table 11). The reaction

period was extended to 4 h to ensure conventionally high conversions.
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Scheme 74: Synthesis of monofunctional 4-(phenoxymethyl)-3-phenyloxazolidin-2-one (4-Oxa,
blue) and 5-(phenoxymethyl)-3-phenyloxazolidin-2-one (5-Oxa, red). The 13C NMR shifts of the
carbon atoms originating from the oxirane are given in ppm (compare Scheme 75). The used
catalytic systems are summarized in Table 11.

Table 11: Different catalytic systems employed in the production of monofunctional regioisomers
according to Scheme 74.

entry NHC Lewis acid formed product [%]  ratio [4-Oxa:5-Oxa]
1 - - <5 n.d.
2 - LiCl (2 eq.) 65 10:90
3 5u-Me-COz2 (1 eq.) - 66 9:91
4 5u-Me-COz2 (1 eq.) LiCl (2 eq.) 85 12:88

The ratios of 4-Oxa to 5-Oxa were determined by GC-MS. Independent of the catalytic system a
ratio of the regioisomers of about 1 : 9 was observed. The dual approach resulted in the highest
productivity (Table 11, entry 4). After separation and isolation of 4-Oxa and 5-Oxa the
13C NMR spectra were compared to those of the respective polymers. A magnification of the
area from 6=45 to 75 ppm of the stacked spectra can be found in Scheme 75. Spectra of polymers
containing an aromatic diisocyanate were measured in DMSO-d6, all other spectra were
recorded in CDClz. POxa-BADGE-HDI, polymers from BDDGE and polymers from BADGE in
conjunction with MDI or TDI, respectively, showed no signals around 6=55 ppm, which
represent nitrogen-neighbored CH groups of oxazolidin-2-one moieties with a substitution at Ca.
Also the signals for oxygen neighbored aliphatic carbons were very similar to those of 5-Oxa

and occur with a chemical shift of about 6=68.0 and 70.5 ppm. Hence, these polymers are

132



substituted at Cs and bear only one regioisomer. In contrast, for POxa-BADGE-H12MDI and
POxa-BADGE-IPDI peaks around 6=69.5 or 65.0 ppm, respectively, were additionally found,
suggesting formation of both, 4- and 5-oxazolidin-2-one moieties. Further, these two polymers
showed downfield shifted signals for the nitrogen-neighbored carbons around 6=55.8 ppm,
indicating substitution at C4. However, no exclusive substitution at C4 was observed, as obvious
from the downfield shifted peaks for the oxygen neighbored carbon atoms, indicating Cs

substituted rings.

69.5 U 65.0 4-Oxa 55.8

70.5 L lss.o 5-Oxa JL 47.5

i J POxa-BADGE-HDI N l

N n POXa-BADGE-HMDI

" ) }L POxa-BADGE-IPDI 1
M

l H POxa-BADGE-MDI |

n ” M POxa-BADGE-TDI I I

POxa-BDDGE-HDI
A

POxa-BDDGE-MDI i

74 73 72 71 70 69 68 67 66 65 64 63 62 61 g,(()ppsr%)sé 57 56 55 54 53 52 51 50 49 48 47 46 45
Scheme 75: Magnification of the 13C NMR spectra of 4-(phenoxymethyl)-3-phenyl oxazolidin-2-
one (CDCIls), 5-(phenoxymethyl)-3-phenyl oxazolidin-2-one (CDClz), POxa-BADGE-HDI (CDCls),
POxa-BADGE-H:12MDI (CDCls), POxa-BADGE-IPDI (CDCls), POxa-BADGE-MDI (DMSO-d6),
POxa-BADGE-TDI (DMSO-d6), POxa-BDDGE-HDI (CDCls) and POxa-BDDGE-MDI (DMSO-d6).
The chemical shifts for 4-Oxa and 5-Oxa are given in ppm.
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Scheme 76: Plausible NHC-catalyzed and Lewis acid-accelerated reaction pathways. Initiation at
the oxirane (top) and at the isocyanate (middle) moiety are conceivable. Lewis acid ring-opening
by the Lewis acid and isocyanate activation by the NHC (bottom). The red pathway leads to
substitution in ring position five, the blue pathway to substitution in ring position four.
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Mechanisms for the formation of oxazolidin-2-one moieties, substituted in position 4 and 5,
respectively, have been discussed in the literature, however, not for NHCs serving as
nucleophiles in the synthesis of polyoxazolidin-2-ones (Scheme 76). The Lewis acid (grey) is
depicted in several cases as electron-withdrawing activator coordinated to the oxirane moieties or
to the alcoholates formed by ring-opening as suggested by the literature (top and middle).[*¢!
However, the oxirane ring-opening by, e.g. the halide of a Lewis acid was reported as well
(green, bottom).[264 2881 |n addition, the oxirane ring-opening by NHCs was described.[243-244 3%,
Trimerization must be discussed especially with regards to the differences between aromatic and
aliphatic  isocyanates.!*®1  The reaction of monofunctional phenylisocyanide and
2-(phenoxymethyl)oxirane displayed rapid consumption of the oxirane derivative although the
reaction was carried out one-pot. For portionwise monomer addition to a reaction system at
200°C almost quantitative consumption of isocyanates and oxiranes and formation of oxazolidin-
2-ones seems likely. The trimerization tendency is probably lower too, since the isocyanate
concentration is lower at all times. Nonetheless, isocyanurate formation must not be excluded
and as demonstrated by the conversion of 1,3,5-triphenyl-1,3,5-0xazine-2,4,6-trione to 4-Oxa
and 5-Oxa small amounts will not disturb the formation of trimer-free, linear polymers. The
impact of the dual approach was demonstrated not only by the higher product formation of the
dual approach in trimer-opening, but even more important by the production of isocyanurate-free
polymers in contrast to polymers obtained from the sole application of either the NHC or the
Lewis acid. The high activity of 6-Cy-CO: in the trimerization of aromatic isocyanates and the
higher trimerization tendency for aromatic isocyanates reported in the literature catalyzed by
NHCs and the increased monomer addition times necessary for the isocyanurate-free

polymerization of aromatic isocyanates are in accordance. Together, these findings indicate that
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an initiation of the NHC at the isocyanate and subsequent trimerization take place as one
pathway of the reaction, and is least pronounced for aromatic isocyanates competing with the
direct addition of isocyanate and oxirane derivative. This means for aromatic isocyanates that
both pathways, i.e. the direct addition and trimerization happen simultaneously and both lead to
oxazolidin-2-ones although with different rates. The initial reaction is probably the betaine
adduct formation from the NHC and the isocyanate (Scheme 76, middle). Whether the Lewis
acid coordinates or ring-opens the oxirane moiety remains unclear. However, both result in an
eased nucleophilic attack. The same considerations are valid for aliphatic isocyanates although

less indicated by experimental data and trimerization seems to be less pronounced.

In conclusion, NHCs in conjunction with Lewis acids as catalytic system allowed for the
preparation of isocyanurate-free, exclusively linear polyoxazolidin-2-ones. Sulfolane and 1,3-
dimethylimidazol-2-one were not found to undergo side reactions with the monomers in
concentrations up to 15 wt.-%. Polyoxazolidin-2-ones were synthesized successfully from two
different diepoxides and five different diisocyanates. All polymers were found to be fully
amorphous. The reaction setup was optimized in terms of temperature, monomer addition
process and catalyst/monomer ratio. High molecular weights up to 50000 g/mol as well as
acceptable molecular weight distributions were found. Copolymers of BADGE with HDI and
MDI were synthesized and were also proven to be isocyanurate-free. The impact of the NHCs
was investigated and a correlation between molecular weight and TEP was assumed. To lower
the hurdles of applying NHCs, an approach for the application of NHC-HX salts in conjunction
with metal hydrides was presented for the synthesis of POxa-BADGE-HDI. By *C NMR the
regio-constitution was investigated. It was found that most POxa were substituted at Cs,

however, those produced from IPDI and H12MDI also contained oxazolidin-2-one rings with
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substitutions at C4. The mechanism was discussed by including the experimental data but could

not be unambiguously determined.

Therefore, the application of NHCs as catalyst in conjunction with Lewis acids to produce
polyoxazolidin-2-ones should be further investigated. Especially experiments on a multi-gram
scale and high resolution in situ kinetics could contribute to elucidate the mechanism. In this
context, aromatic and aliphatic isocyanates must be considered separately. Introduction of
crystallinity into the polymers could possibly be achieved by the incorporation of other
monomers like naphthalene-1,4-diisocyanate and improve the material properties. Further,
despite the suitable solvents used, bulk polymerizations would be desirable since removing high

boiling solvents is time and energy consuming.
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7.3 Polyamide 6 Synthesis

Herein, the synthesis of PA6 using 5u-Me-CO:z under the assistance of Lewis acids and
activators is described. Previously, Buchmeiser et al. did not use any activators in their attempt
to synthesize polyamide 6 in a ring-opening fashion from azepan-2-one in conjunction with
latent (mostly CO2-protected) N-heterocyclic carbenes.U’®) Most of the results described in this
chapter are published: H. J. Altmann, M. Steinmann, I. Elser, M. J. Benedikter, S. Naumann, M.
R. Buchmeiser, Dual catalysis with an N-heterocyclic carbene and a Lewis acid: Thermally

latent precatalyst for the polymerization of e-caprolactam, J. Polym. Sci. 2020, 58, 3219-3226.[6]

Buchmeiser et al. discussed a correlation between the activity of latent NHC initiators and their
basicity.["®1 The starting point for comparison of the pKa values is reasonably the pKa of the
monomer, azepan-2-one which is 27.2 in DMSQ.B% %I Six-membered NHCs with aliphatic
nitrogen substituents show pKa values of 27 to 29 whereas imidazole-based NHCs with aliphatic
side groups range from 22 to 24.[10% 107-1091 For instance, the pKa of 6-Me-H* is 27.6 whereas the
pKa of 5u-Me-H* is 21.5, both according to DFT calculations by Ji et al.[%®-1%%1 Thus, the amount
of lactamate anions that initiate the chain-growth reaction, formed in mixtures of carbene and
monomer, is higher for 6-Me compared to 5u-Me by about a factor of one million with respect to
the NHC concentration. A situation as depicted in Scheme 77 is conceivable in addition to
common discourse based on equilibriums. It was assumed that mostly protonated 6-Cy-H* and
deprotonated lactamate is formed from the reaction of 6-Cy and AEO (bottom).l”-*! In contrast,
the results of the reaction of 5u-Me and AEO could also be proposed as an activated “proton
complex” (top). However, the huge excess of AEO monomer over the initiator, which is used in
the polymerization reactions will contribute to force the equilibrium to the right side of the

equation, either with separated charges or in an activated state.
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Scheme 77: Conceivable difference between 6-Cy being predominantly protonated by AEO
(bottom) and in contrast 5u-Me activating the monomer (top).

As a consequence of the reduced basicity of 5u-Me (especially with respect to most
polymerization active 6-Cy) a further activation of the reactants was necessary in order to apply
5u-Me-COz2. However, for comparison reasons, two initial reactions were conducted applying
sole 5u-Me-CO: as initiator of interest and sole 6-Cy-CO:2 as benchmark. In the literature the
ratio of AEO : 6-Cy-CO2 was 160 : 1 and the reaction run for 45 min at 180°C producing 85%
yield.[l Here, the monomer : NHC ratio was 100 : 1, the temperature was 200°C and the reaction
period 1 h. Rapid solidification and quantitative yield resulted for the reaction with 6-Cy-CO:2
after a workup that included dissolving of the polymer in methanoic acid (1 to 3 days, 4 to
12 mL/gpoiymer), precipitation from propan-2-one (30 to 150 mL/gpoymer), cCentrifugation at
4500 rpm for 15 to 99 min, decanting the supernatant solution and drying under reduced
pressure. With 5u-Me-COz2, however, only an increased viscosity of the reaction mixture and
17% yield were observed after workup (Table 12, entries 1 and 2). Control experiments with
LiCl, MgCl. or 1l-acetylazepan-2-one (AEO-Ac) without 5u-Me-CO2 did not lead to the
formation of polymer (entries 3 to 5). In contrary, the combined use of 5u-Me-CO: and LiCl
resulted in an increased productivity expressed by an increased yield of 33% (entry 6). The most

obvious explanation would be an increased electrophilicity of the carbonyl carbon of the attacked
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monomer by coordinating the Lewis acidic LiCl, easing both initiation and chain-growth. This
effect was exploited further if three or even five equivalents of LiCl were used in the
experiments yielding 52 or 58%, respectively (entries 7 and 8). An upper limit for the
productivity enhancement by further addition of LiCl is reached at around ten equivalents of
LiCl and 60% yield (entry 9). 72% polymer were isolated if 100 equivalents monomer were
treated with each 1 equivalent of 5u-Me-COz2, LiCl and AEO-Ac (entry 10). When compared to
entry 6 (1 equivalent NHC and 1 equivalent LiCl) the addition of the acetylated monomer
resulted in a more than doubled polymer yield. This is all the more interesting since a
combination of an NHC and activator without any Lewis acid resulted in no productivity (entry
11), probably due to terminating side reactions with the activator. However, AEO converted with
MgCl, and 5u-Me-CO: resulted in the formation of PA6 in 37% vyield (entry 12). Further
increased MgCl> equivalents, in contrast to LiCl, resulted in lower polymer yields (entries 13 to
15). One explanation is the formation of stable NHC-MgCl> complexes preventing
polymerization or slowing down the reaction velocity. Another explanation is the more
pronounced formation of 5u-Me-HCI by simultaneous formation of MgCI-AEO, showing a
decreased reactivity in the absence of activators. Although both explanations are also applicable
when only 1 equivalent of MgCl, is added to the reaction mixture, increased MgCl
concentration are expected to have a higher impact. Deduced from the isolated polyamide 6 yield
the combination of 5u-Me-CO2, AEO-Ac and MgCl results in the highest yields (entry 16).

AEO AEO-Ac 5u-Me-CO,
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Scheme 78: Bulk polymerization of azepan-2-one to PA6 at 200°C applying 5u-Me-CO2, MgCl:
and AEO-Ac as initiator and activators, respectively.
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Table 12: Polymerizations of azepan-2-one at 200°C, reaction time 1 h. All substances were
mixed in a 4 mL glass vial equipped with a magnetic stir bar. The vial was sealed and injected to
a pre-heated metal block with drill holes place on a magnetic heating plate.

entry NHC-CO:2([eq.]) Lewisacid([eq.]) AEO-Ac[eq.] AEO[eq.] Vyield[%]

1 6-Cy-CO2 (1) - - 100 >96
2 5u-Me-CO2 (1) - - 100 17
3 - LiCl (1) - 100 <1
4 - MgCl2 (1) - 100 <1
5 - - 1 100 <1
6 5u-Me-CO2 (1) LiCl (1) - 100 33
7 5u-Me-CO2 (1) LiCl (3) - 100 52
8 5u-Me-COz (1) LiCl (5) - 100 58
9 5u-Me-COz (1) LiCl (10) - 100 60
10  5u-Me-COz (1) LiCl (1) 1 100 72
11 5u-Me-COz (1) - 1 <1
12 5u-Me-COz (1) MgCl2 (1) - 100 37
13 5u-Me-COz (1) MgCl: (3) - 100 <5
14 5u-Me-COz (1) MgCl: (5) - 100 <5
15 5u-Me-COz (1) MgCl; (10) - 100 6

16 5u-Me-COz (1) MgCl2 (1) 1 100 >06

All substances were mixed in a 4 mL glass vial equipped with a magnetic stir bar. The vial
was sealed and injected to a pre-heated metal block with drill holes place on a magnetic
heating plate.

In order to gain a better understanding of the activation caused by the interaction of MgCl, and
AEO-Ac, both substances were combined in a mixture of CH.Cl, and THF. After the solvents
were removed under reduced pressure, a colorless solid was obtained, which was dissolved in
CD3CN and submitted to NMR analysis. Scheme 79 shows the reaction mixture as well as the
magnified carbonyl area of the ©*C NMR spectra of AEO-Ac (black) and the formed product
[AEO-Ac-Mg-Cl2] (red). The downfield shifted signals of [AEO-Ac-Mg-Cl;] compared to the
signals of AEO-Ac indicate a reduced electron density at the carbonyl carbons of the complex.

An increased electrophilicity is the consequence which, in this case, goes along with an enhanced
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reactivity in this case. This conclusion can further be underpinned with previous findings
concerning the lactamolytic and the ion-coordinative mechanism as outlined in the introduction

(chapter 6.5 Polyamide 6 Synthesis).[2%% 24
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Scheme 79: Reaction of AEO-Ac and MgCl: to the corresponding complex [AEO-Ac-MgClz] (in
red) with half an equivalent of THF (top). Comparison of the carbonyl area of the 13C NMR

spectra of AEO-Ac in black and [AEO-Ac-MgCl] in red recorded in CD3CN (bottom).

The mixtures for the polymerization reactions in Table 12 were weighed into the same glass vial
and then exposed to the reaction temperature (200°C) to form a homogeneous solution in the
molten AEO before solidifying due to polymer formation (in cases of high yields). Before
polymerization these mixtures were not homogenized. With respect to stoichiometry,
heterogeneous mixtures cannot be divided into multiple smaller polymerization samples or at
least some inaccuracies in the composition must be expected. Aiming at the formation of a truly
homogeneous, latent polymerization system, the reaction mixture was homogenized by

dissolving NHC, MgCl> and AEO-Ac in molten AEO without initiating the polymerization. The
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latent behavior was enabled by latent 5u-Me-COz. In contrast to previous experiments (Table
12), the monomer : catalyst system ratio was increased to 500 : 1. NHC, MgCl,, AEO-Ac and
AEOQO were weighed in and stirred for >1 h at 75°C until all substances were dissolved in the
molten monomer. The resulting homogeneous solution was allowed to cool to ambient
temperatures, upon whicha colorless solid was formed, and stored inside the glove box. This
mixture was polymerized in small portions after different time periods of 1, 3 and 9 days as well
as after 3 months. Quantitative yields were found in all cases after heating the polymerization

system to 200°C for 1 h as summarized in Table 13.

Table 13: Experiments with a latent polymerization system for polyamide 6 synthesis
homogenized at 75°C for >1 h and polymerized at 200°C within 1 h.

entry 5u-Me-CO2 [eq.] MgClz2[eq] AEO-Ac[eq.] AEO [eq.] time? yield [%]

1 1 1 1 500 1 day >96
2 1 1 1 500 3 days >96
3 1 1 1 500 9 days >96
4 1 1 1 500 3 month >96

atime between homogenization and polymerization, in the meantime the mixtures were
stored inside the glove box (N2, ambient temperature).

These latent polymerization systems proved to be stable as solid at ambient temperatures and in
the absence of air. Quantitative yields were also isolated if the monomer content was increased to
1000 equivalents with respect to the catalyst system consisting of 5u-Me-COz2, MgCl; and AEO-
Ac. Moreover, a latent mixture stored as liquid at 75°C (above the melting point of AEO) for
five days with increased catalyst system loading (200 eq. AEO to each 1eg. of 5u-Me-COg,
MgCl, and AEO-Ac) were investigated. After five days at 75°C the mixture was found to be
slightly turbid. Again, samples were taken from the ready to use mixture and polymerized at
different temperatures (160, 180 and 200°C, Table 14, entry 4). In addition, prehomogenized

polymerization systems with 100, 200 and 400 equivalents monomer loading were prepared and
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converted to PAG6 at the same temperatures (Table 14, entries 1 to 3). Furthermore,
prehomogenized polymerization systems with monomer loadings of 100 equivalents were
prepared but in contrast to the above-mentioned reactions reacted under ambient atmosphere
(Table 14, entry 5). The solidification times are summarized in Table 14. In some cases the

relative viscosities were additionally determined (entries 1 to 3).

Table 14: Solidification times in minutes of PA6 polymerization reactions of 1 g prehomogenized
systems conducted at different temperatures, with different loadings and different reaction
conditions. Solidification times of 0.5 g in square brackets, relative viscosities, in round brackets,
are referring to solidification values without brackets.

entry AEOQ? 160°CP 180°CP 200°CP
1 100  6[4] (2.04) 3[2](2.10) 2[2] (2.19)
2 200 7[6](2.75) 4[3](2.84) 3[3](2.65)
3 400 10[7]1(3.10) 6[5](2.94) 5[4](3.27)
4¢ 200 7 [5] 413] 413]

5d 100 10 8 5

aamount of AEO relative to each 1 equivalent 5u-Me-CO;, MgClz2 and AEO-Ac;
b polymerization temperature; ¢ the homogenized polymerization mixture was stored 5 days
in liquid state at 75°C; 9 polymerized under ambient atmosphere.

Comparison of the results in entries 1 to 3 in Table 14 show increasing solidification times with
decreasing temperatures and increasing monomer loadings. This is unsurprising since increased
reaction times must be expected for lower reaction temperatures and higher monomer loadings.
The relative viscosities increased with increasing monomer loadings and indicate higher
molecular weights as per equivalent of initiator more equivalents of monomer are available,
which results in longer polymer chains. It must be noted that solidification times are (reaction)
mass sensitive within the given reaction setup because a given quantum of energy per gram (or
mole) is necessary to increase the temperature of the mixture (heat capacity) and an amount of
time is needed to transport the energy into the system. This is illustrated by the solidification

times in square brackets (0.5 g sample mass) if compared to those without brackets (1 g sample
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mass). In addition, 1 g of a polymer system based on 200 equivalents with respect to the catalyst
system was reacted at 140°C and a solidification time of 12 min was observed. Melting points of
the polyamides synthesized e.g. at 200°C were 218°C for 100 equivalents, 219°C for
200 equivalents and 220°C for 400 equivalents. The values were determined as average of the
second and third heating cycle in DSC with a heating rate of 10 K/min. Although these values
show a tendency that goes along with what would be expected from the molecular weights the
small differences between the melting points must not be overinterpreted. Despite the
observation of minor turbidity for the polymerization systems after storage at 75°C for 5 days
(Table 14 entry 4), in all cases a colorless, clear and homogeneous solution was observed before
solidifying. In comparison, the solidification times did not differ significantly, accordingly no
major changes of the polymerization system led to expected while being stored in the liquid state
at 75°C, underlining the latency of the catalyst system (Table 14, entry 2). This is further
strengthened by the solidification times found for 0.5 g (Table 14 entry 4 square brackets), which
show the same behavior as the mixture stored as solid (Table 14, entry 2). In conjunction with
the low viscosity of the AEO melt this finding offers access to potential applications for the
polymer system where extended pot live times are beneficial, like liquid composite molding
(LCM) or thermoplastic resin transfer molding (T-RTM).%-3%1 The experiments summarized in
entry 5 in Table 14 were conducted as follows: The homogeneous mixtures were molten and
stirred at 75°C before the screw caps of the vials were removed and the reaction mixtures were
exposed to ambient atmosphere. Without any delay the vials were placed in an aluminum heating
block (on a magnetic stirrer) preheated to the respective reaction temperature to induce the
polymerization. Clearly the solidification times increased compared to the reactions executed

under inert gas atmosphere. When compared to entry 1 (Table 14) where the same monomer to
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catalyst system ratio was used the time to solidify roughly doubled for all three temperatures.
The effect is attributed to the uptake of water from ambient humidity, which partially quenches
the activated monomers or anions, respectively. Nonetheless, quantitative conversion of the
monomer deduced from quantitative yields were observed underlining the robustness of 5u-Me-
CO:z2 also in comparison to 6-Cy-CO:2 and other terahydropyrimidine-based carbenes and their

precursors.

GPC measurements were conducted for PA6 received from two reactions at 200°C (1 h). The
first polymer was synthesized from a mixture consisting of 100 equivalents AEO, 1 equivalent
5u-Me-COg2, 1 equivalent MgCl, and 1 equivalent AEO-Ac and displayed a number-average
molecular weight of 59 kg/mol and a polydispersity of 1.9 (theoretical molecular weight
11 kg/mol). The second polymer was received from the polymerization of 500 equivalents AEO,
1 equivalent 5u-Me-COg, 1 equivalent MgCl, and 1 equivalent AEO-Ac. The molecular weight
was determined to 238 kg/mol with a polydispersity of 2.1 (theoretical molecular weight
57 kg/mol). The stark deviation from the theoretical molecular weight can be explained to some
extent by the calibration of the GPC column versus polystyrene having a structure that is very
different from PAG6. The factor between 238 and 59 kg/mol is 4 whereas the monomer : initiator
ratio was increased by a factor of 5. The uncomplete translation of the monomer : initiator ratio
into molecular weight cannot be attributed to the GPC system again; instead, a certain degree of
transamidation must be expected, too, present for all polymerizations but pronounced at higher
monomer loadings. On the whole, a molecular weight increase must be noted with increasing

monomer loading, as observed in conjunction with the relative viscosities.

Commercially available activators are often based on (di)isocyanates or their addition products

with azepan-2-one. As described in the introduction (6.5 Polyamide 6 Synthesis) isocyanate-
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based activators also result e.g. for Na-AEO in faster polymerization reactions than AEO-Ac.[2%4
The structures of HDI-AEO. and MDI-AEO, which were used in due course, are depicted in

Scheme 80.
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Scheme 80: Chemical structure of the diisocyanate based activators HDI-AEO2 an MDI-AEOs..
Mixtures of 300 equivalents monomer were mixed and homogenized at 75°C each with
1 equivalent 5u-Me-CO2, MgCl; and 1 equivalent of either HDI-AEO. or MDI-AEO; (Table
15). The observed solidification times for 140, 160 and 180°C were comparably long and in the

range from 21 to 73 min compared to the solidification times of 7 and 6 min at a temperature of

200°C, respectively.

Table 15: Solidification times of prehomogenized (75°C) PA6 polymerization systems consisting
of 300 equivalents AEO, 1 equivalent 5u-Me-CO3, 1 equivalent MgClz and 1 equivalent of either
HDI-AEO:2 or MDI-AEQ?, respectively, at different temperatures.

entry activator 140°C 160°C 180°C 200°C
1 HDI-AEOQO; 73 35 26 7
2 MDI-AEOQO:; 95 25 21 6

In all cases where diisocyanates were applied as activators, workup was hampered by low
solubility of the resulting polymers in methanoic acid. Polymer solubility decreased with
increasing reaction temperature, probably due to very high molecular weights. An argument
pointing towards high molecular weights is the activator structure that in principle allows chain-
growth at both ends. However, the more suitable, but speculative explanation is tremendous

crosslinking by side reactions. It must also be assumed that dissolution within several weeks in
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methanoic acid did not result in a true solution of the polymerization product but rather in bond
breaking either of the amide or the formed crosslinkages. Noteworthy, swelling was very
pronounced for the majority of the samples and the synthesized polymers were able to take up
>30 ML methanoic acid/Qpolymer While becoming gelly. It is questionable whether the diisocyanate-

AEO; adducts form complex structures with MgCl, comparable to [AEO-Ac-MgCl.].

This question must be addressed in the future along with various others, like the influence of the
NHC to activator ratio. Further it is interesting to investigate if shorter solidification times are
accessible under preservation of the molecular weight by increasing the amount of NHC while
keeping the amount of activator constant. Another issue to tackle are the end-groups of the
resulting polymer namely the cyclic imide formed in the last insertion and the acetyl group

moiety on the other side since both are difficult to address in chain-extension reactions.

To sum up, the successful application of 5u-Me-CO: in conjunction with Lewis acids and
activators in PA6 synthesis was accomplished. 3C NMR downfield shifts of the carbonyl signals
of [AEO-Ac-MgCl;] compared to AEO-Ac show the beneficial influence of the Lewis acid
resulting in increased electrophilicity and higher reactivity. MgCl, is assumed to shift after each
nucleophilic, ring-opening attack to the newly formed imide end-group, thereby providing
constant activation throughout the reaction. Latency and storability of the prehomogenized
polymerization systems over days in the liquid state and over months in the solid state were
demonstrated. Also, solidification times at various temperatures, monomer to catalyst ratios
under ambient atmosphere were determined. Molecular weights were found to be mainly

influenced by the monomer to catalyst ratio.
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Additionally, an initial contribution to the flame retardancy of PA6 was developed with the
benefit of combining activator and flame retardancy. Flame retardancy can be provided in
various ways. One is the integration of phosphorus, offering several modes of action regarding
flame suppression.*%%-4%1 Beneficially fire protection is integrated covalently, which among
other things leads to better wash fastness compared to non-covalently bound flame retardants.
The design strategy follows the idea to combine activator and flame retardant by substitution of

the acetyl group of AEO-Ac by a phosphorus-containing group (Scheme 81).
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Scheme 81: Synthesis (top) and modes of action (bottom) of AEO-P(O)(OPh)a.

The simple one-step synthesis manipulating the most accessible group of the AEO molecule
under mild conditions comes with a disadvantage. The phosphorylated molecule can only be
incorporated to the polymer in the initial step. Due to the missing substituted proton no
deprotonation and consequently no nucleophilic attack can be expected from this flame retardant.
Nonetheless, it is designed precisely for this purpose (Scheme 81 bottom, where additionally the
coordination by MgCl; is indicated). The hypothesis was investigated by *C NMR spectroscopy
where a chemical shift of 178.4 ppm was found for AEO-P(O)(OPh)2, which is very close to the
carbonyl shift of AEO-Ac at 178.7 ppm. Further, the flame retardant was used in polymerization

reactions (Scheme 82).
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Scheme 82: Synthesis of PA6 with incorporated flame retardant.

The polymerization system consisting of 100 equivalents AEO, 1 equivalent 5u-Me-COg,
1 equivalent AEO-P(O)(OPh). and 1 equivalent MgCl, was prehomogenized at 90°C overnight
and subsequently polymerized at 180°C for 4 h. However, no solidification at reaction
temperature was observed. After cooling to ambient temperature and workup the workup cycle
was repeated in order to remove any non-covalent by bound phosphorus. The phosphorus content
of the isolated polymer was investigated by 3P NMR spectroscopy. For these purposes a defined
amount of P(O)(Ph)2(Mes) was mixed as reference with a defined amount of the polymer,
dissolved in D2SO4 and submitted to NMR analysis (Scheme 83). The signal at 6=-7.81 ppm
belongs to the polymer, the signal at 6=-15.06 ppm to the reference. An average of two
measurements revealed a phosphorus content of 0.275 wt.-% which is close to the maximum
content calculated from the starting material composition of 0.266 wt.-%. Although this analysis
method is not absolutely accurate, the presence of covalently incorporated phosphor was proven,

thereby opening the field for future investigations.
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Scheme 83: 3P NMR of the phosphorus containing polymer and P(O)(Ph)2(Mes) in D2SOa.
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7.4 Spirocyclic NHC Precursors

In this chapter the synthesis of 1,3-dicyclohexyl-6,9-dimethyl-1,3,6,9-tetraazaspiro[4.4]non-7-
ene-2,4-dione (5u-Me-(OCN-Cy)2) and application as initiator for anhydride-hardened epoxide
resins and PA6 synthesis is discussed. Although the polymerizations initiated by NHCs were
discussed in the former chapters (7.1 Anhydride-hardened Epoxide Resins and 7.3 Polyamide 6
Synthesis), the application of an isocyanate-protected carbene offers many new possibilities and
reaction pathways. The content of this chapter was majorly published: H. J. Altmann, W. Frey,
M. R. Buchmeiser, A Spirocyclic Parabanic Acid Masked N-Heterocyclic Carbene as Thermally
Latent Pre-Catalyst for Polyamide 6 Synthesis and Epoxide Curing, Macromol. Rapid. Commun.

2020, e2000338.[1°

In the previous chapter (7.2) on polyoxazolidin-2-ones the question arose whether the initiation
reaction catalyzed by an NHC initially attacks the isocyanate or the oxirane moiety under ring-
opening (a comparable issue appears for epoxides and anhydrides). Both, attack on the
isocyanate and attack on the oxirane, result in betaines as discussed above. Building on related
studies on the interaction of NHCs and isocyanates the spirocyclic 5u-Me-(OCN-Cy)2 (Scheme

84) was isolated [45, 181, 192-196, 199-202]

N
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0" g 5u-Me-(OCN-Cy),
Scheme 84: Synthesis of 5u-Me-CO, and 5u-Me-(OCN-Cy),.Bl

5u-Me-(OCN-Cy)2 was synthesized in a simple approach from 5u-Me-CO:2 and cyclohexyl

isocyanate in a mixture of MeCN and sulfolane at elevated temperatures. The intense red
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reaction mixture was extracted with pentane, resulting in a biphasic mixture. The pentane
extracts were collected, filtered over celite and concentrated before the product was crystallized
from pentane in the freezer. The yellow crystals were isolated and the structure determined by
proton and carbon NMR as well as single crystal X-ray structure analysis. Although different
solvents were used for *H NMR spectroscopy of 5u-Me-CO2 (D20) and 5u-Me-(OCN-Cy)2
(CsDe) a comparison of the chemical shifts seems worthwhile. For 5u-Me-CO: the signal in the
'H NMR spectrum corresponding to the imidazolium ring backbone appears at $=7.38 ppm, the
one for the methyl groups at 6=3.99 ppm whereas for 5u-Me-(OCN-Cy)2 the imidazole
backbone signals can be found at 6=5.21 ppm and the methyl groups at 6=2.33 ppm. The high
field shift of 5u-Me-(OCN-Cy)2 compared to 5u-Me-CO:2 is caused by the absence of the
cationic charge located in the former imidazolium ring. In *3C NMR the backbone signals are
moderately shifted to high field from 6=123.1 ppm (5u-Me-COz2, D;0) to 6=116.6 ppm (5u-Me-
(OCN-Cy)z2, CsDs). The CO»-protected carbenoid C carbon for 5u-Me-CO:2 shows a signal at
8=139.9 ppm, the spirocyclic central carbon of 5u-Me-(OCN-Cy): is strongly shifted to high
field to =101.7 ppm. This is a remarkably downfield signal for a sp® carbon, caused, aside from
the spirocyclic nature, by three neighboring electronegative nitrogen atoms. 5u-Me-(OCN-Cy):
crystallizes in the monoclinic space group P2i/c with the unit cell dimensions a=1909.01 pm,
b=691.33 pm, c=1466.25 pm, a=90°, p=99.127° and y=90° (Scheme 85). The NCN angle of the
imidazole moiety was determined to 107.15° and 103.35° for 5u-Me-CO:2 and 5u-Me-(OCN-
Cy)2, respectively.®! 5u-Me-CO: displays a torsion angle of 29° between C, and CO2, whereas
the two planes of the spirocycle are almost orthogonal to each other. However, the release of 5u-
Me from 5u-Me-(OCN-Cy)2 probably proceeds stepwise from the spirocycle via the

monoisocyanate-protected NHC to the free carbene, thus the torsion angle of the intermediate

152



would be more interesting. From the literature an almost orthogonal torsion angle was reported
for the adduct of 1,3-dimethylbenzimidazol-2-ylidene and benzoyl isothiocyanate (see
introduction 6.2.4).[2°1 In addition, the formation of a double-isocyanate protected carbene from
an aliphatic isocyanate fits the trimerization experiments with isocyanates in chapter 7.2

Polyoxazolidin-2-ones.

Scheme 85: Plot of the crystal structure of 5u-Me-(OCN-Cy)a.

From the literature and previous investigations, each two diepoxides and anhydrides were

selected to perform epoxide curing experiments by DSC (Scheme 86).12 4l
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Scheme 86: Anhydride-hardened epoxide curing reaction initiated by 5u-Me-(OCN-Cy),. Former
epoxide groups in the generalized product are colored red, anhydrides green.

153



For the experiments the epoxide and anhydride compound were combined and homogenized (up
to 60°C if necessary) before the precursor was added at room temperature and stirred until a
homogeneous solution resulted. Ratios of 100 equivalents diepoxide, 200 equivalents of
anhydride and 8 equivalents 5u-Me-(OCN-Cy). were weighed in. Mixtures containing
compound Al remained colorless or became slightly yellowish, mixtures containing A6 became

reddish or brown.

Table 16 summarizes the curing experiments with 5u-Me-(OCN-Cy)2 and offers a comparison
to the curing experiments executed with 5u-Me-CO2 with the same monomers. Tmax Values for
5u-Me-CO2 ranged broadly from 125 to 152°C. In contrast for 5u-Me-(OCN-Cy)2 a narrower
distribution from 131 to 144°C was found. Further, for the latter initiator Tmax values decreased
for experiments containing A6 whereas for Al the opposite behavior was observed. Although the
differences are small it is interesting that this trend seemingly goes along with the anhydride
applied. On the contrary, the amount of released energy seems to be mainly connected to the
diepoxide. Full curing can be assumed due to the similar reaction enthalpies that were measured
during curing for both initiators and no additional energy releases were found in subsequent

control cycles.

Table 16: Comparison of the released energies (AH) and temperatures of maximum of energy
release (Tmax) for 5u-Me-CO; and 5u-Me-(OCN-Cy).. Molar ratio: diepoxide:anhydride:initiator

100:200:8.
5u-Me-(OCN-Cy)2 5u-Me-CO2
entry monomers
Tmax [°C] AH [J/g] Tmax [°C] AH [J/g]
1 BADGE/Al 140 -281 125 -279
2 BADGE/A6 141 -301 152 -263
3 BDDGE/Al 144 -395 131 -400
4 BDDGE/A6 131 -390 142 -399
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Isocyanates are problematic due to their impact on human health and the environment.
Therefore, some considerations on the whereabouts of the isocyanates after the release of
carbene and cyclohexyl isocyanates are summarized and discussed in the following (Scheme 87).
Katritzky et al. found the single isocyanate-protected carbene and 1 equivalent of released
isocyanate at 70°C.12% For higher temperatures, the free carbene and 2 equivalents of isocyanate
were observed. The same reaction path is assumed here (Scheme 87, top). Formation of
isocyanurates (cyclic isocyanate trimers) in the presence of NHCs as reported by Louie et al. but
was not described by Katritzky and is unlikely for aliphatic derivatives.[''® 2021 However, free
NHC is available for the initiation of the anhydride epoxide curing reaction. Another possible
initiation pathway starts from the single isocyanate-protected carbene. A nucleophilic attack at
the oxirane ring results in the formation of a betaine with the positive charge located at the
imidazolium ring and an alkoxide. Two possible reaction pathways can occur. First, an
intramolecular ring-closing reaction that results in the release of a free carbene, ready to initiate
the curing reaction, and an oxazolidin-2-one. In case of a monoepoxide this would be a non-
addressable chain-end, for diepoxides the crosslinkage density might be slightly reduced.
Second, an anhydride is incorporated and the anhydride-hardened epoxide curing reaction
proceeds. In a downstream step the carbene can be released by a nucleophilic attack of an
alkoxide and thus fixate the isocyanate stronger in the macromolecular structure. Further,
growing chain-end alkoxies attack free isocyanates and incorporate them into the polymer
structure. However, from a stoichiometric point of view, an excess of oxirane moieties over

anhydrides is needed or either isocyanate or anhydride remain unreacted in the mixture.
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Scheme 87: Various conceivable reaction pathways for anhydride-hardened epoxide resins cured
by 5u-Me-(OCN-Cy)..

As described in chapter 7.3 the synthesis of polyamide 6 was achieved from pre-homogenized
(75°C) mixtures. These were consisting of 5u-Me-(OCN-Cy)2, the monomer azepan-2-one
(AEQ), AEO-Ac and MgCl, (Table 17, entries 1 to 3). In addition, one experiment containing
2 equivalents of cyclohexyl isocyanate and 1 equivalent 5u-Me-CO2 was executed (entry 4). All

reactions were heated for 1 hour to 180°C to ensure quantitative conversion.

o5

N& 5u-Me-(OCN-Cy),

(0]
AEO 180°C, 1 h
NH bulk )
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Scheme 88: Polyamide 6 synthesis initiated by 5u-Me-(OCN-Cy),. The use of different activator
is not depicted.
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Table 17: Composition of PA6 polymerization mixtures, solidification times and Tm. (Samples were
homogenized at 75°C before polymerization at 180°C for 1 h).
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Rapid solidification was found for all experiments (Table 17). Solidification times are in the
same range as observed for experiments in chapter 7.3. Remarkably, the solidification time in the
entries 1 and 4 are shorter than in the entries 2 and 3. This is attributed to adduct formation of
released isocyanates with the monomers. This assumption is strengthened by the literature-
known synthesis of N-cyclohexyl-2-oxoazepane-1-carboxamide from an addition reaction of
AEO and cyclohexyl isocyanate.[3%% 307-3%8] | the formed adduct, electron density is withdrawn
from the carbonyl carbon within the AEO ring. Consequently, an increased electrophilicity eases
the nucleophilic attack followed by ring-opening. The adduct of cyclohexyl isocyanate and AEO
acts as activator. Noteworthy, the sole use of 5u-Me-(OCN-Cy)2 leads to good polymerization
results as well (entry 3). Solidification times are increased but still below 10 min in all
experiments (Table 17). In contrast, sole application of 5u-Me-CO:2 did not result in quantitative
polymer yields although a higher loading of 100 to 1 AEO to initiator was used. This further
strengthens the assumption of AEO and cyclohexyl isocyanate adduct formation. The reason for
the extended solidification time for the reaction in entry 2 (Table 17) must be MgCl,. Whether a
complex comparable to [AEO-Ac-MgCl:] is formed or if other conceivable side reactions are
responsible remains speculative (Scheme 89, bottom). Isocyanate adducts of AEO are commonly
used as activators even without Lewis acid. In addition, the melting points (Tm), determined at
30 K/min, do not differ greatly but again values in entries 1 and 4 are lower than in entries 2 and
3 (Table 17), which is a possible consequence of lower molecular weights resulting from a
higher molar amount of activators which act as chain-starter. The resulting polymer with end-

groups is depicted in Scheme 89 (middle).
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Scheme 89: Various conceivable reaction pathways for polyamide 6 synthesis initiated by 5u-Me-
(OCN-Cy),. The adducts of AEO and cyclohexyl isocyanate are used as activators (top).[302 308]
Isocyanurate formation is unlikely. Polymer structure with the end-groups after initiation at N-
cyclohexyl-2-oxoazepane-1-carboxamide is depicted (middle). The structure of [AEO-Ac-MgClz]
and the conceivable pendant of the isocyanate adduct are also depicted.

The synthesis of a new double-isocyanate protected NHC precursor from accessible and
inexpensive educts was shown and the structure solved by NMR spectroscopy and single crystal
X-ray structure analysis. The latent initiator was applied for the curing of anhydride-hardened
epoxide resins as well as for polyamide 6 synthesis. Although satisfying reaction behavior, like
latency, solubility, high activity and presumably beneficial activator formation were observed

mechanistic details remain unsolved.

Again, the synthesis of linear polyester from monoepoxides and anhydrides is expected to be
beneficial to clarify the curing mechanism and shed light on the structure responsible for the
initiation as well as the fate of the isocyanate protecting groups. Low molecular weight polymers
(degree of polymerization <10) would allow for a detailed end-group structure analysis. In a first

step the shift of isocyanates moieties from 5u-Me-(OCN-Cy)2 to AEO could be observed in
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reactions with a molar ratio of one equivalent 5u-Me-(OCN-Cy)2 to two equivalents AEO.
Moreover, double-isocyanate protected NHCs as latent initiators find limited attention. This is
probably due to the simultaneous release of carbene and toxic isocyanates and potential side
reactions. However, as demonstrated, a thoughtful application might lead to harmless and even
beneficial reactivities. Therefore, the synthesis of 5u-Me-(OCN-Cy)2 should be optimized and
extended to other NHCs and isocyanates. The solvent mixture, the concentration and the
temperature program could be improved. Probably synthesis in a less polar solvent under reflux
conditions would be a suitable approach since the solubility of 5u-Me-(OCN-Cy): is, due to its
neutral character, high in apolar solvents whereas 5u-Me-COz, and other NHC carboxylates, are
commonly soluble in polar media. Instead of extraction of 5u-Me-(OCN-Cy)2 and subsequent
crystallization only filtration and removal of the solvent and other volatiles under reduced
pressure could lead to the final product. Direct synthesis of 5u-Me-(OCN-Cy)2 could further be

achieved in situ within selected monomers (monoepodixes for examples) serving as solvent.
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7.5 Oligomerization of 4-Methyloxetan-2-one to Diols

The synthesis of difunctional oligoesters of 4-methyloxetan-2-one (4MO) catalyzed by
titanium(IV) alkoxides is discussed in this chapter. The particular reactivity of 4MO must
therefore be recapitulated. The ring strain of 4MO is -59.2 kJ/mol.[3%8] Therefore 4MO,
depending on the catalyst or initiator used, can be polymerized in a ring-opening fashion by
either O-acyl cleavage or O-alkyl cleavage.*° The active chain-end after O-acyl cleavage is an
alkoxide (or alcohol), after O-alkyl cleavage the active chain-end is a carboxylate (or carboxylic
acid) (Scheme 90). Although polymerizations of 4MO proceeds via anionic, cationic and metal-
insertion mechanisms, depending on the catalyst or initiator used, the ring-opening fashion (O-
acyl or O-alkyl cleavage) is not predetermined by the catalyst or initiator class.[0% 354-355. 365, 371-
8781 For example, aluminum alkoxides polymerize 4MO by O-acyl cleavage whereas the
polymerization catalyzed by aluminum chlorides proceeds via O-alkyl cleavage.[30%: 331 369
Crotonate formation can occur after O-alkyl cleavage by elimination of the initiator and after O-
acyl cleavage by elimination of water.E% In addition, thermally-induced crotonic acid formation
from 4MO was reported. In terms of polymer chemistry, crotonate-like end-group represent non-

addressable chain-ends, which are not accessible for further monomer incorporation.
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Scheme 90: O-acyl cleavage (A, blue) and O-alkyl cleavage (B, pink) were observed in ring-
opening polymerizations of 4MO. Crotonate formation is one of the most important side reactions
of 4MO polymerizations.
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Within this project special attention was devoted on the following goals.

e synthesis of polymers from 4-methyloxetan-2-one via O-acyl cleavage
e realization of low molecular weights (5 to 20 repeat units)

e formation of a,w-dihydroxy telechelic products

¢ high end-group fidelity (avoidance of elimination and acid formation)
e control over the molecular weight

o realization of a solvent-free approach

e demonstration of copolymerizability with other difunctional monomers

The content of this chapter is majorly published: H. J. Altmann, M. R. Machat, A. Wolf, C.
Gurtler, D. Wang, M. R. Buchmeiser, Synthesis of dihydroxy telechelic oligomers of

B-butyrolactone catalyzed by titanium(I'V)-alkoxides and their use as macrodiols in polyurethane

chemistry, J. Polym. Sci., 2021, 59, 3, 274-281.14

A ratio of 4MO : butanediol (BDO), serving as initiator, of 10 : 1 (Scheme 91) was chosen to
synthesize o,o-dihydroxy telechelic oligomers with a number-average molecular weight of
approximately 1000 g/mol (Scheme 91). 0.1 equivalents of Ti(OiPr)s were added as catalyst
(4MO:BDO:Ti(QiPr)4 100:10:1). Ti(OiPr)s was selected for initial polymerization experiments
due to its high electrophilicity and commercial availability. The reaction was carried out at 60°C
as bulk polymerization and was monitored by NMR and THF-GPC for 5h. To determine
conversion the monomer signal at 6=4.7 ppm and the product signal at 6=5.3 ppm were

monitored by *H NMR spectroscopy.
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Scheme 91: Oligomerization of 4MO with BDO to a dihydroxy telechelic oligoester.

A continuous increase of product over time up to a conversion of 91% after 5 h with no crotonate
formation (5.8 ppm) at any stage and a molecular weight of 900 g/mol (Bm=1.47) was found. At
earlier stages of the reaction, conversion of 58% (2 h) and 76% (3 h) lower molecular weights of
600 (bm=1.11) and 800 g/mol (Pwm=1.18), respectively, were found. Next, for further
investigations the starter diol was changed. In most cases, (2-hydroxyethyl)ether (DEG) and for
some experiments 1,2-di(2-hydroxyethoxy)ethane (TEG) were used. In order to optimize the
reaction, a temperature screening was conducted. Again, reactions were executed in bulk. After
2 hours the reactions were stopped and the product submitted to NMR analysis. A magnification
of the stacked spectra is shown in Scheme 92. The red area highlights the olefinic region for
crotonate-like structures (as known from a literature comparison).l*°? No crotonate derived
resonances were found for reaction temperatures of 80 and 100°C whereas at 120 and 140°C
small amounts of elimination and thus crotonate formation occurred. Although the crotonate
signals wereminor (~1:100 relative to the proton at the tertiary carbon) they must be noted since
they represent the end-groups that are not addressable for further ring-opening or step-growth

polymerizations.
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Scheme 92: Stacked 'H NMR spectra of oligomerizations of 4-methyloxetan-2-one and DEG at
various temperatures (CDCIs). The red labeled area shows the proton signal that occurs after

hydroxide elimination.

In a subsequent optimization step the catalyst : monomer : initiator ratio was investigated with
the goal to reduce catalyst loading. This was combined with reactions at different temperatures.
Additionally, the acid values were determined by titration with NaOH. The acid value in
industrial application is given in milligram KOH that are necessary to neutralize the carboxylic
acid groups of one gram of the sample. Here, the value is given in umol/g. Further, the monomer
to initiator ratio was varied to determine the impact on the molecular weight. Results are
summarized in Table 18. The polymers synthesized at 80, 90 and 100°C, respectively, had
similar molecular weights all of which were close to the theoretical molecular weight (Table 18,
entries 1 to 3). The same applies to the polymer in entry 4 (Table 18) which is distinguished from
entry 2 only by the different starter TEG that was used instead of DEG. An increase of monomer
and initiator loading did not affect the molecular weight (Table 18, entries 5 and 6). In turn the

chain length followe the monomer to initiator ratio. The higher the initiator loading, the lower
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the resulting molecular weights were. The determined polydispersities were high compared to
other metal complexes used for the polymerization of lactones, but not uncommon for titanium
catalysts.[40: 374 379, 381 However, comparison to literature data suffers from the different
molecular weights of the synthesized polymers, which are higher in the literature. In addition, the
two-fold initiator character of the diols is assumed to broaden the molecular weight distributions
since the chain-growth takes place on both ends. The acid values display the concentration of
possibly present carboxylic acid. These can be formed during the reaction by O-alkyl cleavage
(compare introduction chapter 6.6). As described in the introduction, this is uncommon for the
coordination insertion mechanism, especially for alkoxide complexes like used here. This is
reflected by the low acid values that were found by titration. However, elongated reaction
periods (9 h) at 80°C seemingly reduced the acid value whereas higher temperatures (100°C)
over time (4h) seemed to induce the formation of carboxylic acids, probably by

transesterification. Monomer conversions >96% were found.
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Table 18: Variation of the temperatures, catalyst to monomer and initiator and monomer to
initiator ratio of the oligomerization reaction of 4MO.

entry  4MO:DEG:Ti(OiPr)s [OTC] [tt]] [gm;‘;] Mn teo D af:l‘:n‘g"’;'/;;’b

1 100:10:1 80 2 900 967 13 23
100:10:1 9 2 1000 967 14 20

3 100:10:1 100 2 1000 967 16 21

4 100:10:1 9 2 900 1011 15 25

5 250:25:1 80 9 800 967 14 12

6 250:25:1 100 4 1000 967 16 37

7 100:25:1 80 2 300 450 12 i

8 100:17:1 80 2 400 622 13 i

adetermined by THF-GPC; ? determined by titration [umolcoon/goligomer]; ¢ TEG was used
instead of DEG.

The oligomers were investigated by MALDI-ToF-MS and NMR spectroscopy to elucidate the
polymerstructure in detail (Scheme 93). The crude *H NMR spectra show the repeat units (b, c,
d), the end-groups (a, b’, ¢’, d’) and the initiator signals (e, f). No crotonate signal is visible at
6=5.8 ppm. Further, a peak labeled with g can be found which corresponds to a prop-2-yl group.
Consequently, it must be assumed that the 2-propoxide ligands of the titanium catalyst at least
partially initiate oligomerization. This finding is underlined by the mass spectrum (Scheme 93).
Aside from the main signals caused by the dihydroxy telechelic oligoester of different chain
lengths (labeled with the respective mass in several cases) a further substance was identified,
which again corresponds to the oligomer initiated by the 2-propoxide ligand. The spectrum
resulting from both initiators has distances between the separate peaks of 86 g/mol
corresponding to the molecular mass of the monomer. This is exemplified by the peak with the
mass of 903.436 g/mol. After subtraction of the cation (Na*) a mass of 880.447 g/mol remains,
from which again after subtraction of the initiator (DEG) a mass of 774.333 g/mol remains. This

mass precisely fits the mass of nine monomer molecules.
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Scheme 93: 'H NMR (CDCls), MALDI-ToF-MS and structure of a oligo(4MO) initiated by DEG.

To overcome the drawback of 2-propoxy end-groups a final optimization step in which the
alkoxide ligands of the titanium catalysts were varied (Ti(OiPr)s, Ti(OMe)s and Ti(OtBu)s) and
higher monomer and initiator (4AMO:DEG:Ti(OR)4 500:50:1) loadings were used in conjunction
with increased reaction times (Table 19). As determined by NMR spectroscopy the intensity of
the signal at 6=4.99 ppm, corresponding to the 2-propoxy end-groups, was reduced by a factor of
4. Unfavorable methoxide and tertbutoxide signals are overlayed with the oligomer signals.
Molecular weights found by GPC remain close to the theoretical molecular weights (967 g/mol),
underlining the dependence of the molecular weight on the monomer to initiator ratio. The
polydispersities are similar to those observed for higher loadings of Ti(OiPr)s. Monomer

conversion was quantitative for all titanium alkoxides and all oligomers were found to be
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crotonate-free by NMR spectroscopy. Catalyst loadings as low as 0.2 mol-% (Table 19) resulted

in less than 1 mgtitanium/Qoligomer IN the final product, calculated without any workup.

Table 19: Oligo(4MO) synthesis initiated by DEG and catalyzed by titanium catalysts with
different alkoxide ligands.

entry 4MO:DEG:cat  catalyst [OTC] [rt]] [g?:quj)l] bm?
1 500:50:1 Ti(OMe); 100 13 1000 1.6
2 500:50:1 Ti(OiPr); 100 13 1100 1.4
3 500:50:1 Ti(OtBu); 100 13 1100 14

adetermined by THF-GPC.

In order to polymerize the macrodiols with diisocyanates to polyurethane, pre-experiments with
phenyl isocyanate were executed. Ti(OiPr)s was applied in conjunction with 100 equivalents
4MO and 10 equivalents DEG at 80°C for 2 h. Since phenyl isocyanate is liquid it was added
(20 equivalents) to the reaction mixture after cooling to room temperature. The molecular weight
increased to 1500 g/mol (Pvm=1.7) and the hydroxyl signal in the *H NMR spectrum vanished
and new signals were found in the aromatic region (7.40, 7.29 and 7.04 ppm). Thus, for the first
polymerization experiment the liquid diisocyanate TDI was chosen. The molar ratio was
equivalent to the molar ratio of the initially applied diol for the oligomerization. Solvent-free
addition resulted in a fast, exothermic reaction and formation of a partially brownish, crosslinked
material. The reaction was repeated with TDI added as THF solution. A rapid increase in
viscosity was observed. After 4 h the reaction mixture was poured into pentane and a colorless
solid precipitated. The molecular weight of the worked up polymer was 7100 g/mol and the
dispersity 1.6 (CHCIs-GPC). In the following experiments TDI was replaced by MDI since a
solvent had to be used for smoother reaction conditions as well as improved material properties
were expected. In addition, the investigations were extended to the three titanium alkoxides at

ratios of 4AMO:DEG:Ti(OR)4:MDI of 100:10:1:10 and 500:50:1:50 (Scheme 94).
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Scheme 94: Bulk synthesis of dihydroxy telechelic oligo(4-methyloxetan-2-one) and subsequent
polymerization with MDI in THF.

The oligomerization reaction of 4MO initiated by DEG and catalyzed by three different titanium
alkoxides at 100°C in the ratio of 100:10:1 and 500:50:1 were allowed to cool to room
temperature after the appropriate reaction time of 2 and 13 hours, respectively. A THF solution
containing 10 equivalents MDI was added under continued stirring and a rapid increase in
viscosity was observed within 30 minutes. Note, that the polyurethane synthesis was not
catalyzed by any other substance than the respective titanium catalyst applied for the ring-
opening polymerization of 4MO. After 12 h the reaction solution was precipitated into pentane
and a typical workup containing centrifugation, decanting the volatiles and drying was
conducted. The analytical results of the reaction products are summarized in Table 20. In all
cases (compare entry 1 and 2, 3 and 4 and 5 and 6, Table 20) a reduced catalyst loading in the
ring-opening reaction allows for the preparation of higher molecular weight polyurethanes.
Further, with Ti(OtBu)s, bearing bulky tertbutoxide ligands, the highest molecular weights were
found. Even the oligo(4MO) prepared with a ratio of 100:10:1 (4MO:DEG:Ti(OR)4) outrivals

the other catalysts at ratios of 500:50:1. Both, the higher molecular weights at lower catalyst

169



loading and the higher molecular weights for bulky ligands point towards a coordination
insertion polymerization mechanism and ligands that are incorporated into the oligomer as
observed by NMR and MALDI-ToF-MS analysis. Furthermore, a rapid exchange of titanium
coordinating alkoxides must be expected, supported by the relatively narrow molecular weight
distributions of the oligomers. The molecular weight distributions for the polyurethanes are
similarly narrow for a polyaddition reaction. In the *H NMR spectrum the hydroxyl groups
vanished again and the carbamate signals were found in the aromatic region overlayed by MDI
derived signals. In addition, the signal for the proton of the tertiary carbon end-group shifted
from 6=~4.2 to 5.2 ppm and the CH3 end-group signal shifted from 6=1.2 to 1.3 ppm. Further,

the CH> groups in-between the two aromatic moieties arise at 6=3.84 ppm.
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Scheme 95: 'H NMR spectrum of a polyurethane synthesized from MDI and a a,w-dihydroxy
telechelic oligo(4-methyloxetan-2-one) based on DEG with structure and labeled signals.
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Table 20: Polyurethanes synthesized from MDI and a a,w-dihydroxy telechelic oligo(4-
methyloxetan-2-one) based on DEG.

o ™ ) o ) [oe] N~
a) — ™ Y ™ < e'o)
S © N~ N fo'o) < To)
Q — — o~ — — —
—
= o o o o o
s_ O S S o S S =)
e S o o o o o
= = S S I3 S > ™
k=) ~ — ~ N Lo
o
DT L o o © ) N o
L S ~ o)) ~ fo'e] co oo
>
S — N S N S N S
= = (. -~ = - = -
S = I ™ N ™ N ™
— — —
N —_ £ £ i £ £ £
— ~ ~ ~ ~ ~ ~
=0 S S S S o o
g o o o o o o
— — — — — —
(@) o o o o o o
3 o — Ty — O
=
<t <t
= & © © = =
§| & & 3 & & 8
= = = = S S
[ = - = [ =
Q o o o o o o
L
— e — Tre) - e
(@)
—
(«B]
S o o o o o o
o o o o o o o
= — e — Tre) - e
e
>
= — o ™ < To) ©
(¢B]

adetermined by CHCIs-GPC.

Post-reaction determination of, both the quality and quantity of the functional groups of the used

monomer can be interesting e.g. in case the monomer was synthesized in situ. This can be

171



achieved after a polymerization, if the molecular weight of a polymer, and thus the degree of
polymerization X, is determined for example by using GPC or other methods, and by

transforming Carothers equation (equation 2) to r as demonstrated below in equation 3 to 6.

_ 1+r 5
" 1+4r-2rp @)
Xp+1X, —2rpX, =1+r (3)
X, —1=r—rX,+ 2rpX, 4)
Xn—1=r(1-X, +2pX,) (5)
X, — 1
1—X, +2pX, ©)
An example from Table 20, entry 6 is given in equation (7).
87 -1
r =0.98 (7)

" 1-87+2-1-87
The ratio r allows an estimation on the monomer quality, for example dysfunctional groups i.e.,
the ratio of AX to AA monomers within the reaction mixture, whereby a molecule AX bears one
X group that is not able to react with a B group of the BB monomer in a manner that it forms a

covalent bond.
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Table 21: Selected results from Table 20 in the same order and r calculated according to
equation (7).

1 8000 16 13 0.86
2 20000 17 33 094
3 12000 2.2 20 0.90
4 20000 18 33 094
5 29000 14 48 096
6 53000 15 87 0.98

However, this method has some disadvantages and inaccuracies or requirements, respectively.
The basic assumptions are the quantitative conversion of one of the functional groups and a
satisfying yield of the isolated polymer. Further, GPC results were used to determine the
number-average molecular weight, which was thenused to determine the degree of
polymerization. This is not fully accurate since the GPC system was calibrated with polystyrene.
For this calculation a mass of 1217 g/mol per repeat unit was assumed on the basis of the
summarized mass of 1 equivalent MDI and 1 equivalent macrodiols. The latter was assumed to
consist of 10 equivalents 4-methyloxetan-2-one and 1 equivalent DEG. However, these
uniformity is not given for polymers with a molecular weight dispersity of >1.0. Nonetheless,

these calculations can be helpful for the comparison with diols in other/future approaches.

In conclusion, a,o-dihydroxy telechelic poly(4-methyloxetan-2-one)s were synthesized in bulk
with adjustable molecular weights and high end-group fidelity in conjunction with diols.
Titanium catalysts with different alkoxides were used and their impact on the polymerization
was discussed. Bulky titanium tertbutyl alkoxides were found to be the most innocent. The

structure of the oligomers was elucidated by NMR, IR and MALDI-ToF-MS analysis, further the
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acid value was determined for some examples. Reaction parameters like time, temperature and
catalyst loading were optimized. A low catalyst loading of 500 equivalents monomer per
titanium tetratertbutoxide, 100°C and 13 h reaction time were found satisfying. Finally,
polymerization of the macrodiols with MDI led to polyurethanes with molecular weights up to

50000 g/mol with no additional catalyst.

The developed method convinces by the simplicity and commercial availability of all chemicals
used. Lower catalyst loadings are always beneficial but are of even higher importance to achieve
higher end-group fidelity. The application of the metal organic framework introduced by
Davidson et al. for the marcodiol synthesis from 4MO could be interesting for future work since
the catalyst is stable at ambient conditions.8 It must be noted that polyurethanes typically
consist of hard and soft segments.**4 Thus the conducted polymerization experiments could be
extended. Mixing the synthesized macrodiols with an excess of diisocyanate leads to
macrodiisocyanates, which upon addition of a short chained diol (and eventually further
diisocyanate) would allow for the introduction of hard segments and result in increased

molecular weights.
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8 Experimental Section

8.1 General

8.1.1 Characterization and Equipment

NMR spectra were recorded on a Bruker Avance Il 400. For proton NMR a frequency of
400 MHz and for carbon NMR a frequency of 101 MHz was used. Chemical shifts are given in
ppm relative to the solvent shifts, taken from the literature.[*3-4%41 The topspin and MestreNova
software were used. The following multiplet assignments were used: singlet (s), doublet (d),
triplet (t), quartet (q), broad (b) and multiplet (m). Infrared (IR) spectra were recorded on a
Bruker Platinum ATR spectrometer after 24 background scans. 24 scans were recorded in the
range of 4000 to 400 cm™ with a resolution of 4 cm™. IR spectra were analyzed using the Opus
software. IR spectra are baseline corrected. Gas chromatography mass spectrometry analysis
(GC-MS) was executed with an Agilent Technologies system consisting of a 7890A GC system,
a 5975 inert MSD with Triple-Axis Detector and 7693 Autosampler. The DMACc-GPC system
was a 1260 Infinity System from Agilent Technologies Inc. and was run at a flow rate of
0.75 mL/min. A precolumn (PolarSil 8x50 mm at 35°C) and a column (PolarSil S linear
8x300 mm) were used, together with a refractive index detector (40°C). The system was
calibrated in the range from M, 800 to 200000 g/mol with PMMA. Cirrus was used as software.
DMSO-GPC was executed with a system consisting of a Waters 515 HPLC Pump, a Waters
2707 autosampler and a Waters 2414 Refractive Index Detector at a flow rate of 0.75 mL/min. A
GRAM 8x50 mm precolumn and a GRAM LINEAR 8x300 mm were used at 35°C. The system
was calibrated with PMMA samples in the range M, 602 to 900000 g/mol. Empower 3 was used
as software. The THF-GPC system consisted of a Waters 515 HPLC Pump, a Waters Pump

Control Module I, a Waters 2707 Autosampler and a Waters2414 Refractive Index Detector and
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was equipped with a SDV 3 pm 8x50 mm pre-column and two SDV 100 A 3 um 8x300 mm
columns provided by PPS. Columns were operated at 30°C. PS standards from 162 to
7930 g/mol were used for calibrations. A flow rate of 1 mL/min was used. Empower 3 software
was used. The CHCI3-GPC system was purchased from Agilent with a 1200 Series G 1362A
detector (refractive index). An SDV 5 pm 8x50 mm pre-column and three SDV 100000 A 5 pm
8x50 mm columns, provided by PSS, were used and operated at 40°C. PS standards in the range
from 200 to 1000000 g/mol were used for calibration. Software: WinGPC UniChrome. The
Cresol-GPC system consisted of a precolumn (SDV, 20 pm, 8x50 mm 1000 A) and an SDV,
20 um, 8x300 mm, 10000 A column from PSS operated at 70°C. A flow rate of 1 mL/min and
calibration versus PS were applied. DSC measurements were executed on a Perkin Elmer
Differential Scanning Calorimeter DSC 400 under a constant nitrogen flow of 20 mL/min and
50 yuL pans or on a TA Instruments Q2000 and 40 puL pans. Software from Pyrris or TA
Instruments was used. MALDI-ToF-MS (matrix-assisted laser desorption ionization time-of-
flight mass spectrometry) spectra were recorded on a Bruker Autoflex Il in the positive ion
mode with a smart ion beam laser (337 nm). The reflector mode was used. A mixture of 20:5:2
of matrix (2,5-dihydroxybenzoic acid, 10 mg/mL), polymer (5 mg/mL) and NaOSO.CF3
(17 mg/mL) in THF was used to prepare the sample. MALDI-ToF-MS was executed by Dr.

Dongren Wang.

Inert gas manipulations were executed using standard Schlenk technique or in an MBraun
glove box filled with nitrogen. Connected to the glove box was a solvent purification system
(SPS, MB SPS-800) from MBraun, which provided dry and degassed THF, pentane,
dichloromethane, toluene and diethyl ether. A Hettich Universal 320 centrifuge was used to

separate precipitated polymers. Crystal structures were measured and solved by Dr. Wolfgang
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Frey from the Institute of Organic Chemistry of the University of Stuttgart. High resolution mass
spectrometry (HRMS) was executed at the Institute of Organic Chemistry of the University of
Stuttgart. Viscosities of epoxide resins were determined with a Phsica R 301 rheometer from
Anton Paar. A Peltier element adjusted the temperature. Oscillation measurements were executed

at a frequency of 1 Hz and a deformation of 10%.

8.1.2 Solvents, Chemicals and Materials

Deuterated solvents were purchased from Eurisotop. For use under ambient conditions
deuterated solvents were used as received. For glove box use they were dried and stored over
molecular sieves 0.3 or 0.4 nm. Glove box solvents (pentane, toluene, diethyl ether, THF,
dichloromethane) were purchased from VWR. Solvents were degassed by passing through
nitrogen and dried by passing the solvents through columns with molecular sieves and aluminum
oxide. Sulfolane was purchased from abcr and dried and distilled from CaH> before freeze-
pump-thaw degassing and storage inside the glove box. 1-Methylimidazole was purchased from
abcr and used as received. Dimethyl carbonate was received from abcr and used as received.
MgCl, was purchased from Merck, used as received and stored inside the glove box. LiCl was
received from Grussing, used as received and stored inside the glove box. BADGE (2,2-di-
4,4’ (oxiranylmethoxyphenyl)propane) for anhydride-hardened epoxide resins was received from
Sigma Aldrich (D.E.R. 332) and used as received. For all other manipulations, BADGE was
received from Covestro AG as colorless solid under inert gas, used as received and stored inside
the glove box. 3,4-Epoxycyclohexylmethyl-3°,4’-epoxycyclohexaneoate (ECHDE) was
purchased from TCI and used as received. 1,4-Dioxiranylmethoxy butane (BDDGE) was
purchased from TCI and used as received for synthesis of anhydride-hardened epoxide resins

whereas for the synthesis of polyoxazolidinones it was dried and distilled under reduced pressure
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from CaH: before degassing and storage inside the glove box. 2-(Phenoxymethyl)oxirane was
received from TCI and used as received for anhydride-hardened epoxide resins whereas for the
synthesis of oxazolidinones it was dried and distilled under reduced pressure from CaH. before
degassing and storage inside the glove box. MDI was received from Covestro AG as colorless
solid under inert gas, used as received and stored at -18°C under inert gas. TDI was received
from Covestro AG as colorless liquid under inert gas, used as received and stored at -18°C under
inert gas. HDI was received from Covestro AG as colorless liquid under inert gas, used as
received and stored under inert gas. IPDI was received from TCI, distilled under reduced
pressure and degassed. H12MDI was received from TCI, distilled under reduced pressure and
degassed. AEO was supplied by Briuggemann GmbH & Co. KG and used without further
purification and stored inside the glove box or under an atmosphere of argon. AEO-Ac was
received from Sigma Aldrich and dried over CaH> before distilling and degassing by three
freeze-pump-thaw cycles. AEO-Ac was stored at ambient temperature inside the glove box over
0.4 nm molecular sieves. HDI-AEO, (Brueggolen C20P) and MDI-AEO. (Brueggolen C25)
were received from Briggemann GmbH & Co. KG, used without further purification and stored
inside the glove box. 4-Methyloxetan-2-one (4MO) was purchased from TCI or Merck, dried and
distilled under reduced pressure from CaH», degassed (3 freeze-pump-thaw cycles) and stored
inside the glove box freezer at -35°C. (2-Hydroxyethyl) ether (DEG) was received from Sigma
Aldrich, distilled under reduced pressure, dried over molecular sieves 0.4 nm overnight, filtered,
degassed by 3 freeze-pump-thaw cycles and stored inside the glove box at ambient temperature.
1,2-Di(2-hydroxyethoxy)ethane (TEG) was received from Sigma Aldrich, distilled under
reduced pressure, dried over 0.4 nm molecular sieves overnight, filtered, degassed by 3

consecutive freeze-pump-thaw cycles and stored inside the glove box at ambient temperature.
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Ti(OMe)s was purchased from Alfa Aesar, stored and used inside the glove box at ambient
temperatures. Ti(OiPr)4 was purchased from Sigma Aldrich, distilled and degassed by 3 freeze-
pump-thaw cycles and stored and used inside the glove box at ambient temperatures. Ti(OtBu)a4
was purchased from Acros Organics, stored and used inside the glove box at ambient
temperatures. N-heterocyclic carbenes and derivatives like carboxylates and others were
synthesized according to the literature and in several cases received from coworkers within the
Buchmeiser group.[? 7-8 111-112, 120, 188] \olecular sieves 0.3 nm and molecular sieves 0.4 nm were
both received from Carl Roth GmbH & Co. KG. All molecular sieves were dried in vacuo over
night at 150°C and stored inside the glove box. Celite was received from Carl Roth GmbH and

Co. KG. Before usage inside the glove box, it was dried in vacuo over night at 150°C.

8.1.3 5u-Me-COz2
The carbene precursor 5u-Me-CO2 was mainly used in this thesis why its synthesis shall be
described here in advance of the following chapters. The synthesis follows a publication from

2003 with minor modifications.[!
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Scheme 96: Synthesis of 1,3-dimethylimidazolium-2-carboxylate (5u-Me-CO,) from
1-methylimidazole and dimethyl carbonate.

In a 2000 mL flask equipped with a magnetic stir bar 500 g 1-methylimidazole (1 eq., 6.1 mol)
were mixed with 768 g dimethyl carbonate (1.4 eq., 8.5 mol) at ambient temperatures and sealed
with a stopper. The mixture was heated to 90°C. Within in a few hours a colorless precipitate
formed, which increased steadily over time. After five days the reaction was cooled to room
temperature. (The product mass formed did not allow for continuous stirring.) Yield: 78%

IH NMR (D20, ppm): 5=7.38 (2 H, s, N-CH=CH-N), 3.99 (6 H, s, HsC-N).
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8.2 Anhydride-hardened Epoxide Resins

The content of this chapter is mostly published: H. J. Altmann, S. Naumann, M. R. Buchmeiser,
Protected N-heterocyclic carbenes as latent organocatalysts for the low-temperature curing of

anhydride-hardened epoxy resins, Eur. Polym. J. 2017, 95, 766-774.[4

General procedure for the preparation, synthesis and DSC measurements of anhydride-hardened
epoxide resins. The samples were weighed in inside the glove box and had a total mass of about
1g. Then, a magnetic stir bar was added. The sample was brought outside the glove box and
homogenized under constant stirring (at elevated temperatures up to 40°C if necessary) for at
least 30 min. Samples of 0.5 to 10 mg were submitted to DSC. The aluminum pans used for DSC

had a volume of 40 or 50 pL.

Tmax Measurements were executed by heating the sample to 20°C for 1 min before heating from
20 to 250°C applying a heat rate of 5 K/min. Isothermal measurements were executed by
equilibrating the sample for 1 to 4 min at 20°C or 100°C below the final temperature. Next, the
sample was heated within 1 min to the final temperature, which was kept for 20 min. Afterwards,
the sample was cooled to 20°C before starting the control cycle by heating to 250°C with
20 K/min. If further energy was released during the control cycle, the area was integrated from

64 to 244.5°C.

The isothermal rheological behavior was investigated with the ai of a Phsica R 301 rheometer
from Anton Paar. A Peltier element adjusted the temperature. Oscillation measurements were
executed at a frequency of 1 Hz and a deformation of 10%. Measurements at 25, 45, 65 and 85°C
were collected from the same sample. Recording was started at 25°C and increased stepwise to

85°C. For measurements at 120 and 140°C a fresh sample of the resin was used.
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8.3 Polyoxazolidin-2-ones

Many of the results of this chapter are published: H. J. Altmann, M. Clauss, S. Konig, E. Frick-
Delaittre, C. Koopmans, A. Wolf, C. Guertler, S. Naumann, M. R. Buchmeiser, Synthesis of
Linear Poly(oxazolidin-2-one)s by Cooperative Catalysis Based on N-Heterocyclic Carbenes and

Simple Lewis Acids, Macromolecules 2019, 52, 487-494.[°1

Unless otherwise noted polymerization experiments were conducted under inert gas atmosphere

either inside a glove box or by using standard Schlenk technique.

8.3.1 Synthesis of POxa-BADGE-HDI

Solution 1 containing 5u-Me-CO2 (1eq., 0.0008 g, 0.006 mmol), LiCl (2eq., 0.0005 g,
0.012 mmol) and sulfolane (0.5 g) was weighed into a 4 mL vial equipped with a PTFE-coated
stir bar. Solution 2 consisting of BADGE (100 eq., 0.2000 g, 0.588 mmol), HDI (100 eq.,
0.0988 g, 0.588 mmol) and sulfolane (1.75 g) was taken up by a syringe with a needle. Solution
2 was added within 2 h (rate of ~0.1 mL/7 min) to the stirred solution 1 at 200°C. After the
addition was finished the reaction was kept at 200°C for 1 h. The orange/brownish reaction
mixture was poured into propan-2-ol (35 mL) and a precipitate was obtained, which was
separated by centrifugation. The supernatant solution was discarded and the remaining substance
dried under reduced pressure. If necessary, the polymer was dissolved in CH>Cl, and again

precipitated, centrifuged, decanted and dried under reduced pressure.

Yield: 72%. M.=32000 g/mol; DP=63; PDI=2.7. *H NMR (CDCls, ppm): §=7.12 (4 H, d,
J=8.0 Hz, Harom.), 6.78 (4 H, d, J=8.0 Hz, Harom.), 4.79 (2 H, S, HC-Ooxaring), 4.07 (4 H, s, H.C-O-
Carom_), 366 (2 H, m, HZC'Noxa ring), 350 (2 H, m, HZC'Noxa ring), 326 (4 H, S, C'CHZ'N), 165'

1.48 (10 H, m, C(CHs)z and N-CHz-CH,), 1.36 (4 H, s, N-CH2-CHo-CHs). 33C NMR (CDCls,
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ppm): =157.7 (C=0), 156.1 (Carom. ipso), 144.0 (Carom), 127.9 (Carom), 114.1 (Carom), 70.9 (C-
Ooxa ring), 682 (C‘O'Carom,), 466 (C‘Noxa ring), 439 (C‘CHZ‘N), 418 (C(CHS)Z), 311 (C(CH3)2),
27.2 (N-CH2-CHy), 26.1 (N-CH2-CH2-CH). IR [cm™]: 2966, 2930, 2866, 1735, 1607, 1582,

1508, 1491, 1450, 1361, 1243, 1182, 1055, 1037, 951, 828, 759, 733, 567.

8.3.2 Synthesis of POxa-BADGE-IPDI

Solution 1 containing 5u-Me-CO2 (1eq., 0.0008 g, 0.006 mmol), LiCl (2eq., 0.0005 g,
0.012 mmol) and sulfolane (0.5 g) was weighed into a 4 mL vial equipped with a PTFE-coated
stir bar. Solution 2 consisting of BADGE (100 eq., 0.2000 g, 0.588 mmol), IPDI (100 eq.,
0.1306 g, 0.588 mmol) and sulfolane (1.75 g) was taken up by a syringe with a needle. Solution
2 was added within 2 h (rate of ~0.1 mL/7 min) to the stirred solution 1 at 200°C. After the
addition was finished the reaction was kept at 200°C for 1 h. The orange/brownish reaction
mixture was poured into propan-2-ol (35 mL) and a precipitate was obtained, which was
separated by centrifugation. The supernatant solution was discarded and the remaining substance
dried under reduced pressure. If necessary, the polymer was dissolved in CH2Cl, and again

precipitated, centrifuged, decanted and dried under reduced pressure.

Yield: 69%. My=31000 g/mol; DP=55; 1.9. *H NMR (CDCls, ppm): 8=7.10 (4 H, s, Harom ), 6.77
(4 H, m, Harom), 4.76 (2 H, s, HC-Ooxa ring), 4.3-3.3 (8 H, m), 1.60 (7 H, s), 1.5-0.7 (14 H, m).
13C NMR (CDCls, ppm): $=159.0 (C=0, d), 156.9, 156.0, 143.9 (Carom. ipso, d), 127.9 (Carom. ortho,
d), 114.0 (Carom, d), 113.9, 71.3-70.8 (m), 68.6-67.9 (m), 60.4-59.8 (M), 50.7-50.1 (m), 47.7-47.3
(m), 46.9-46.7 (m), 43.0-42.4 (m), 41.8 (C(CHa)2), 41.1, 39.2-38.6 (m), 38.4-37.9 (m), 35.5-35.1
(m), 32.1-31.8 (m), 31.1 (C(CHa)2), 27.7, 27.6, 24.0-23.7 (m). IR [cm™]: 2960, 1737, 1607,

1508, 1431, 1234, 1182, 1058, 1031, 951, 829, 761, 736, 694, 565.
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8.3.3 Synthesis of POxa-BADGE-H12MDI

Solution 1 containing 5u-Me-CO2 (1eq., 0.0008 g, 0.006 mmol), LiCl (2eq., 0.0005 g,
0.012 mmol) and sulfolane (0.5 g) was weighed into a 4 mL vial equipped with a PTFE-coated
stir bar. Solution 2 consisting of BADGE (100 eg., 0.2000 g, 0.588 mmol), H12MDI (100 eq.,
0.1541 g, 0.588 mmol) and sulfolane (1.75 g) was taken up by a syringe with a needle. Solution
2 was added within 2 h (rate of ~0.1 mL/7 min) to the stirred solution 1 at 200°C. After the
addition was finished the reaction was kept at 200°C for 1 h. The orange/brownish reaction
mixture was poured into propan-2-ol (35 mL) and a precipitate was obtained, which was
separated by centrifugation. The supernatant solution was discarded and the remaining substance
dried under reduced pressure. If necessary, the polymer was dissolved in CH2Cl, and again

precipitated, centrifuged, decanted and dried under reduced pressure.

Yield: 73%. Mn,=32000 g/mol; DP=53; PDI=2.5. *H NMR (CDCls, ppm): 6=7.12 (4 H, d, J=7.4,
Harom.), 6.78 (4 H, d, J=7.4, Harom.), 4.78 (2 H, m, HC-Ooxa ring), 4.06 (3 H, s), 3.67 (3 H, m), 3.48
(2H, m), 1.90-0.90 (26 H, m). 3C NMR (CDCls, ppm): 6=157.0, 156.1, 144.0, 127.9, 114.0,
71.0 (C-Ooxa ring), 68.2, 52.7-52.3 (m), 43.9, 43.5, 43.4, 42.8, 41.8 (C(CHs)2), 38.2, 34.3, 33.7,
32.2-31.8, 31.1 (C(CHa)2), 29.9, 29.8, 29.2-28.7 (m), 25.2-24.8 (m). IR [cm™]: 2924, 2854, 1734,

1607, 1508, 1430, 1377, 1299, 1233, 1182, 1106, 1057, 951, 902, 828, 761, 734, 700, 567.

8.3.4 Synthesis of POxa-BADGE-MDI

Solution 1 containing 5u-Me-CO2 (1eq., 0.0008 g, 0.006 mmol), LiCl (2eq., 0.0005 g,
0.012 mmol) and sulfolane (0.5 g) was weighed into a 4 mL vial equipped with a PTFE-coated
stir bar. Solution 2 consisting of BADGE (100 eqg., 0.2000 g, 0.588 mmol), MDI (100 eq.,
0.1470 g, 0.588 mmol) and sulfolane (1.75 g) was taken up by a syringe with a needle. Solution

2 was added within 4 h (rate of ~0.1 mL/14 min) to the stirred solution 1 at 200°C. After the
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addition was finished the reaction was kept at 200°C for 1 h. The orange/brownish reaction
mixture was poured into propan-2-ol (35 mL) and a precipitate was obtained, which was
separated by centrifugation. The supernatant solution was discarded and the remaining substance
dried under reduced pressure. If necessary, the polymer was dissolved in DMF or DMSO and

again precipitated, centrifuged, decanted and dried under reduced pressure.

Yield: 71%. M\=14000 g/mol; DP=24; PDI=2.7. '"H NMR (DMSO-d6, ppm): 8=7.48 (4 H, d,
J=7.4 Hz, Harom), 7.22 (4 H, S, Harom), 7.09 (4 H, br, Harom.), 6.83 (4 H, br, Harom), 4.99 (2 H, s,
HC-Ooxa ring), 4.17 (6 H, m), 3.87 (4 H, s), 1.54 (6 H, s, C(CH3)2). 1*C NMR (DMSO-d6, ppm):
8=156.3 (C=0), 154.6 (Carom.), 143.6 (d, Carom.), 137.1 (Carom. mai), 136.9 (Carom. mdi), 129.5 (Carom.
mdi), 128.0 (Carom.), 118.6 (Carom. mdi), 114.5 (Carom.), 71.3 (C-Ooxa ring), 68.8 (C-O-Carom.), 46.8 (C-
Noxa ring), 41.7 (C(CHa)2), (40.8 (Carom.-CH2-Carom.) Overlapping with DMSO), 31.1 (C(CHa)z2). IR
[cm™]: 2964, 1741, 1697, 1509, 1430, 1406, 1309, 1220, 1183, 1133, 1030, 983, 950, 828, 751,

571, 511.

8.3.5 Synthesis of POxa-BADGE-TDI

Solution 1 containing 5u-Me-CO2 (1eq., 0.0008 g, 0.006 mmol), LiCl (2eq., 0.0005 g,
0.012 mmol) and 1,3-imethylimidazol-2-one (0.5 g) was weighed into a 4 mL vial equipped with
a PTFE-coated stir bar. Solution 2 consisting of BADGE (100 eq., 0.2000 g, 0.588 mmol), TDI
(100 eq., 0.1023 g, 0.588 mmol) and 1,3-imethylimidazol-2-one (1.75g) was taken up by a
syringe with a needle. Solution 2 was added within 4 h (rate of ~0.1 mL/14 min) to the stirred
solution 1 at 200°C. After the addition was finished the reaction was kept at 200°C for 1 h. The
orange/brownish reaction mixture was poured into propan-2-ol (35 mL) and a precipitate was

obtained, which was separated by centrifugation. The supernatant solution was discarded and the
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remaining substance dried under reduced pressure. If necessary, the polymer was dissolved in

DMF or DMSO and again precipitated, centrifuged, decanted and dried under reduced pressure.

Yield: 89%. My=11000 g/mol; DP=21; PDI=2.4. *H NMR (DMSO-d6, ppm): 6=7.63 (1 H, s,
Harom. i), 7.48 (1 H, d, J=7.8, Harom. i), 7.32 (L H, d, J=7.8, Harom. i), 7.11 (4 H, br, Harom)), 6.87
(4 H, M, Haom), 5.04 (2 H, s, HC-Ooxaring), 4.19 (6 H, m), 3.90 (1 H, s), 3.79 (1 H, s), 2.23 (3 H,
s, CH3-Carom), 1.56 (6 H, s, C(CH3)2). *C NMR (DMSO-d6, ppm): 5=156.0, 155.8, 155.2, 154.1,
143.2,137.1, 136.6, 131.2, 130.7, 127.6, 127.5, 117.4, 116.4, 114.0, 113.9, 71.6, 70.9, 68.4, 68.3,
48.6, 46.4, 41.2, 30.7, 16.8. IR [cm]:2966, 1742, 1608, 1507, 1410, 1222, 1183, 1093, 1025,

950, 828, 754, 684, 555.

8.3.6 Synthesis of POxa-BDDGE-HDI

Solution 1 containing 5u-Me-CO2 (1eq., 0.0008 g, 0.006 mmol), LiCl (2eq., 0.0005 g,
0.012 mmol) and sulfolane (0.5 g) was weighed into a 4 mL vial equipped with a PTFE-coated
stir bar. Solution 2 consisting of BDDGE (100 eq., 0.1188 g, 0.588 mmol), HDI (100 eq.,
0.0988 g, 0.588 mmol) and sulfolane (1.75 g) was taken up by a syringe with a needle. Solution
2 was added within 2 h (rate of ~0.1 mL/7 min) to the stirred solution 1 at 200°C. After the
addition was finished the reaction was kept at 200°C for 1 h. The yellowish reaction mixture was
poured into demineralized water (35 mL) and a precipitate was obtained, which was separated by
centrifugation, the supernatant solution was discarded and the remaining substance dried under
reduced pressure. If necessary, the polymer was dissolved in CH2Cl, and again precipitated,

centrifuged, decanted and dried under reduced pressure.

Yield: 52%. M,=9000 g/mol; DP=24; PDI=2.0. *H NMR (CDCls, ppm): $=4.58 (2 H, m, HC-

Ooxa ring), 3.54 (6 H, br), 3.47 (4 H, m), 3.33 (2 H, m), 3.21, (4 H, m), 1.57 (4 H, m), 1.50 (4 H,
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m), 1.30 (4 H, m). *C NMR (CDCls, ppm): 5=157.9 (C=0), 71.9, 71.5, 71.2, 71.2, 46.4, 46,4,

43.8,27.1,26.2, 26.1. IR [cm™]: 2928, 1731, 1490, 1444, 1358, 1254, 1121, 1057, 762, 682.

8.3.7 Synthesis of POxa-BDDGE-MDI

Solution 1 containing 5u-Me-CO2 (1eq., 0.0008 g, 0.006 mmol), LiCl (2eq., 0.0005 g,
0.012 mmol) and sulfolane (0.5 g) was weighed into a 4 mL vial equipped with a PTFE-coated
stir bar. Solution 2 consisting of BDDGE (100 eq., 0.1188 g, 0.588 mmol), MDI (100 eq.,
0.1470 g, 0.588 mmol) and sulfolane (1.75 g) was taken up by a syringe with a needle. Solution
2 was added within 4 h (rate of ~0.1 mL/14 min) to the stirred solution 1 at 200°C. After the
addition was finished the reaction was kept at 200°C for 1 h. The yellowish reaction mixture was
poured into demineralized water (35 mL) and a precipitate was obtained, which was separated by
centrifugation. The supernatant solution was discarded and the remaining substance dried under
reduced pressure. If necessary, the polymer was dissolved in CH.Cl, and again precipitated,

centrifuged, decanted and dried under reduced pressure.

Yield: 76%. Ma=9000 g/mol; DP=20; PDI=3.0. 'H NMR (CDCls, ppm): 8=7.43 (4 H, br, Harom),
7.20 (4 H, br, Harom), 4.72 (2 H, 5, HC-Ooxa ring), 3.99 (2 H, s), 3.83 (2 H, s), 3.68 (2 H, 5), 3.48
(4H, m), 3.38 (4 H, s), 1.45 (4 H, s). *C NMR (CDCls, ppm): $=162.5 (C=0), 154.4, 136.6,
136.6, 129.1, 118.1, 71.6, 70.7, 46.4, 35.9, 30.9, 25.8. IR [cm]: 2866, 1738, 1612, 1513, 1481,

1429, 1405, 1311, 1219, 1129, 983, 856, 813, 799, 752, 650, 594, 512.

8.3.8 Synthesis of 1,3,5-triphenyl-1,3,5-triazinan-2,4,6-trione
6-Cy-CO2 (1eq., 0.0610 g, 0.2 mmol) and phenyl isocyanate (200 eq., 59, 42.0 mmol) were
weighed into a 10 mL screw top vial equipped with a PTFE-coated magnetic stir bar. The

reaction was exothermic and a colorless solid precipitated. The reaction was heated to 80°C
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overnight. The obtained mixture was diluted into diethyl ether (40 mL), filtered, washed with
diethyl ether (2x 25 mL) and dried under reduced pressure. Yield: 90%. 'H NMR (CDCls, ppm):
8=7.55-7.40 (m, overlapping signals). **C NMR (CDCls, ppm): 6=148.8, 133.7, 129.4, 128.5.

GC-MS (m/z)= 357.2 g/mol (found); 357.19 g/mol (expected).

8.3.9 Synthesis of 4- and 5-(phenoxymethyl)-3-phenyl oxazolidin-2-one

A closed 250 mL Schlenk flask under inert gas equipped with 1,3,5-triphenyl-1,3,5-triazinane-
2,4,6-trione  (25eq., 2.159, 6.02mmol), 2-(phenoxymethyl)oxirane (75eq., 2.71g,
18.05 mmol), LIiCl (2 eq., 0.020 g, 0.48 mmol), 5u-Me-CO2 (1eq., 0.034 g, 0.241 mmol), a
PTFE-coated stir bar and 60 mL sulfolane were heated to 200°C for 4 h. After cooling to rt
200 mL water were added before the addition of 100 mL diethyl ether resulted in the
precipitation of a colorless substance which was filtered off. The water phase was extracted five
times with 100 mL diethyl ether, the combined organic phases were washed 2x with 100 mL
water, dried over MgSOs, filtered and the volatiles removed under reduced pressure. The
remaining solid was extracted 5 times with 100 mL of hot pentane. The combined pentane
phases were reduced to dryness under vacuum. The remaining substance was purified by column
chromatography (hexane/ethyl ethanoate 2 to 1). 4-(Phenoxymethyl)-3-phenyl oxazolidin-2-one
phases were collected (Rf=0.33), combined, the solvent removed and the product crystallized
from CH.Cl, and pentane in the fridge. The solid remaining from the hot pentane extraction was
dissolved in CH2Cl2, mixed with silica, concentrated to dryness, placed on fresh silica and
flushed with 200 mL diethyl ether to afford 5-(phenoxymethyl)-3-phenyl oxazolidin-2-one as a
colorless solid after the solvent was removed. Again, the residue was crystallized from CHCl»

and pentane in the fridge to afford 5-(phenoxymethyl)-3-phenyloxazolidin-2-one.
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4-(Phenoxymethyl)-3-phenyl oxazolidin-2-one: *H NMR (CDCls, ppm): 6=7.38 (2 H, m), 7.27
(2H, m), 7.15 (2 H, m), 7.09 (1 H, tt, J=7.4 Hz, J=1.1 Hz), 6.86 (1 H, tt, J=7.4 Hz, J=1.0 Hz),
6.72 (2H, m), 4.63 (1 H, m), 451 (1 H, t, J=8.7 Hz), 4.39 (1 H, m), 3.92 (2 H, m). 3C NMR
(CDCl3, ppm): 6=158.0 (C=0), 155.9, 136.4, 129.7, 129.5, 125.8, 122.3, 121.8, 144.6, 65.9 (C-
Ooxa ring), 65.0 (C-O-Carom), 55.9 (C-N). IR [ecm™]: 2907, 2875, 1736, 1593, 1491, 1474, 1459,
1415, 1379, 1363, 1295, 1281, 1247, 1217, 1166, 1139, 1088, 1068, 1042, 1003, 985, 965, 915,
902, 841, 752, 723, 692, 675, 623, 614, 582, 521, 508, 489. HRMS (ESI, positive) (m/z): 269.11

(calc.), 561.20 (found, 2M+Na*), 292.10 g/mol (found, M+Na*) and 270.11 (found, M+H").

5-(Phenoxymethyl)-3-phenyl oxazolidin-2-one: *H NMR (CDCls, ppm): 8=7.59 (2 H, m), 7.40
(2H, m), 7.30 (2 H, m), 7.16 (1 H, t, J=7.4 Hz), 7.00 (1 H, t, J=7.4 Hz), 6.92 (2 H, m), 4.99 (1 H,
m), 4.22 (3 H, m, overlaying signals), 4.08 (1 H, m. *C NMR (CDCls, ppm): §=158.1 (C=0),
154.5, 138.2, 129.8, 129.3, 124.3, 121.9, 118.4, 114.7, 70.5 (C-Ooxa ring), 68.0 (C-O-Carom), 47.5
(C-Noxa ring). IR [cm™]: 3038, 2961, 1735, 1600, 1583, 1500, 1456, 1444, 1410, 1336, 1291,
1248, 1221, 1162, 1144, 1131, 1095, 1085, 1043, 1022, 1002, 982, 901, 886, 832, 816, 774, 753,
743, 684, 669, 614, 572, 518, 506. HRMS (ESI, positive) (m/z): 269.11 (calc.), 561.20 (found,

2M+Na"), 292.10 (found, M+Na"), 270.11 (found, M+H™).
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8.4 Polyamide 6 Synthesis

Most of the results described in this chapter are published: H. J. Altmann, M. Steinmann, 1.
Elser, M. J. Benedikter, S. Naumann, M. R. Buchmeiser, Dual catalysis with an N-heterocyclic
carbene and a Lewis acid: Thermally latent precatalyst for the polymerization of e-caprolactam,

J. Polym. Sci. 2020, 58, 3219-3226.[6]

Unless otherwise noted, polymerizations were conducted under inert gas atmosphere in a glove
box or using standard Schlenk technique. The same applies to reactions with [AEO-Ac-MgCl_].
Determination of the relative viscosities was conducted at the German Institutes of Textile and
Fiber Research applying a Ubbelohde viscosimeters. 1 g of the polyamide was dissolved in
100 mL of H2SO4 (96%, Merck) and the measurements were executed at 25°C. All values were

double determined.

8.4.1 Synthesis of [AEO-Ac-MgCl:]

A solution of AEO-Ac (1 eq., 0.0815 g, 0.525 mmol) dissolved in 2 mL CH.Cl> was combined at
room temperature with a mixture of MgCl. (1 eq., 0.0500 g, 0.525 mmol) in THF: CH2Cl
(2mL, 1:1 by volume). The reaction was stirred for 10 h at ambient temperature before the
solvent was removed and a colorless solid was received. *H NMR (DsCCN, ppm): 6=3.94 (2 H,
bs, -CH2-N-), 3.77 (2H, m, -O-CH, THF), 2.80 (2 h, bm, -CH>-C(0)-), 2.43 (3 H, s, HsC-
C(O)-), 1.83 (2 H, -O-CH2-CHy- THF), 1.74 (6 H, bs, -CH-CH2-CHa-). 3C NMR (D3CCN,
ppm): 6=182.1 (-C(0)-), 177.4 (-C(0)-), 69.0 (-O-CH,- THF), 47.1, 40.0, 29.0, 28.2, 27.0 (-O-

CH2-CHy-), 25.9, 23.8,
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8.4.2 PAG6 Synthesis, Non-homogenized Approach

AEOQO (0.5 to 6 g) and the respective amount of NHC, Lewis acid and activator were weighed into
an oven-dry 4 or 10 mL glass vial equipped with a magnetic stir bar. The vial was closed with a
screw top and placed into a drill hole of a preheated aluminum block, placed onto the heating
plate of a magnetic stirrer. After the appropriate reaction time the vial was removed from the

heat source and allowed to cool to room temperature before workup (see below).

8.4.3 Prehomogenization

AEO (0.5 to 6 g) an the respective amount of NHC, Lewis acid and activator were weighed into
an oven-dry 4 or 10 mL glass vial equipped with a magnetic stir bar. The vial was closed with a
screw top and heated under constant stirring above the melting point of AEO (typically 75 to
90°C) until a clear, colorless and homogeneous solution was obtained. The time until
homogenization varied between 1 and several hours. Typically homogenization was conducted

for 1 to 3 h; however, in several cases the mixtures were homogenized overnight.

8.4.4 Direct Polymerization

The vials containing the prehomogenized polymerization systems were taken from the heating
plate for homogenization and were placed into the drill holes of an aluminum block preheated to
thepolymerization temperature and placed on the heating plate of a magnetic stirrer. After the
appropriate reaction time, the vial was removed from the heat source and allowed to cool down

to room temperature before workup (see below).

8.4.5 Storage as Solid
The vials containing the prehomogenized polymerization systems were allowed to cool to room

temperature and brought inside the glove box where they were stored for later use possibly split
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into several charges, which were eventually diluted with additional monomer. To polymerize
these mixtures, they were equipped with a magnetic stir bar and placed into the drill holes of an
aluminum block preheated to the polymerization temperature and placed on the heating plate of a
magnetic stirrer. After the appropriate reaction time, the vial was removed from the heat source

and allowed to cool down to room temperature before workup (see below).

8.4.6 Storage as Liquid

The vials containing the prehomogenized polymerization systems were kept at a temperature
above the melting point of AEO (typically 75°C) and stirred continuously up to five days.
Samples were subsequently placed into the drill holes of an aluminum block preheated to the
polymerization temperature and placed on the heating plate of a magnetic stirrer. After the
appropriate reaction time, the vial was removed from the heat source and allowed to cool down

to room temperature before workup (see below).

8.4.7 Polymer Workup

Polymers were worked up under ambient conditions. Methanoic acid (4 to 12 mL/gaeo) was
added to the reaction product in order to dissolve the polymer. Dissolving the polymers typically
took 1 to 3 days depending on the molecular weight. After the product was fully dissolved it was
precipitated into propan-2-one (30 to 150 mL/gaeo). A colorless precipitate was found in case a
polymer had formed during the reaction. The precipitate was separated by centrifugation
applying 4500 rpm for 15 to 99 min. The supernatant solution was discarded and the remaining
product was dried under reduced pressure in the temperature range between room temperature
and 70°C. Drying usually took at least overnight. Finally the polymer yield was determined

gravimetrically.
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8.4.8 Flame Retardancy

AEO (1eq., 0.4212 g, 0.3723 mmol) and NEts (1 eq., 0.3767 g, 0.3723 mmol) were dissolved in
CH2Cl. (6 mL) before a solution of P(O)(OPh)2Cl (1 eg., 1.0000 g, 0.3723 mmol) dissolved in
diethyl ether (2 mL) was added. The combined mixture was stirred at room temperature for
2 days. During this time a colorless precipitate was formed which was removed by filtration, the
remaining solution was reduced to dryness under reduced pressure. The obtained colorless solid
was recrystallized from of CH2Cl> (5 drops) and diethyl ether (8 mL) to give colorless crystals. If
necessary, the product was recrystallized again. Yield: 63%. *H NMR (CDCls, ppm): §=7.32
(8 H, m, arom.), 7.20 (2 H, m, arom.), 3.71 (2 H, t, CH2-N), 2.57 (2 H, CH>-C(0)) 1.54 (4 H, s),
1.36 (2 H, m). 3C NMR (CDCls, ppm): $=178.4, 150.1 (d), 129.8, 125.7 (d), 121.0 (d), 47.3 (d),

38.8 (d), 29.3, 29.3 (d), 23.2. 3P NMR (CDCls, ppm): =-5.49.

For polymerizations with AEO-P(O)(OPh),, all substances (NHC, MgCl> and AEO) were
weighed into an oven-dry 4 or 10 mL glass vial equipped with a magnetic stir bar. The vial was
closed with a screw top and heated under constant stirring above the melting point of AEO

(typically 75 to 90°C) until a clear, colorless and homogeneous solution was obtained (~2 h).
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8.5 Spirocyclic NHC Precursor

The content of this chapter was majorly published: H. J. Altmann, W. Frey, M. R. Buchmeiser, A
Spirocyclic Parabanic Acid Masked N-Heterocyclic Carbene as Thermally Latent Pre-Catalyst

for Polyamide 6 Synthesis and Epoxide Curing, Macromol. Rapid. Commun. 2020, e2000338.[:%

Inside a glove box, 1,3-dimethylimidazolium-2-carboxylate (1eq., 1.0000g, 7.136 mmol)
weighed into a 50 mL Schleck flask was mixed with cyclohexyl isocyanate (2 eq., 1.7864 g,
14.271 mmol) in acetonitrile (10 mL) and sulfolane (15 mL). The flask was closed, brought
outside the glove box and heated to 80°C for 4 h. Within this time a deep red solution formed.
The flask was transferred back into the glove box; then was cooled down to room temperature.
The solution was extracted several times with pentane, which did not mix with the red phase.
The pentane phases were collected. Extraction was continued until pentane washings remained
colorless. The collected pentane phases were dried under reduced pressure at ambient
temperature. The residuals were dissolved in pentane again, filtered through a pad of celite,
concentrated under reduced pressure and crystallized at -35°C after the pentane phase was
concentrated under reduced pressure. Yield: 67%. *H NMR (CeéDs, ppm): =5.21 (2 H, s, -N-
CH=), 4.15 (1H, tt, J=12.3 Hz, J=3.7 Hz, -CO-N(-CipsoH-)-CO-), 3.58 (1 H, tt, 12.2 Hz,
J=3.9 Hz, -C-N(-CipsoH-)-CO-N-), 2.53-2.26 (10 H, m, sum of integrals with 6 protons of the two
methyl groups), 1.80 (2 H, m), 1.68 (2H, m), 1.59 (4 H, m), 1.44 (2H, m), 1.14 (6 H, m).
13C NMR (CeDs, ppm): 6=165.4 (-N-CO-N-), 154.2 (-C-CO-N-), 116.6 (-CH=CH-), 101.7
(Cspiro), 51.8, 51.0, 33.0, 31.0, 30.1, 26.1, 25.7, 25.3. IR (cm™): 2925, 2854, 1705, 1426, 1371,
1175, 1116, 1017, 979, 894, 681, 618, 601. HRMS (m/z): calculated: 346.24 g/mol

(C19H30N40O3), found: 347.24 g/mol (C19H30N1O2+H™).
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General procedure for the preparation of latent epoxide resins: Inside a glove box, the epoxide
compound (BADGE or BDDGE, 100 eq.) was mixed with the anhydride compound (Al and A6,
200 eq.). To homogenize the mixtures they were stirred and heated up to 60°C (1 h) if necessary.
Typical sample masses were between 0.5 and 1 g. After cooling the epoxide/anhydride mixture
to room temperature, 5u-Me-(OCN-Cy)2 (1 eq.) was added and the mixture was stirred at room
temperature until a homogeneous solution was received. Resins produced from anhydride Al
were colorless or yellowish, resins containing anhydride A6 were reddish to brown. From these
mixtures, sample of 1 to 5 mg were submitted under ambient conditions to DSC. A heat rate of
5 K/min from 30 to 250°C was used for resin curing and determination of Tmax. For the control

cycle a heat rate of 30 K/min from 0 to 250°C was applied.

Sample preparation for PA6 synthesis: AEO (250 eq., 1.0000 g, 8.836 mmol) and 5u-Me-(OCN-
Cy)2 (1eq., 12.3 mg, 0.035 mmol) and eventually additives like MgCl> (1 eq.) and AEO-Ac
(1 eq.) were combined in a vial inside a glove box. Under continuous stirring the mixture was
heated to 75°C until a clear solution formed. This process took typically around 1 h. These
samples were stored under ambient temperature until they were polymerized at 180°C for 1 h.
The mixtures were stirred until the reaction solidified. At ambient conditions, the polymers were
dissolved in methanoic acid (typically 10 mL/gpoymer). The polymer solution was precipitated
from propan-2-one (35 mL/gpoiymer), centrifuged (4500 rpm, >15 min), the supernatant solution
decanted and discarded and the polymer dried under reduced pressure and elevated temperatures

of 60°C. Melting points were determined with a heat rate of 30 K/min and 40 K/min.
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8.6 Oligomerization of 4-Methyloxetan-2-one to Diols

The content of this chapter is majorly published: H. J. Altmann, M. R. Machat, A. Wolf, C.
Gdrtler, D. Wang, M. R. Buchmeiser, Synthesis of dihydroxy telechelic oligomers of
B-butyrolactone catalyzed by titanium(IV)-alkoxides and their use as macrodiols in polyurethane
chemistry, J. Polym. Sci., 2021, 59, 3, 274-281.111 All polymerizations were executed in a

nitrogen filled glove box or under standard Schleck technique, unless otherwise noted.

8.6.1 Synthesis of a,® dihydroxy telechelic oligo(4-methyloxetan-2-one)

A homogenized solution of 4-methyloxetan-2-one (0.25 to 4 g) and the respective amount of
initiator diol was mixed with the appropriate amount of Ti(IV) alkoxide in a 4 or 10 mL vial
equipped with a magnetic stir bar. The closed vial was submitted to an aluminum block
preheated to the reaction temperature, with drill holes placed on a magnetic stirring heating plate.
After the appropriate reaction time, the mixture was allowed to cool down to room temperature
and a sample was taken and submitted to NMR analysis. The vial was removed from the glove
box and 2 to 6 mL THF and several drops demineralized water (5 to 10 drops) were added. The
mixture was stirred for >1 h and filtered. Finally, the solvents were removed under vacuum and a

colorless, viscos liquid remained.

'H NMR (CDCls, ppm): §=5.25 (8 H, bm, -CH2-CH(CHs)-), 4.23 (4 H, bm, -O-CH»-CH,-O-
overlapping with 2 H, bd, -CH>-CH(CHz3)-OH), 3.68 (4 H, bm, -O-CH,-CH»>-O-), 2.58 (16 H,
bm, -CH2-CH(CHs)- overlapping 4H, bm, -CH2-(CH(CH3)-OH), 1.29 (24H, bm,
-CH2-CH(CH3)-), 1.22 (6 H, bm, -CH2-CH(CH3)-OH). **C NMR (CDCls, ppm): §=172.8-169.3
(C=0), 69.0-63.5 (CH-0), 43.6-40.6 (CHs), 22.6-19.9 (CHa). IR (cm™): 3447, 2977, 1733, 1457,

1383, 1303, 1261, 1183, 1137, 1103, 1057, 977, 597, 450.
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8.6.2 Polyurethane Synthesis -1

General procedure for the PU synthesis in the ratio 4AMO:DEG:Ti(OR)4:MDI 100:10:1:10. The
respective Ti(IV) alkoxide (1 eq.) was placed in a 10 mL vial equipped with a PTFE-coated
magnetic stir bar before a mixture of 4-methyloxetan-2-one (100 eq., 1 g, 11.616 mmol) and
DEG (10 eq., 0.1233 g, 1.162 mmol) were added. The closed vials were heated and stirred at
100°C for 2 h and again removed from the heat source. After cooling to ambient temperature, a
solution of MDI (10 eq., 0.2907 1.162 mmol) in 5 mL THF was added under constant stirring. A
rapid increase in viscosity was observed. After 12 h, the solution was poured into 40 mL pentane
and a colorless precipitate formed. The mixture was centrifuged, the supernatant solution
decanted and the remaining polymer dried for 12 h under reduced pressure at 50°C. The isolated
yields of the slightly orange/brownish polymers are given for each catalyst: Ti(OMe)s 76%;

Ti(OiPr)s 79% and Ti(OtBu)4 82%.

8.6.3 Polyurethane Synthesis -2

General procedure for the PU synthesis in the ratio 4AMO:DEG:Ti(OR)4:MDI 500:50:1:50. The
respective Ti(IV) alkoxide (1 eq.) was placed in a 10 mL vial equipped with a PTFE-coated
magnetic stir bar before a mixture of 4-methyloxetan-2-one (500 eq., 1 g, 11.616 mmol) and
DEG (50 eq., 0.1233 g, 1.162 mmol) were added. The closed vials were heated and stirred at
100°C for 13 h and again removed from the heat source. After cooling to ambient temperature, a
solution of MDI (50 eq., 0.2907 g, 1.162 mmol) in 5 mL THF was added under constant stirring.
A rapid increase in viscosity was observed. After 12 h, the solution was poured into 40 mL
pentane and a colorless precipitate formed. The mixture was centrifuged, the supernatant solution

decanted and the remaining polymer dried for 12 h under reduced pressure at 50°C. The isolated
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yields of the slightly orange/brownish polymers are given for each catalyst: Ti(OMe)s 83%;

Ti(OiPr)s 90% and Ti(OtBu)4 89%.

IHNMR (CDCls, ppm): 6=7.28 (4H, bd, 6.1 Hz, Haom), 7.06 (4H, bd, 6.1 Hz, Harom.
overlapping with 2H, bs, NH), 523 (10H, bm, -CH2-CH(CHa)-), 4.19 (4H, bm,
-0O-CH2-CH2-0-), 3.84 (2 H, b, -CsHs-CH2-CsHs-), 3.64 (4 H, bm, -O-CH2-CH2-0O-), 2.55 (20 H,
bm, C(0)-CH2-CH(CHa3)-), 1.32 (6 H, bm, -CH(CH3)-O-C(0)-NH-), 1.25 (24 H, bm,
-CH(CH3)-0O-C(0)-CHz-). *C NMR (CDCls, ppm): $=170.5-169.3 (-O-C(0)-CH-), 152.9
(-O-C(0)-NH-), 136.3 (Carom.), 129.4 (Carom.), 118.8 (Carom.), 68.9-63.5 (-CH(CH3)-0O-), 41.4-40.5
(-C(O)-CHa- and -CsHa-CHa-CsHa-), 20.3-19.8 (-CH(CHa)-). IR (cm™): 3346, 2984, 1726, 1597,
1527, 1454, 1412, 1382, 1304, 1260, 1221, 1178, 1131, 1100, 1053, 972, 929, 857, 818, 769

605, 511.
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9 Appendix

9.1 General
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Scheme 97: *H NMR spectrum of 5u-Me-CO; in D20.
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Scheme 98: 13C NMR spectrum of 5u-Me-CO; in D20.
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9.2 Data on Anhydride-hardened Epoxide Resins

Some of these results are published: H. J. Altmann, S. Naumann, M. R. Buchmeiser, Protected
N-heterocyclic carbenes as latent organocatalysts for the low-temperature curing of anhydride-

hardened epoxy resins, Eur. Polym. J. 2017, 95, 766-774.[4

——-heat program
—160°C
—140°C
—120°C
100°C
—90°C

80°C

heat flow (endo up) [a.u.]

2 3 8 13 18
time [min]

Scheme 99: Stacked isothermal curing curves of the system DPDGE/A7/5u-Me-CO; (100:200:8).
The dashed line represents the heat program.
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Scheme 100: Stacked DSC thermograms of post-isothermal heat ramp from 20 to 250°C applying
a heat rate of 20 K/min for the resin system DPDGE/A7/5u-Me-CO; (ratio 100:200:8). The
temperatures in the legend represent the temperature of the isothermal pre-curing of the sample

(20 min).
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Scheme 101: Viscosities of the system DPDGE/A7/5u-Me-CO; (100:200:8) as determined by
rheology measurements at various temperatures.
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Scheme 102: Stacked isothermal curing curves of the system DPDGE/A6/5u-Me-CO>
(100:200:8). The dashed line represents the heat program.
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Scheme 103: Stacked DSC thermograms of post-isothermal heat ramp from 20 to 250°C applying
a heat rate of 20 K/min for the resin system DPDGE/A6/5u-Me-CO, (ratio 100:200:8). The
temperatures in the legend represent the temperature of the isothermal pre-curing of the sample
(20 min).
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Scheme 104: Viscosities of the system DPDGE/A6/5u-Me-CO; (100:200:8) as determined by
rheology measurements at various temperatures.
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Scheme 105: Stacked isothermal curing curves of the system ECHDE/A7/5u-Me-CO;
(100:200:8). The dashed line represents the heat program.
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Scheme 106: Stacked DSC thermograms of post-isothermal heat ramp from 20 to 250°C applying
a heat rate of 20 K/min for the resin system ECHDE/A7/5u-Me-CO- (ratio 100:200:8). The

temperatures in the legend represent the temperature of the isothermal pre-curing of the sample

(20 min).
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Scheme 107: Viscosities of the system ECHDE/A7/5u-Me-CO» (100:200:8) as determined by

rheology measurements at various temperatures.
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Scheme 108: Stacked isothermal curing curves of the system ECHDE/A6/5u-Me-CO3
(100:200:8). The dashed line represents the heat program.
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Scheme 109: Stacked DSC thermograms of post-isothermal heat ramp from 20 to 250°C applying

a heat rate of 20 K/min for the resin system ECHDE/A6/5u-Me-CO; (ratio 100:200:8). The

temperatures in the legend represent the temperature of the isothermal pre-curing of the sample

(20 min).
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Scheme 110: Viscosities of the system ECHDE/A6/5u-Me-CO; (100:200:8) as determined by
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Scheme 111: Stacked isothermal curing curves of the system BADGE/2-

(phenoxymethyl)oxirane/A1/A10/5u-Me-CO, (50:100:100:100:8). The dashed line represents the

heat program.
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Scheme 112: Stacked DSC thermograms of post-isothermal heat ramp from 20 to 250°C applying
a heat rate of 20 K/min for the resin system BADGE/2-(phenoxymethyl)oxirane/A1/A10/5u-Me-
CO2 (50:100:100:100:8). The temperatures in the legend represent the temperature of the
isothermal pre-curing of the sample (20 min).
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Scheme 113: Viscosities of the system BADGE/2-(phenoxymethyl)oxirane/A1/A10/5u-Me-CO,
(50:100:100:100:8) as determined by rheology measurements at various temperatures.
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9.3 Data on Polyoxazolidin-2-ones

Many of the results of this chapter are published: H. J. Altmann, M. Clauss, S. Konig, E. Frick-
Delaittre, C. Koopmans, A. Wolf, C. Guertler, S. Naumann, M. R. Buchmeiser, Synthesis of
Linear Poly(oxazolidin-2-one)s by Cooperative Catalysis Based on N-Heterocyclic Carbenes and

Simple Lewis Acids, Macromolecules 2019, 52, 487-494.[51
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Scheme 114: IR spectrum of the product resulting from an one-pot reaction of BADGE
(100 equivalents) and TDI (100 equivalents) catalyzed by MgCl2 (1 equivalent) at 60°C for 5 days
in sulfolane.
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Scheme 116: 1H NMR spectrum of POxa-BADGE-HDI (CDCls).
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Scheme 117: 3C NMR spectrum of POxa-BADGE-HDI (CDCls).

o I~ 0w ng(’") (=] M~
=~ ~ oo &) =
~ w0 <t <t MmO m -— -—
| \ \ A0S [
1
|
I \ |
|
lan lanl _ e L e
(2] o o (2] o g
3 S @ © N ©
L] < — o ~ =
75 70 65 6.0 55 5.0 45 40 35 30 25 2.0 15 1.0 05
& (ppm)

Scheme 118: 'H NMR spectrum of POxa-BADGE-IPDI (CDCls).
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Scheme 119: 3C NMR spectrum of POxa-BADGE-IPDI (CDClz).
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Scheme 120: 'H NMR spectrum of POxa-BADGE-H12MDI (CDCls).
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Scheme 122: 'H NMR spectrum of POxa-BADGE-MDI (DMSO-d6).

70

75

212



] © =a wa ©
o< M ~N© oo © ~ ™ @ © o~ -
10 T oo aN = = ~ © = e
- - == =+ - = ~o <+ < ©
N/ | ~ N [ I | I I
1
1 ) o | J " " J ik
s

T T T T T T T T T T T T T T T T T T

T T T T T T T T T T d
170 165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20

Scheme 123: 3C NMR spectrum of POxa-BADGE-MDI (DMSO-d6).
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Scheme 124: 'H NMR spectrum of POxa-BADGE-TDI (DMSO-d6).
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Scheme 125: 3C NMR spectrum of POxa-BADGE-TDI (DMSO-d6).
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Scheme 128: 'H NMR spectrum of POxa-BDDGE-MDI (DMSO-d6).
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Scheme 130: 'H NMR spectrum of coPOxa-BADGE-HDI/MDI (CDClz).
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Scheme 131: 3C NMR spectrum of coPOxa-BADGE-HDI/MDI (CDClz).
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Scheme 132: 'H NMR spectrum of block-coPOxa-BADGE-HDI/MDI (CDClz).
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Scheme 133: 3C NMR spectrum of block-coPOxa-BADGE-HDI/MDI (CDCls).
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Scheme 134: 'H NMR spectrum of 4-(phenoxymethyl)-3-phenyloxazolidin-2-one (CDCls).
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Scheme 135: 13C NMR spectrum of 4-(phenoxymethyl)-3-phenyloxazolidin-2-one (CDCls).

D cowon (o)) N
n ¥o-Aco o g
~ NSNS ™SO < < <
| <7 NS | |

U _ ﬁ(

e I T

o ™S~ o -

o ocoonocoon o ©
. o cldiddg : : ; ‘ R ;
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

Scheme 136: 'H NMR spectrum of 5-(phenoxymethyl)-3-phenyloxazolidin-2-one (CDCls).
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Scheme 137: 3C NMR spectrum of 5-(phenoxymethyl)-3-phenyloxazolidin-2-one (CDClz).
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9.4 Data on Polyamide 6

Most of the results described in this chapter are published: H. J. Altmann, M. Steinmann, 1.
Elser, M. J. Benedikter, S. Naumann, M. R. Buchmeiser, Dual catalysis with an N-heterocyclic
carbene and a Lewis acid: Thermally latent precatalyst for the polymerization of e-caprolactam,

J. Polym. Sci. 2020, 58, 3219-3226.[6
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Scheme 138:; 'H NMR spectrum of AEO-Ac-MgClz in D3CCN.
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Scheme 139: 3C NMR spectrum of AEO-Ac-MgCl2 in DsCCN.

—

Scheme 140: Homogenized mixture of 100 eq. AEO, 1 eq. 5u-Me-CO,, 1 eq. MgClz and 1 eq.
AEO-Ac in the molten state (~75°C).
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Scheme 141: DSC heating curves (2" and 3™ cycle, conducted with a heating rate of 10 K/min)
of a polyamide 6 synthesized at 200°C from a mixture consisting of 100 equivalents AEO,
1 equivalent 5u-Me-COg, 1 equivalent MgClz and 1 equivalent AEO-Ac.
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Scheme 142: DSC heating curves (2" and 3™ cycle, conducted with a heating rate of 10 K/min)

of a polyamide 6 synthesized at 200°C from a mixture consisting of 200 equivalents AEO,
1 equivalent 5u-Me-COg, 1 equivalent MgClz and 1 equivalent AEO-Ac.
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Scheme 143: DSC heating curves (2" and 3™ cycle, conducted with a heating rate of 10 K/min)
of a polyamide 6 synthesized at 200°C from a mixture consisting of 400 equivalents AEO,
1 equivalent 5u-Me-COg, 1 equivalent MgClz and 1 equivalent AEO-Ac.
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Scheme 144: *H NMR spectrum of AEO-P(O)(OPh)z in CDCls.
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Scheme 145: 13C NMR spectrum of AEO-P(O)(OPh)2z in CDCls.
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Scheme 146: 3P NMR spectrum of AEO-P(O)(OPh)z in CDCls.
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Scheme 147: Phosphorescing polyamide 6 synthesized at 200°C from a pre-homogenized (90°C,
overnight) polymer system consisting of 400 equivalents AEO, 1 equivalent 5u-Me-COx,
1 equivalent MgClz, 1 equivalent AEO-Ac and about 5 to 10 wt.-% of an europium doped
aluminum oxide received from lumentics.de.
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9.5 Data on Spirocyclic NHC Precursor
The content of this chapter was majorly published: H. J. Altmann, W. Frey, M. R. Buchmeiser, A
Spirocyclic Parabanic Acid Masked N-Heterocyclic Carbene as Thermally Latent Pre-Catalyst

for Polyamide 6 Synthesis and Epoxide Curing, Macromol. Rapid. Commun. 2020, e2000338.[:%
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Scheme 148: *H NMR spectrum of 5u-Me-(OCN-Cy). with magnification of the signals of the
protons bound to the ipso-carbon of the cyclohexyl rings (CeDs).
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Scheme 150: IR spectrum of 5u-Me-(OCN-Cy)..
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The crystal structure was measured and solved by Dr. Wolfgang Frey from the Institute of

Organic Chemistry of the University of Stuttgart.
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Scheme 151: Plot of the crystal structure of 5u-Me-(OCN-Cy).

Table 22: Crystal data and structure refinement for spirocyclic 5u-Me-(OCN-Cy).

empirical formula C19H30N402
formula weight 346.47 g/mol
temperature 135(2) K
wavelength 71.073 pm
crystal system monoclinic
space group P2i/c

unit cell dimension
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B

Y
volume

Z, calculated density
absorption coefficient
F(000)

crystal size

theta range for data collection
limiting indices

reflections collected/unique
completeness to ®=25.242
absorption correction

max. and min. transition
refinement method
data/restraints/parameter
goodness-of-fit on F?

final R indices [[>2c(I)]

R indices (all data)
extinction coefficient
largest peak and hole

1909.01(15) pm

691.33(7) pm

1466.25(11) pm

90°

99.127(4)°

90°

1.9106(3) nm®

4,1.204 Mg/m?®

0.080 mm*

752

0.467-0.330-0.185 mm

2.161 to 28.360°

-25<h<25, -9<k<9; -19<I<19
19578/4749 [R(int)=0.0358]
99.9%

semi-empirical from equivalents
0.7457 and 0.7242
full-matrix least squares on F2
4749/0/228

1.044

R1=0.0450, wR2=0.1077
R1=0.0767, wR2=0.1171
n/a

0.235 and -0.191 e 10°nm?®

Table 23: Summary of the atomic coordinates (-104) of 5u-Me-(OCN-Cy), and equivalent
displacement parameters (A2-103). U(eq) is defined as one third of the trace of the orthogonalized

Ui tensor.
atom X y Z U(eq)
O(1) 2141(1) 5383(2) 5355(1) 28(1)
N(1) 2978(1) 6433(2) 4479(1) 23(1)
C(1) 2342(1) 5499(2) 4611(1) 22(1)
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0(2)
N(2)
C(2)
N(3)
C@)
N(4)
C(4)
C()
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)

3571(1)
2027(1)
3076(1)
2616(1)
2430(1)
2022(1)
2452(1)
2106(1)
3488(1)
4085(1)
4594(1)
4875(1)
4277(1)
3767(1)
1356(1)
738(1)
42(1)
72(2)
696(1)
1388(1)
3265(1)
1945(1)

6911(2)
4814(2)
6309(2)
3450(2)
5201(2)
6273(2)
3737(2)
5385(2)
7079(2)
5608(2)
6231(2)
8244(2)
9691(2)
9095(2)
3758(2)
5025(2)
3900(3)
2050(3)
812(2)
1921(2)
2451(2)
8334(2)

3237(1)
3790(1)
3576(1)
2593(1)
3038(1)
2294(1)
1631(1)
1462(1)
5279(1)
5503(1)
6362(1)
6246(1)
6017(1)
5152(1)
3635(1)
3793(1)
3596(1)
4156(1)
3997(1)
4214(1)
2979(1)
2386(1)

32(1)
24(1)
23(1)
24(1)
22(1)
24(1)
27(1)
24(1)
23(1)
27(1)
33(1)
33(1)
31(1)
28(1)
23(1)
32(1)
41(1)
41(1)
36(1)
27(1)
34(1)
30(1)

Table 24: Bond length of 5u-Me-(OCN-Cy)a.

bond length [pm]
0(1)-C(1) 121.45(14)
N(1)-C(2) 136.93(16)
N(1)-C(1) 141.61(16)
N(1)-C(6) 146.98(16)
C(1)-N(2) 134.39(17)
0(2)-C(2) 120.84(14)
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N(2)-C(12)
N(2)-C(3)
C(2)-C(3)
N(3)-C(4)
N(3)-C(3)
N(3)-C(18)
C(3)-N(4)
N(4)-C(5)
N(4)-C(19)
C(4)-C(5)
C(4)-H(4)
C(E)-HE)
C(6)-C(11)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(10)
C(9)-H(9A)
C(9)-H(9B)
C(10)-C(11)

C(10)-H(10A)
C(10)-H(10B)
C(11)-H(11A)
C(11)-H(11B)

C(12)-C(13)
C(12)-C(17)
C(12)-H(12)
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146.13(16)
146.52(15)
155.55(19)
140.91(17)
144.57(17)
145.19(18)
144.14(17)
139.75(16)
144.08(18)
131.9(2)
95.00
95.00
151.37(19)
152.32(19)
100.00
152.6(2)
99.00
99.00
151.0(2)
99.00
99.00
151.6(2)
99.00
99.00
152.87(19)
99.00
99.00
99.00
99.00
151.69(19)
152.3(2)
100.00



C(13)-C(14) 152.7(2)
C(13)-H(13A) 99.00
C(13)-H(13B) 99.00

C(14)-C(15) 151.6(2)
C(14)-H(14A) 99.00
C(14)-H(14B) 99.00

C(15)-C(16) 151.5(2)
C(15)-H(15A) 99.00
C(15)-H(15A) 99.00

C(16)-C(17) 151.6(2)
C(16)-H(16A) 99.00
C(16)-H(16B) 99.00
C(17)-H(17A) 99.00
C(17)-H(17B) 99.00
C(18)-H(18A) 98.00
C(18)-H(18B) 98.00
C(18)-H(18C) 98.00
C(19)-H(19A) 98.00
C(19)-H(19B) 98.00
C(19)-H(19C) 98.00

Table 25: Bond angles of 5u-Me-(OCN-Cy)..

bond angle [°]
C(2)-N(1)-C(2) 110.81(11)
C(2)-N(1)-C(6) 127.99(10)
C(1)-N(1)-C(6) 120.28(10)
0O(1)-C(1)-N(2) 128.49(12)
O(1)-C(1)-N(1) 123.51(12)
N(2)-C(1)-N(1) 108.00(10)
C(1)-N(2)-C(12) 124.79(10)
C(1)-N(2)-C(3) 113.37(10)
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C(12)-N(2)-C(3)
0(2)-C(2)-N(1)
0(2)-C(2)-C(3)
N(1)-C(2)-C(3)
C(4)-N@)-CQ3)
C(4)-N(3)-C(18)
C(3)-N(3)-C(18)
N(4)-C(3)-N(3)
N(4)-C(3)-N(2)
N(3)-C(3)-N(2)
N(4)-C(3)-C(2)
N(3)-C(3)-C(2)
N(2)-C(3)-C(2)
C(5)-N(4)-C(19)
C(3)-N4)-C(3)
C(19)-N(4)-C(3)
C(3)-C(4)-N@)
C(5)-C(4)-H(4)
N(3)-C(4)-H(4)
C(4)-C(5)-N(4)
C(4)-C(3)-H(®)
N(4)-C(5)-H(5)
N(1)-C(6)-C(11)
N(1)-C(6)-C(7)
C(11)-C(6)-C(7)
N(1)-C(6)-H(6)
C(11)-C(6)-H(6)
C(7)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(6)-C(7)-H(7B)
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121.83(10)
127.69(12)
124.70(11)
107.61(10)
107.56(11)
119.89(11)
118.53(11)
103.35(10)
112.21(10)
112.47(11)
114.83(11)
114.19(10)
100.20(9)
123.00(11)
108.16(11)
119.24(11)
109.62(12)
125.2
125.2
109.75(12)
125.1
125.1
112.51(11)
110.33(11)
112.10(11)
107.2
107.2
107.2
110.27(12)
109.6
109.6
109.6



C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9B)
C(10)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-C(11)

C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)

C(6)-C(11)-C(10)

C(6)-C(11)-H(11A)
C(10)-C(11)-H(11A)
C(6)-C(11)-H(11B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)

N(2)-C(12)-C(13)
N(2)-C(12)-C(17)
C(13)-C(12)-C(17)
N(2)-C(12)-H(12)
C(13)-C(12)-H(12)
C(17)-C(12)-H(12)
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109.6
108.1
110.98(12)
109.4
109.4
109.4
109.4
108.0
111.41(12)
109.3
109.3
109.3
109.3
108.0
111.39(12)
109.3
109.3
109.3
109.3
108.0
109.62(12)
109.7
109.7
109.7
109.7
108.2
111.86(12)
111.97(11)
111.11(10)
107.2
107.2
107.2



C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(14)-C(13)-H(13B)

H(13A)-C(13)-H(13B)

C(15)-C(14)-C(13)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14B)
C(13)-C(14)-H(14B)

H(14A)-C(14)-H(14B)

C(16)-C(15)-C(14)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15B)
C(14)-C(15)-H(15B)

H(15A)-C(15)-H(15B)

C(15)-C(16)-C(17)
C(15)-C(16)-H(16A)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16B)
C(17)-C(16)-H(16B)

H(16A)-C(16)-H(16B)

C(16)-C(17)-C(12)
C(16)-C(17)-H(17A)
C(12)-C(17)-H(17A)
C(16)-C(17)-H(17B)
C(12)-C(17)-H(17B)

H(17A)-C(17)-H(17B)

N(3)-C(18)-H(18A)

N(3)-C(18)-H(18B)
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110.59(13)
109.5
109.5
109.5
109.5
108.1

111.75(13)
109.3
109.3
109.3
109.3
107.9

110.89(12)
109.5
109.5
109.5
109.5
108.1

111.22(13)
109.4
109.4
109.4
109.4
108.0

110.42(12)
109.6
109.6
109.6
109.6
108.1
109.5
109.5



H(18A)-C(18)-H(18B) 109.5

N(3)-C(18)-H(18C) 109.5
H(18A)-C(18)-H(18C) 109.5
H(18B)-C(18)-H(18C) 109.5

N(4)-C(19)-H(19A) 109.5
N(4)-C(19)-H(19B) 109.5
H(19A)-C(19)-H(19B) 109.5
N(4)-C(19)-H(19C) 109.5

H(19A)-C(19)-H(19C) 109.5
H(19B)-C(19)-H(19C) 109.5

Table 26: Anisotropic displacement parameters (A2-103) for 5u-Me-(OCN-Cy).. The anisotropic
displacement factor exponent takes the form -2m2[h2-a*2 U11+...+2h-k-a*-b*-U12].

Ui Uz Uss Uzs Uiz U1

O(1) 34(1) 32(1) 18(1) -3(1) 8(1) -8(1)

N(1) 23(1) 27(1) 18(1) -1(1) 1(1) -6(1)

C() 241 21(1) 21(1) 10 2(1) -2(2)

O(2) 28(1) 40(1) 28(1) -2(1) 8(1) -11(1)

N(2) 24(1) 35(1) 15(1) -1(1) 4(1) -9(1)

C(2) 24(1) 241 211)) 10 3(1) 0(1)

N@) 25(1) 24(1) 22(1) -2(1) 2(1) 1(2)

C(3 21(1) 25(1) 18(1) 1(1) 2(1) -2(1)

N(4) 29(1) 25(1) 16(1) 0(1) 1(1) 3(1)

C(4) 28(1) 32(1) 20(1) -6(1) 3(1) -3(2)

C(h) 26(1) 32(1) 15(1) -3(1) 2(1) -3(1)

C(6) 22(1) 25(1) 19(1) -2(1) 01 -3(2)

C(7) 28(1) 25(1) 28(1) -1(1) -1 0(1)

C(8) 30(1) 36(1) 29(1) 2(1) -4(1) 6(1)

C(O) 24(1) 42(1) 32(1) -91) -3(1) -3(2)

C(10) 31(1) 28(1) 341 -7(1) 0(1) -4(1)

C(11) 28(1) 23(1) 29(1) 01 -1 -1(2)
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C(12) 23(1) 28(1) 18(1) -2(1) 2(1)  -6(1)
C(13) 25(1) 31(1) 40(1) 7(1) 1)  0()
C(14) 24(1) 48(1) 51(1) 21) 21) -3
C(15) 33(1) 49(1) 42(1) -2(1) 10(1) -18(1)
C(16) 48(1) 29(1) 32(1) -1(1) 8(1)  -14(1)
C(17) 33(1) 22(1) 27(1) -1(1) 4Q1)  0(1)
C(18) 31(1) 31(1) 40(1) 41) 1)  4(1)
C(19) 39(1) 25(1) 27(1) O(l) 6(1)  3(1)

Table 27: Hydrogen coordinates (-104) and isotropic displacement parameters (A2-103) of 5u-Me-
(OCN-Cy)s.
X y z U(eq)

H(4) 2571 2876 1175 32

H(5) 1940 5891 864 29

H(6) 3230 7125 5821 27
H(7A) 4346 5496 4973 33
H(7B) 3883 4325 5610 33
H(BA) 4345 6203 6905 39
H(BB) 4996 5310 6476 39
H(9A) 5167 8238 5746 40
H(9B) 5183 8639 6825 40
H(10A) 4478 10980 5918 37
H(10B) 4013 9792 6545 37
H(11A) 3366 10020 5039 33
H(11B) 4016 9120 4609 33
H(12) 1269 335 2972 28
H(13A) 712 6170 3383 39
H(13B) 813 5487 4440 39
H(14A) -349 4723 3745 50
H(14B) -61 3580 2931 50
H(15A) 116 2373 4821 49
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H(15B) -374 1315 3978 49
H(16A) 627 381 3345 44
H(16B) 719  -353 4394 44
H(17A) 1784 1097 4081 33
H(17B) 1477 2261 4878 33
H(18A) 3296 1227 2650 51
H(18B) 3262 2188 3635 51
H(18C) 3674 3262 2913 51
H(19A) 2408 8959 2409 45
H(19B) 1758 8615 2957 45
H(19C) 1616 8830 1856 45

Table 28: Torsions angles of 5u-Me-(OCN-Cy)..

torsion angle [°]

C(2)-N(1)-C(1)-0(1) 178.83(13)
C(6)-N(1)-C(1)-O(1) 9.0(2)
C(2)-N(1)-C(1)-N(2) -1.19(16)
C(6)-N(1)-C(1)-N(2) -171.07(12)
0(1)-C(1)-N(2)-C(12) 0.1(2)
N(1)-C(1)-N(2)-C(12) -179.91(12)
0(1)-C(1)-N(2)-C(3) -179.11(14)
N(1)-C(1)-N(2)-C(3) 0.91(16)
C(1)-N(1)-C(2)-0(2) -178.15(14)
C(6)-N(1)-C(2)-0(2) -9.3(2)
C(1)-N(1)-C(2)-C(3) 0.97(15)
C(6)-N(1)-C(2)-C(3) 169.87(12)
C(4)-N(3)-C(3)-N(4) 11.90(13)
C(18)-N(3)-C(3)-N(4) 151.98(11)
C(4)-N(3)-C(3)-N(2) 133.14(11)
C(18)-N(3)-C(3)-N(2) -86.77(14)
C(4)-N(3)-C(3)-C(2) -113.54(12)
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C(18)-N(3)-C(3)-C(2)
C(1)-N(2)-C(3)-N(4)
C(12)-N(2)-C(3)-N(4)
C(1)-N(2)-C(3)-N(3)
C(12)-N(2)-C(3)-N(3)
C(1)-N(2)-C(3)-C(2)
C(12)-N(2)-C(3)-C(2)
0(2)-C(2)-C(3)-N(4)
N(1)-C(2)-C(3)-N(4)
0(2)-C(2)-C(3)-N(3)
N(1)-C(2)-C(3)-N(3)
0(2)-C(2)-C(3)-N(2)
N(1)-C(2)-C(3)-N(2)
N(3)-C(3)-N(4)-C(5)
N(2)-C(3)-N(4)-C(5)
C(2)-C(3)-N(4)-C(5)
N(3)-C(3)-N(4)-C(19)
N(2)-C(3)-N(4)-C(19)
C(2)-C(3)-N(4)-C(19)
C(3)-N(3)-C(4)-C(5)
C(18)-N(3)-C(4)-C(5)
N(3)-C(4)-C(5)-N(4)
C(19)-N(4)-C(5)-C(4)
C(3)-N(4)-C(5)-C(4)
C(2)-N(1)-C(6)-C(11)
C(1)-N(1)-C(6)-C(11)
C(2)-N(1)-C(6)-C(7)
C(1)-N(1)-C(6)-C(7)
N(1)-C(6)-C(7)-C(8)
C(11)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
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26.55(16)

-122.63(13)

58.17(16)
121.35(13)
-57.86(16)
-0.32(14)

-179.53(12)

-60.82(18)
120.03(12)
58.32(18)

-120.84(12)

178.75(13)
-0.40(13)
-12.04(13)

-133.45(11)

112.99(12)

-159.22(10)

79.36(14)
-34.20(15)
-7.73(14)

-147.18(13)

-0.11(15)
153.64(13)
7.97(15)
56.52(18)

-135.51(12)

-69.49(17)
98.48(13)

-177.16(11)

56.60(14)
-55.45(15)
55.96(16)



C(8)-C(9)-C(10)-C(11)
N(1)-C(6)-C(11)-C(10)
C(7)-C(6)-C(11)-C(10)
C(9)-C(10)-C(11)-C(6)
C(1)-N(2)-C(12)-C(13)
C(3)-N(2)-C(12)-C(13)
C(1)-N(2)-C(12)-C(17)
C(3)-N(2)-C(12)-C(17)
N(2)-C(12)-C(13)-C(14)
C(17)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(12)
N(2)-C(12)-C(17)-C(16)
C(13)-C(12)-C(17)-C(16)

-56.45(16)
178.47(10)
-56.49(14)
55.93(15)
66.40(17)

-114.49(13)

-59.07(18)
120.04(13)
178.18(11)
-55.88(16)
55.00(17)
-55.06(18)
56.13(17)
-57.10(15)
-176.97(11)
57.15(15)
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Table 29: DSC data of the polyamide 6 in Table 17, entry 1.

heat rate [K/min] Tm[°C] Tc[°C] AH [J/g]

-30 - 163 -63.32
-30 - 163 -62.51
+30 208 - 49.90
+30 208 - 50.16
-40 - 159 -61.25
-40 - 159 -60.85
+40 208 - 46.66
+40 208 - 48.13

*-30 K/min
» +30 K/min
» -30 K/min
* +30 K/min
R - -40 K/min
i +40 K/min
'  -40 K/min
» +40 K/min

heat flow (endo up) [qualitative]

“m KK

50 100 150 200 250
temperature [°C]

Scheme 152: Thermogram of the polyamide in Table 17, entry 1.
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heat flow (endo up) [a.u.]

Table 30: DSC data of the polyamide 6 in Table 17, entry 2.

heat rate [K/min] Tm[°C] Tc[°C] AH [J/g]

-30 - 171 -58.06

-30 - 171 -58.14

+30 215 - 48.07

+30 215 - 48.07

-40 - 169 -58.16

-40 - 169 -58.12

+40 216 - 46.13

+40 215 - 45.42
P ——

50

100 150
temperature [°C]

200

250

= 230 K/min
* +30 K/min

u

-30 K/min

= +30 K/min
= 240 K/min

+40 K/min

= 240 K/min
* +40 K/min

Scheme 153: Thermogram of the polyamide in Table 17, entry 2.
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Table 31: DSC data of the polyamide 6 in Table 17, entry 3.

heat rate [K/min] Tm[°C] Tc[°C] AH [J/g]
-30 - 167 -68.68
-30 - 167 -66.82
+30 211 - 56.74
+30 211 - 56.56
-40 - 163 -65.02
-40 - 163 -65.26
+40 211 - 56.12
+40 211 - 55.66
Ef —— /K + -30 K/min
§ \\ + +30 K/min
S  -30 K/min
) =™+ +30 K/min
3 f - 40 K/min
% \ 5:;3‘ +40 K/min
< (R} « -40 K/min
Y + +40 K/min
50 100 150 200 250

temperature [°C]

Scheme 154: Thermogram of the polyamide in Table 17, entry 3.
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Table 32: DSC data of the polyamide 6 in Table 17, entry 4.

heat rate [K/min] Tm[°C] Tc[°C] AH [J/g]

-30 - 160 -68.03
-30 - 162 -68.30
+30 204 - 56.54
+30 205 - 55.43
-40 - 159 -62.72
-40 - 160 -66.18
+40 207 - 51.97
+40 207 - 52.79

S5
@ +-30 K/min
o + +30 K/min
-§__ -30 K/min
< » +30 K/min
§ - 40 K/min
‘??J' +40 K/min
< - -40 K/min
= +40 K/min
50 100 150 200 250

temperature [°C]

Scheme 155: Thermogram of the polyamide in Table 17, entry 4.
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9.6 Data on Oligomerization of 4-Methyloxetan-2-one to Diols
Content of this chapter is majorly published: H. J. Altmann, M. R. Machat, A. Wolf, C. Gdrtler,

D. Wang, M. R. Buchmeiser, Synthesis of dihydroxy telechelic oligomers of B-butyrolactone

catalyzed by titanium(IV)-alkoxides and their use as macrodiols in polyurethane chemistry, J.

Polym. Sci., 2021, 59, 3, 274-281.11
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~1.22
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7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 20 15 1.0 0f
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Scheme 156: *H NMR spectrum of an a,w-dihydroxy telechelic oligo(4-methyloxetan-2-one)
based on DEG after workup (CDCl3).
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Scheme 157: 13C NMR spectrum of an a,w-dihydroxy telechelic oligo(4-methyloxetan-2-one)
based on DEG (CDCls).
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Scheme 158 IR spectrum of an a,w-dihydroxy telechelic oligo(4-methyloxetan-2-one) based on
DEG.
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Scheme 159: 'H NMR spectrum of an a,w-dihydroxy telechelic oligo(4-methyloxetan-2-one)
based on DEG and end-capped with phenyl isocyanate (CDCIs).
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Scheme 160: 1H NMR spectrum of a polyurethane synthesized from MDI and an a,w-dihydroxy
telechelic oligo(4-methyloxetan-2-one) based on DEG (CDCls).
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Scheme 161: 3C NMR spectrum of a polyurethane synthesized from MDI and an a,w-dihydroxy
telechelic oligo(4-methyloxetan-2-one) based on DEG (CDCls).
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Scheme 162: IR spectrum of a polyurethane synthesized from MDI and an a,w-dihydroxy
telechelic oligo(4-methyloxetan-2-one) based on DEG.
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