Universita
Rostoc

\ i <
| Traditio et Innovatio qat a I ys I s g

Leibniz-Institut fir Katalyse e.V.

Renewable Polymers for Adhesives from

Levulinic Acid and Polyester Upcycling

Kumulative Dissertation

zur Erlangung desakademischen Grades
Doctor rerum naturalium (Dr. rer. nat.)
der Mathematisch-Naturwissenschaftlichen Fakultat

der Universitat Rostock

Vorgelegt von
Bernhard M. Stadler, M.Sc
Geborenam 06.07.1989 in Amberg

Rostock, den 21.07.20

https://doi.org/10.18453/rosdok_id00002923



@ @ Dieses Werk ist lizenziert unter einer
|® \ Creative Commons Namensnennung-Nicht kommerziell 4.0 International

Lizenz.



Die vorliegende Arbeit entstand in der Zeit von Januar 2017 bis Mai 2020 am Leibniz-Institut fir
Katalyse e.V. ander Universitat Rostock unter der Betreuung von Prof. Dr. Johannes G. de Vries.

Gutachter1: Prof. Dr.Johannes G. de Vries
Leibniz-Institut fur Katalyse e.V. ander Universitat Rostock
Albert-Einstein-StraRRe 29a

18059 Rostock

Gutachter2:  Prof. Dr. Matthias Beller
Leibniz-Institut fir Katalyse e.V. ander Universitat Rostock
Albert-Einstein-StralRe 29a

18059 Rostock

Gutachter3:  Prof. Dr. Michael A. R. Meier
Karlsruhe Institute of Technology (KIT)
Fritz-Haber-Weg 6

76131 Karlsruhe

Datumder Einreichung: 21.07.2020

Datum der Verteidigung: 15.12.2020






Erkldrung

Hiermit versichere ich an Eides statt, dass ich die vorliegende Arbeit selbstandig angefertigt und ohne
fremde Hilfe verfasst habe. Dazu habe ich keine auller den von mir angegebenen Hilfsmitteln und
Quellen verwendet. Die aus den benutzten Werken inhaltlich und wortlich entnommenen Stellen sind

als solche kenntlich gemacht.

Bernhard M. Stadler

Rostock, den 21.07.2020



Acknowledgments

In addition to the description of the results obtained, this is surely the most important part of this
dissertation. In the last 3 years at LIKAT | had the opportunity to meet many fantastic people who in
one way or another made decisive contributions to the creation of this Dissertation.

First, | would like to thank Prof. Dr. Johannes G. de Vries for his enthusiastic support and the great
amount of trust he placed on me. His good advice in all problem situations and his always motivating
and positively demanding nature have made this work possible in this form. Combined with the
willingness to pass on his tremendous knowledge, this has further allowed me togrow as a researcher
and chemist.

During the time of this dissertation | had the pleasure to work with Dr. Sergey Tin and Dr. Sandra
Hinze as group leaders. Their dealing with the administrative issues and lots of bureaucracy made this
project possible. Further | like to thank them for keeping a good eye on the labs and many helpful
discussions.

Further | owe many thanks to Dr. Adrian Brandt, Dr. Horst Beck, Dr. Andreas Taden and Dr. Kenji lto
from Henkel KGa & Co, for many insightful discussions, suggestions and a lot of experimental work with
the polyols synthesized in this work. Additionally, they always shared their industrial perspective
which made this project a great synergy between academic and industrial research. Not only
developing and synthesizing new materials but immediately test them in potential applications is
something that is not found in many PhD. Projects. Therefore, I’'m very great full to have had this
opportunity.

Andrea Dell’Acqua deserves many thanks for helping with some interesting experiments that gave
valuable input in the project. Thanks for the pleasure of working together and having fun discussions
beyond chemistry.

| like to thank Dr. Cornelia Koy and Prof. Dr. Michael O. Glocker at the University Medicine, Rostock
for the measurement of the excessive amount of mass spectra and their indispensable advise on the
interpretation of them.

Manythanks alsogoto Dr. Anke Spannenberg, Dr. Wolfgang Baumann, Dr. Christine Fischer, Susann
Buchholz, Astrid Lehmann, Elena Gerova-Martin of the analytical department of LIKAT for the excellent
characterization of countless of samples.

Next, | would like to thank all the former and current members of the Group “Catalysis with
Renewables & Platform chemicals” (Dr. Pim Puylaert, Dr. Tian Xia, Dr. Roberto Sole, Brian Spiegelberg,
Dr. Arianna Savini, Dr. Bartosz WoZniak, Dr. Fatima El Ouahabi, Richard van Heck, Dr. Ronald A. Farrar-
Tobar, Dr. MarkusJoksch, Dr. Swechchha Pandey, Dr. Sarah Kirchhecker, Justus Diekamp, Sasha Zheng)
for the good working environment and the fun activities we shared beside chemistry. Especially | would
like to thank Dr. Pim Puylaert and Richard van Heck for helping me getting started in LIKAT and Rostock
as well as becoming great friends.

Additionally, | would like to thank Dr. Christoph Steinlechner, Dr. Johannes Steinbauer and Thomas
Leischner who were although perusing their PhDs at the time and were great “fellow suffers”. We had
alsoa great time outside of the labs which | would like to see continuing.

iv



Kurzzusammenfassung

Der GroRteil der Chemikalien die in unsrem tagtaglichem Leben eine Rolle spielen werden momentan
aus Erddl und anderen fossilen Rohstoffen hergestellt. Der Zeitpunkt, an dem diese Rohstoffe
versiegen, ist immer wieder Gegenstand zahlreicher Debatten. Fakt ist, das durch die Natur ihrer
Entstehung die Reservoirs endlich sind. Daneben wird durch die Nutzung dieser Rohstoffe eine nicht
zu unterschiatzende Menge CO, in die Biosphare kiinstlich eingebracht was im beobachtbaren
Klimawandel resultiert. Unter diesen Gesichtspunkten ist langfristig die schrittweise Substitution
fossiler mit erneuerbaren Rohstoffen notwendig. Adhésive reprdsentieren hier einen interessanten
Einstiegspunkt. Klebstoffe sind in fast allen Bereichen unseres modernen Lebens allgegenwartig. Sie
basieren in der Regel auf reaktiven Monomeren oder Oligomeren mit vernetzbaren Endgruppen. Ziel
dieser Dissertation war es daher ausgehend von der bio-basierten Plattformchemikalie Lavulinsdure
die Entwicklung neuartiger Poly- und Oligomere als potenzielle Bausteine fir Adhasive und
Beschichtungen.

Im Rahmen der Arbeit konnte gezeigt werden das sich das Lavulinsdure Derivat B-Angelicalacton
mittels atomeffizienter Diels-Alder Reaktionen in bicyclische Verbindungen Uberflihren lasst. Diese
wiederum sind hoch reaktive Monomer in Ring6ffnungsmetathese Polymerisationen. Aus den
resultierenden Polymeren lassen sich hochtransparente Filme herstellen und kénnten durch ihre
Polaritat interessante Materialen fiir die Beschichtung von Oberflachen darstellen.

Aus 1,4-pentandiol, einer Diol-komponente, die durch die Reduktion von Lavulinsdure erhalten
werden kann, konnten neuartige hydroxylterminierte Polyesterpolyole durch Polykondensation mit
bio-basierten Dicarbonauren erhalten werden. Der niedrige Schmelzpunkt der kristallinen Materialen
ermoglicht die Entwicklung von biobasierten Formgedachtnispolymeren mit sehr niedrigen
Schalttemperaturen. Dies konnte als warmeempfindliche Klebstoffe in der Verpackung von
temperaturempfindlichen Gitern, wie Pharmazeutika Anwendung finden.

2-Methyltetrahydrofuran (2-MeTHF) ein weiteres Lavulinsdure Derivat das wegenseiner geringen
Reaktivitat als bio-basiertes Losemittel diskutiert wird konnte mit Propylenoxid zu OH-terminierten
Polyether umgesetzt werden. Hierbei wurden die Reaktionsbedingungen durch die Kombination eines
Empirischen Models und in-situ IR Spektroskopie so optimiert das die Bildung zyklischer Oligomere nur
in Spuren erfolgt. Weiterhin kénnte gezeigt werden, dass der Einbau von 2-MeTHFin die wachsenden
Polymerkette durch Alkylierung dieses mit PO erfolgt. Die Zusammensetzung der erhaltenen
Polyetherpolyole wurde intensiv mittels Massenspektroskopie untersucht. Diese 2-MeTHF
enthaltenen Polyole stellen somit in der Entwicklung von Klebstoffen eine interessante Alternative zu
PPG und poly-THF dar.

Im letzten Teil der Arbeit wird auf die Problematik der immer groRer werdenden Menge an
Plastikabfall eingegangen. Ein Teil der Losung konnte sogenanntes Upcycling zu hoherwertigen
Produkten sein. Fiir Polyester wurde ein Upcycling Konzept mittels Reduktion durch Wasserstoff zu
Polyetherpolyolen fiir Adhadsive entwickelt. Dies gelingt mittels Rutheniums katalysierter
Hydrogenierung in Gegenwart von Lewissauren.



Abstract

The majority of the chemicals that play a role in our daily lives are currently made from petroleum and
other fossil raw materials. The point at which these raw materials run dry is unclear. The fact is that
the nature of their creation makes these reservoirs finite. In addition, the use of these raw materials
artificially introduces a considerable amount of CO, into the biosphere. As CO, is potent greenhouse
gas global warming is the consequence of its emission. From this point of view, the gradual
substitution of fossil and renewable raw materials is necessaryin the long term. Adhesives represent
an interesting entry point here, since adhesives are omnipresent in almost all areas of our modern life.
They are usually based on reactive monomers or oligomers with functional end groups. Based on the
bio-based platform chemical levulinic acid, the aim of this dissertation was to develop novel poly- and
oligomers as potential building blocks for adhesives. In addition, the smaller size and higher value-
added nature of these products makes the transition from large scale production based on fossil raw
materials production based on renewable raw materials easier.

In the course of the work it could be shown that the levulinic acid derivative B-angelica lactone can
be converted into bicyclic compounds using atom-efficient Diels-Alder reactions. These in turn are
highly reactive monomers in ring-opening metathesis polymerizations. Highly transparent films can be
produced from the resulting polymers and due to their polarity, could represent interesting materials
for coating surfaces.

From 1,4-pentanediol, which can be obtained by the reduction of levulinic acid, novel hydroxyl-
terminated polyester polyols could be obtained by polycondensation with bio-based diacids. The low
melting point of the crystalline materials enables the development of bio-based shape memory
polymers with very low switching temperatures. This could be used as heat sensitive adhesives in the
packaging of temperature sensitive goods such as pharmaceuticals.

2-methyltetrahydrofuran (2-MeTHF), another levulinic acid derivative that has been discussedas a
bio-based solvent due to its low reactivity, could be co-polymerized with propylene oxide to an OH-
terminated polyether. By optimizing the catalyst and the reaction conditions based on the input
obtained from the combination of an empirical model and in-situ IR spectroscopy it was possible to
suppress the formation of cyclic oligomers. Furthermore, it could be shown that 2-MeTHF is
incorporatedinto the growing polymer chain by alkylating it with PO. The composition of the polyether
polyols obtained was examined in detail by means of mass spectrometry. These 2-MeTHF polyols
represent aninteresting alternative to poly-propyleneglycol (PPG) and poly THF in the development of
adhesives.

Inthe last part of the work, the problem of the ever-increasing amount of plastic waste is discussed,
which is strongly related to the lack of economic recycling methods. Part of the solution could be so-
called upcycling to higher value products. An upcycling concept was developed for polyesters by means
of reduction to polyether polyols that can be used in adhesives. This was achieved using ruthenium-
catalyzed hydrogenation in the presence of Lewis acids.

Vi



List of Abbreviations

1,4-PDO

2-BuOH

2-MeTHF

ACEM

AL

AMM

Conv. [%]
CSTR

D My My
ESI

Foreak [N mm=2]
Frnax [N mm-=2]
G [kJ mol 1]
GPC

GVL

H [kJ molt]
HMF

LA

MEK
ML

M, [g mol?]
MS

MTBE

M, [g mol?]

p [bar]

Q [cm3 min1]
Ref.

ROP

S [ K1]

S/C

1,4-Pentandiol

2-Butanol
2-Methyltetrahydrofuran
Activated chain end mechanism
Angelica lactone

Activated monomer mechanism
Conversion

Continuous stirredtank reactor
Dispersity

Electrospray ionization

Strength at break
Ultimate strength

Gibbs free enthalpy

Gel permeation chromatography

y-Valerolactone

Enthalpy

Hydroxymethylfurfural

Levulinic acid

Methylethylketone

Methy levulinate

Number average molecular weight
Mass spectroscopy

Methyl tert-butyl ether

Average molecular weight by weight
Relative pressure

Propylene oxide

Volume flow

Reference

Ring opening polymerization
Entropy

Substrate to catalyst ratio

vii



Sel.
Sub.
T

Tceiling

w.r.t.

A
Ebreak

Emax

0

viii

[%]

[°C]

[°C]

[°C]

[°C]

[%]

[%]

Selectivity
Substrate

Temperature

Ceiling temperature

Glass transitiontemperature
Tetrahydrofuran

Melting temperature

With respect to

Difference
Elongation at break
Maximum elongation

Contactangle



Table of Contents

N [ 014 o To [¥ o1 i oo WP PSP UP PP PP PPTOTPPROTPN 1
1.1 The Bio-based Platform Chemical Levulinic ACId ............ooiuuniiiiiiiiiiii e 3
1.1.1 Synthesis and Applications of Levulinic acid (LA) .......ceuiiuiiniiniiii e, 3
1.1.2 Conversion of LA to Angelica Lactones (AL) and their Polymerization.............cccccoeviiiiennn... 6
1.1.3 Synthesis of 1,4-pentanediol (1,4-PDO) .......ccuuiiiniiiiiieii e 8
1.1.4 2-Methyltetrahydrofuran (2-MeTHF) — Synthesis, Application and potential Polymer

(DAY <] [T T2 0 1= o AR 13
1.2 Recycling of Polymers as a Renewable Feedstock ..........ooeuviiiiiiiiiiniiiiineecee e, 16
1.2.1 The Plastic Problem and Overview of Recycling Strategies..........c..covevviiiiiiiiiiiiiiieeieans 16
1.2.2  MechaniCal rECYCING ... cn i e e e e e eaas 17
0 T D T=Y o o1 1Y o 1T a2 [ o) F 18
1.2.4 Chemical Polymer UPCYCING .......uiiniiiiiii e e e aaas 21
2 Aim and Results of this DiSSErTation ...........ccuuiiiiuiieiiieiiee e eeaes 24
2.1 Development of Polymers based on AL, 1,4-PDOand 2-MeTHF..........cccoviviiiiininiieineenn, 24
2.1.1 Diels-Alder Adducts of B-angelica lactone — Scalable Monomers.........ccccoeevviiiiiiiinnenane.. 24
2.1.2 Polyesters Polyols based on 1,4-pentanediol..............ccoiiiiiiiiiiiiiiii e 28
2.1.3 2-MeTHF as Monomer in the Synthesis of Renewable Polyether-polyols ........................... 31
2.2 Plastic Wast@as @ RESOUICE. ... .c.uuiie ittt ettt ettt e et et e et e e e eaa e ean e 37
2.2.1 Conversion of Polyesters to Polyether POIYOIS .........ccciiiiiiiiiii e 37
Y010 o= YN 40
N 0 (=T =Y o Lol TP PP UPTOTPPRRPPINS 42
5 Selected PUDIICATIONS .......iieei e ettt 53
5.1 Scalable synthesis and polymerization of a B-angelica lactone derived monomer .................. 53
5.2 Properties of Novel Polyesters Made from Renewable 1,4-Pentanediol.................cceeveennnis 61

5.3 Co-oligomers of renewable and “inert” 2-MeTHF and propylene oxide for use in bio-based

AUNESIVES - ettt et et e et e et et et e it et e eaaaaes 70
5.4 Hydrogenation of Polyesters to Polyether Polyols ...........c.oooviiiiiiiiiiiii e, 82
5.5 Declaration of the Contributions to the Individual Publications...............cccoeiviiiiiiieiiinneenn, 89
I AN =] oo [ ol T3NS 91
6.1 Supporting Information: Co-oligomers of renewable and “inert” 2-MeTHF and propylene oxide

for the use in bio-based adhesiVes ...........ooun i 91
6.2 CUITICUIUM VIT@E. ottt et et et e e e e e e eaa e 121






1 Introduction

The necessity to connect different materials together and consequently the usage of adhesives is
almost as old as the onset of tool manufacturing. These first glues merely consisted of tars obtained
by the pyrolysis of birch wood? or the combination of bee’s wax with ochre.3 It was already possible to
influence the properties of these prehistoric glues to some extent by adding various kinds of additives
(eg. iron oxide for improved mechanical stability). The next development was the use of hydrolyzed
collagen from animal’s hide and bones, with the earliest reported use in the ancient city of Thebes in
Egypt.* In the 16 century the first commercial animal glue production plant started operation in
Holland. However, it was not until the early 1900s that synthetic adhesives were developed. Commonly
regarded as the first type of these materials are the phenol formaldehyde resins which were prepared
accidentally or intentionally by Baeyer and Baekeland.® The work of Baekeland additionally established
these polymers as molding materials and glue for wood veneers. Over the last century the
petrochemical industry enabled the large-scale production of a plethora of building blocks to produce
a variety of adhesives.

In general, there are two basic characteristics of adhesives.> ® First, they must be sufficiently fluid
torapidly cover the surface of the substrate. Whenthe twosubstratesare brought together afterwards
there needs tobe a hardening or curing mechanism which dramatically increases viscosity or solidifies
the adhesive, so that the two pieces are held together by their respective molecular interaction with
the adhesive. These interactions can be covalent or hydrogen bonds, or ionic or Van der Waals forces.”
The hardening can be achieved by cooling a molten thermoplastic polymer (hotmelt), evaporation of
a solvent or by crosslinking.> 8 This allows to classify them in different categories (Table 1).

Table 1: Categories of adhesives

Adhesive category Mechanism of curing Examples

Solution/Dispersion Evaporation of solvent Polyurethanes

Hotmelt Cooling and solidification of polymermelt Polyesters, Polyamides

1-Component External triggers: Heat, Moisture, (UV)-Light Polysilanes, Acrylics, unsaturated
polyesters, diisocyanate end capped
polyols

2-Components Mixing prepolymer anda hardening agent Polyols + tri- and diisocyante,
Epoxides+ Amines

Pressure sensitive Tackiness of adhesive surface Polyacrylates, rubbers

Aside from hotmelts or pressure sensitive adhesives, other important classes are the single- and
two- component reactive adhesives. In single component adhesives functional groups are crosslinked
by an exposure to an external trigger. For instance, acrylates can be used as single-component
adhesives by curing them with UV-light. In contrast, two-component adhesives require the addition of
a crosslinking agent, often containing thiols, isocyanates or, in recent research, the combination of a
cyclic carbonate and a diamine.®14 In most casesthesecurable end-groups are tethered to an oligomer,
which is usually a polyester or polyether polyol.1> Polyols used in adhesives have much lower molecular
weight (<10 kg mol?) than the polymers typically encountered in plastics,*> ¢ which ensures the
aforementioned required fluidity in the pre-cured state. Currently, these oligomers are mainly
produced by oxidative processes from petrochemical feedstocks. Inview of the fact that adhesives are



used in almost every product there is a consideration to derive them and polymers in general from
renewable feedstocks.17-22This is largely driven by the necessity toslow down the climate change and
the increasing environmental public awareness. Ideally, they would be entirely made from bio-based
resources which would not disturb the ecological carbon balance. However, currently 95% percent of
chemical products originate from crude oil or natural gas. Novel technologies allow the access of
previously unreachable reservoirs of fossil resources, but their depletion is inevitable. Renewable
feedstocks should be graduallyincorporated in the production of chemicals to solve this problem.

é/g/’\OH

o

HN MO‘R o HOL_~g

q- % 5-ALA 9 (\K/\é(O‘R
25

s .
{ Lo Aoy @@

|:> Drop-In/Existing Market Polymers

[ > Emerging/Novel Application

Bio-Fuels/Solvents
2-MeTHF

Fragrance/Fine chemicals

Figure 1: Levulinic acid as a platform chemical for the production of chemicals for existing or novel applications

This can be achieved by using so-called bio-based platform chemicals. The term platform chemical
refers to a small molecule that can be produced in high yields from bio-based raw materials such as
lignocellulose or sugars by fermentation or thermocatalytic reactions.23:24 Due to their origin from
biomass these molecules contain a much higher number of oxygen atoms compared to petrochemical
feedstocks. This can make the production of certain chemicals more efficient as less or no oxidation
steps are needed.?> One of the most important compounds here is levulinic acid (LA) since it can be
readily convert to a huge diversity of chemicals. These are either drop-in chemicals for which there are
already existing markets. For instance, the herbicide amino levulinic acid (5-ALA),%% the monomer and
building block methyl vinyl ketone (MVK)27-28 and the monomer adipic acid (AA)?° can be obtained
from bio-based LA. Another example is the application of levulinic acid derived products such as 2-
methyl tetrahydrofuran (2-MeTHF),3° levulinates3! and y-valerolactone (GVL)3Z as potential biofuels.
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These drop-in compounds need to be able to compete on price with the petrochemical products. And
since this will only be possible once they are produced on bulk scale (=100 000 Ton/y) companies are
very reluctant to invest these vast sums of money in their production. A starting point for including
more and more renewable feedstocks in the chemical industry can be the introduction of so-called
emerging products that can enable novel applications or have some other benefits beyond
renewability that merit a higher price at lower volumes.33 As mentioned earlier, polyesters and
polyethers play a huge part in the adhesives world. Consequently, the derivates of levulinic acid could
be a possible entry point for biomass to this market. They first part of this thesis therefore will deal
with the synthesis and the integration of the LA derivate angelica lactone into polymers as well as that
of the hydrogenation products 1,4-pentanediol (1,4-PDO) and 2-MeTHF.

In addition to global warming due to the usage of fossil resources, the rising standard of living of
many people combined with the population increase leads to the production of an ever-increasing
amount of plastic waste. This plastic waste can be seen as an alternative renewable resource.3* The
second part of the introduction will highlight the scope and the gravity of the problem and discuss
several strategies for polymer recycling. In section 2 an approach to obtain polyether polyols for
adhesives and polyurethanes from waste will be shown.

1.1 The Bio-based Platform Chemical Levulinic Acid

1.1.1 Synthesis and Applications of Levulinic acid (LA)

As previously mentioned levulinic acid (LA) (Figure 2) is one of the top 12 platform chemicals for the
biorefinery concept according to the US Department of energy. The compound belongs to the class of
v-keto acids and is considered relatively safe to handle as no toxicity or mutagenic effects have been
observed in mammals.3> 36 The presence of a ketone and an acid function allows for the formation of
a wide range of possible products.

0
)WOH CsHsO;
) M: 116.12 g mol’’
Tm=33-34°C
Levulinic acid (LA) Tp=245°C
CAS: 123-76-2

Figure 2: Levulinic (LA) acid and its properties. From left to right: A food grade sample of crystalline LA (99%), structural
representation and selected properties

In 1840 levulinic acid (LA) was discovered by the Dutch chemist Gerardus J. Mulder when he was
heating sugars inthe presence of agueous sulfuric acid.3” In 1965 LA was for the first time reviewed in
detail as raw material.3® Furthermore, this early report already highlights the straightforward
conversion of LA to alpha angelica lactone (a-AL) and y-valerolactone (GVL) as solvents and building
blocks. However, it was also pointed out that cellulose can be converted to LA, but the yield was only
around 40%. Later it was discovered that LA can be obtained from non-edible lignocellulosic bio-mass
mainly via three routes, that can be more or less interconnected depending on the feedstock used
(Scheme 1).3°-41 One way is the hydrolysis of hemi cellulose to pentoses which in the presence of an
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acid can be converted to furfural.#® Commercial processes are conducted between 150°C-190°C and
yield typically 50% of furfural based on the content of pentoses in the feed.*? Under laboratory
conditions yields of over 90% were achieved.*3 Currently, the market size of furfural is about 370 kt y-
1 with the majority of this amount produced in China from corncob.**

+ 0 0] H @) OH
Xylose H E)_// —2, U—/
C5-Sugars /

T Fufural Furfuryl alcohol
Liginin cellulosic H*
bio-mass

| o . O
H,S0, HO/\E)_// H )J\/\H/OR
C6-Sugars - Y >
(o]

H,O
or MeOH
HMF LAR=H
ML R = Me
' HyS04 EL R=Et
H,O
or MeOH

Scheme 1: Routes to levulinc acid(esters) from lignocellulosic biomass

Table 2: Examples of the synthesis of LA, ML or EL using various substrates derived from lignocellulosic biomass

Entry  Substrate Conditions Catalyst Yield [%] Ref.
1 Furfuryl alcohol 125 °C, EtOH ZSM-5 65 (EL) 45
2 Furfuryl alcohol ,1TZI-IOF/(IEI'2(()J?4F/11) H-ZSM-5 73 (LA) 46
3 Furfuryl alcohol 120°C,2 h,H,0 3 wt% ArSO;sH-Et-HNS? 83 (LA) 47
4 Furfurylalcohol ~ 130°C,2 h, MeOH faggn::l%)[BMlM-HSOdCI 94 (ML) a8
5 Rice husk 60 °C, 56 bar, 70 min 4.5% (v/v) HCI 55 (LA) 49
6 Wheat straw 120°C,2h->200°C,0.5h 1.2% w/wHCl 77 (LA) 0
7 Poplar sawdust 120°C,2h->200°C,0.5h  1.2% w/wHCI 71 (LA) 50
8 Tobacco chops 120°C,2h->200°C,0.5 h 1.2% w/w HCI 83 (LA) 50
9 Cellulose 150°C, 2 h, H,0 1M aq. H,50. 54(LA) 5
10 Fructose 140°C,8h 6.7% Amberlyst 15 56 (LA) 52
11 Fructose 100-120°C, 3h H.S04 (96-98%) 94 (LA) 53
12 Glucose 155°C,5h [BMIM-SO3H]CI-NiSO4¢ 56(LA) 5
13 5-HMF 170°C,5h [C3SO3HmMIM]HSO ¢ 93 (LA) 55
14 5-HMF 98°C,3h 1M aqg. H2S04 94 (LA) 56

dArene sulfonic acid organosilica nanospheres; *1-butyl-3-methylimidazolium hydrogen sulfate mixed with sulfuric acid; <1-(4-
sulfonic acid)butyl-3-methylimidazolium chloride mixed with NiSO4 91-methyl-3-(3-sulfopropyl)imidazolium hydrogen sulfate;
eyield of the product shown in brackets (LA=Levulinic acid, ML=Methyl levulinate, EL=Ethyl levulinate)

4



Alternatively, small amounts of furfural are available as a side stream from the paper industry. It
can be extracted from the sulfite liquor, which is used to separate the lignin and hemicellusolic fraction
from the cellulose.>” About half of the produced furfuralis then hydrogenatedto furfuryl alcohol (FA).*
The hydrogenationto FA is rather straightforward. The typical heterogeneous hydrogenation catalysts
can be used, for example Cu-Cr or Ir-Re catalyst afford the product in high yields and selectivities (96-
99%).43 Furfuryl alcohol can then be dehydrated in the presence of acids to levulinic acid or its esters
if an appropriate alcohol is used as solvent instead of water (Table 2, Entries 1-4). The typical side
products in this reactionare humins (or furan resins) which are inevitably formed by the action of acid
on furfuryl alcohol.#? The deposition of these resins on heterogeneous acid catalysts such as H-ZSM
may result in their inhibition.*® Thus, more recent protocols use ionic liquids or polymeric Brgnsted
acids which increase the yield.47. 48

Alternatively, LA can be directly produced via acidic treatment of cellulose, fructose, glucose or
directly from lignocellulosic biomass (Table 2, Entries 5-9). Especially the fact that LA can be directly
made from bio-mass without any intermediate>? helps to cement its pivotal role in the bio-refining
concept. The company Bio-fine is very well known for the introduction of a scalable process to produce
LA. It was demonstratedin two pilot plants. This process consists of the following steps>é:

e At firstthe feedstockis ground and mixed with dilute sulfuric acid (1.5-3%)
e Hydrolysis - In this step conversion to levulinic acid, formic acid and biochar occurs
e Concentration of the product and separation of formic acid

e Separation of LA by crystallization which allows the mineral acid to be recycled.

Characteristic for this process is that the hydrolysis step is further subdivided into two stages.> &
The first stage is typically runin a plug-flow reactor at 210-220 °C and 25 bar with a residence time of
12 seconds. The purpose of this stage is to convert to the bio-mass feed to soluble products (pentoses,
hexoses and HMF).52 The formation of levulinic acid mainly occurs in the second stage which is typically
conducted in a CSTR. The temperature here is between 190-200 °C and the residence time is about 20
minutes. Final yield of LA of the complete process is about 50%, which might be not as good as in the
examples shown in Table 2. However, the process itselfis rather robust, uses cheap catalysts andcan
tolerate a variety of different feedstocks. Furthermore, the produced formic acid can also be sold as
profitable coupling product.>8 The first commercial-scale plant to use the Bio-fine process was set up
in Caserta, Italy. The plant never produced any levulinic acid due to clogging of the first reactor.>?

(o]

H.O Air 60 bar
3 _CoMnBr RO o QO
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70-85%
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R=Me, H

Scheme 2: Avantiums YXY-process for the production of furandicarboxylic acid(esters)in two steps from fructose

Another alternative source of levulinates are their formation as side products in the preparation of
other bio-based chemicals. For example, Avantium has recently developed a process for the
production of furandicarboxylic acid/ester from fructose (YXY-Process) via the methoxy ether derivate
of HMF (5-methoxymethyl furfural, MMF) (Scheme 2).27:61 ML occurs here as the side product in the
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first step — i.e. during acid catalyzed dehydration of fructose to MMF. Oxidation of MMF yields
furandicarboxylic acid.®?2

GFBiochemicals recently announced that they intend to build a 30 kt plant for levulinic acid
production, although it remains unclear which technology will be used. 3

1.1.2 Conversion of LA to Angelica Lactones (AL) and their Polymerization

Angelica lactones were first described by Ludwig Wolf who observed their formation upon distillation
of levulinic acid.®* Owing to their coconut like odor these compounds are used in the flavor and
fragrance industries. Angelica lactones can be obtained by reactive distillation of LA in the presence of
an acidic catalyst as shownin Scheme 3. First LA reacts via anintramolecular ring closing reactionto a
pseudo acid.3® This is an unstable compound under the distillation conditions and quickly eliminates
water to form a-angelica lactone (a-AL) and small quantities of the y-isomer (<5%). Both isomers can
further isomerize to B-AL.2% 38 8 In this way a-AL can be relatively easily obtained by distilling levulinic
acid in the presence of phosphoric acid (1% w/w) at 160 °C and a pressure of 0.02 bar. The yield that
can be obtained under these conditions is typically around 95%.66

Q H* a-AL
)K/YOH o —_ Q"
H,O
o HO (o}
LA Pseudo acid Q B-AL
y-AL

Scheme 3: Conversion of levulinic acid (LA) to angelica lactones

When a-AL is exposed to bases, it can be isomerized to B-AL which is very attractive reaction from
an atom economic perspective. At first, deprotonation of the lactone in the a-position with respect to
the ester moiety occurs. This leads to the formation of an intermediary 5-methylfuran-2-olate. Then
reprotonation in the y-position leads to the formation of B-AL. (Scheme 4). If sterically demanding and
enantiopure bases are used, this isomerization can be done enantioselective.5”

C]
(0] g 0 0 (0] (0]
35/"‘ B . Oi \@ O: 0O /7 HcB — O /7
/ / - H

a-AL B-AL

Scheme 4: Isomerization of a-AL to B8-AL by proton transfer through a base (B)

However, the synthesis of B-AL in good yield and high purity is surprisingly challenging. At the
moment, there is no synthesis protocol described in the literature that gives highyields of B-AL at high
conversions of a-AL. The B-AL is isolated typically in yields of 40-60%.67-%° First this might be the result
of an equilibrium between the two isomers. Second the formed B-AL can react with unconverted a-AL
to form a dimer via Michael-Addition (Scheme 5). In 2014 the group of Mascal showed that this
reaction proceeds in nearly quantitative yield if potassium carbonate is used as the base.”
Subsequently, they used this dimer to obtain jet-fuel type branched alkanes via its hydrodeoxygenation
in the presence of heterogeneous iridium-rhenium oxide catalyst. About 70% of the obtained alkanes

had 10 carbon atoms, and the rest contained between 7 and 9 (Scheme 6).
6
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Scheme 5: Dimerization of the angelic lactone isomers via Michael-Addition

This indicates that decarboxylation is a significant pathway under the reaction conditions. Besides
this there are also numerous examples were a-ALand B-AL are used in the synthesis of complex organic
molecules like natural products. To describe this is beyond the scope of this thesis and the interested
readeris referredto a recent review by Corréa and co-workers.”?

(0]
o 54 bar H,
5mol-% K,CO; || O IReO, o
_—-
~ 70°C, 6h o 220°C, 7h Alkanes
o Yield: 88°C
Yield: 94%

Scheme 6: Synthesis and conversion of the angelica lactone dimer to fuels

There is also some interest in using a-AL as a monomer for polymers since it has two functionalities —
an ester and a vinyl ether group. Radical polymerization has not yet been described but cationic and
anionic polymerizations are possible. Cationic polymerization of a-AL was first carried out using 2 mol-
% BF3;#Et,0andyielded sticky yellow resins which consist on average of 10 monomer units connected
by C-C bonds (Scheme 7a).”?
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Scheme 7: Polymerization of the angelica lactones: a) Cationic polymerization of the a-AL, b)anionic polymerization of the a-
AL and c) coordinative polymerization of f-AL using a Lewis-Pair as catalyst



About 25% of the lactone moieties attached to the polymer’s back-bone are hydrolyzed,
presumably, during the aqueous work-up. While cationic polymerization proceeds almost exclusively
via the vinyl ether moiety of a-AL,’? 73 anionic polymerizationalsoresults in the partial ring opening of
the lactone.”® When NaO!Bu is used as initiator, molecular weights of 1700 g mol-! are achievable
(Scheme 7b). This seems to be the maximum average molecular weight one can reach using this
approach as the authors let the polymerization experiment run for 2 weeks.”3 Further analysis revealed
that the polymer consists of around 68-80% of bonds formed by the ring-opening of the lactone. The
rest (20-32%) consisted of chains connected via C-C bonds.”3 74 These C-C bonds might formin a similar
fashion like in the in dimerization (Scheme 5). The B-isomer on the other hand was mainly used in
several natural product syntheses. Surprisingly, no polymerization studies can be found in the
literature on this molecule aside from the very recent work of the group of Hong, where the authors
managedto polymerize B-AL via the C=C bond to acrylic macromolecules.’> Using a Lewis-Pair adduct
as catalyst they were able to convert B-AL to polymers with an average molecular weight of 26 kg mol-
1 with a relatively low polydispersity of 1.6 and nearly quantitative conversion of the monomer
(Scheme 7c). In addition, they also employed other initiators, but either no polymer formation was
observed (AIBN, radical polymerization), or much lower molecular weights (ca. 5 kg mol!) were
achieved (B(CsFs)s3). The Lewis-Pair they used is relatively active which allows the polymerization to be
complete in around 5 minutes. On the downside this seems to make the catalyst rather sensitive to
impurities or moisture as all the polymerizations were conducted inside a glove box.

1.1.3 Synthesis of 1,4-pentanediol (1,4-PDO)

The first interest in 1,4-PDO dates back to the era of World War |l when it was investigated as a
potential renewable precursor to 1,3-pentadienes as monomers for rubber production.’® Here copper-
chromium based heterogenous catalysts were used to obtain 1,4-PDO via the hydrogenation of
levulinic acid (LA), its methyl ester or y-valerolactone (GVL). However, the conditions were rather fierce
as temperatures inthe range of 190-300°C and hydrogen pressures of 100-260 bar were used resulting
in a maximumyield of 72% from ethyl levulinate. Besides these routes based on GVL, LAand its esters,
new catalyticapproaches are alsoable to convert furfural to 1,4-PDO. Scheme 8 shows these routes.
In the following section these different routes are described and discussed. Both heterogenous and
homogenous catalysts can be used for the conversion of either levulinates or GVL. With heterogenous
catalysts a complex reaction network has been identified, ””-89 whichis shown in Scheme 9.

Ha ? Hz
' iéo
o GVL

)J\/\H/OR Ha )\/\/OH
_ =
o HO

1,4-PDO
ML R = Me
LAR=H
=0
H*, H,0, MeOH

Furfural

Scheme 8: Routes to 1,4-PDO from bio-based platform chemicals
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Scheme 9: Observed reaction network in the hydrogenation of levulinates or GVL to 1,4-PDO

With all catalysts the ketone moiety of LA or its esters is hydrogenated first which yields hydroxyl
valerates. The later ones are in in equilibrium with the lactone GVL. This equilibrium depends on the
nature of the solvent, but the high thermodynamic stability of GVL8! should always favor its formation
in high concentration.82 33 Experimental work by the group of Palkovits’8 using Ru/C indicate that GVL
can undergo decarbonylation to 2-butanol (2-BuOH) at temperatures over 160°C. When no solvent is
present the yield of 2-BuOH can be as high as 36% when Ru/C is used as a catalyst at 190°C. Resasco
and co-workers showed that this side reaction can be suppressed if a source of CO is added to the
reaction mixture.”” Although CO itself did not seem to have any effect, the addition of increasing
amounts of methanol correlated which a reduced formation of 2-BuOH. Further DFT calculations
indicate that the formation of 2-BuOH occurs via a metal acyl intermediate on the Ru surface, whichis
formed by the ring opening of GVL.77-84 Alternatively, GVL (formed in-situ or as a substrate) can be
hydrogenated to the corresponding hemiacetal which is in equilibrium with 4-hydroxypentanal (4-
HPV). 1,4-PDOis thenformed by the reduction of the aldehyde functionality. However, 4-HPV canalso
form the aforementioned metal acylide and undergo decarbonylationto 2-BuOH.”8. 7°The product (1,4-
PDO) can then undergo three different decomposition pathways. First dehydration can occur which
leads to the formation of 2-MeTHF.77-80 The other two pathways are hydrodeoxygenation reactions
which resultin the formation of 2-pentanol or n-pentanol depending on the position where the water
loss occurs.”® 72 Interestingly, 2-pentanol is formed in larger amounts than n-pentanol, which is
surprising taking into consideration that primary alcohols are usually more difficult to
hydrodeoxygenate than secondary ones.

Consequently, the rather complicated reaction network and the potential value of 1,4-PDO as
building block ledto the development of sophisticated catalysts. Table 3 shows recent reports of highly
selective hydrogenation of GVL, LA and EL to 1,4-PDO. The performance of the “working-horse”
ruthenium on carbon (Ru/C) is shown for GVL and LA. Notably most of the catalysts for the
hydrogenation of LA and its esters that exhibit high selectivities towards 1,4-PDO are bimetallic, with
an exception of gold supported on titanium dioxide (Table 3, entry 8). Ruthenium in combination with
molybdenum oxide on carbon can reach a selectivity of up to 97% at a conversion of >99% at
temperature of only 70 °C (Table 3, entry 5).



Table 3: Heterogeneous catalysts for the synthesis of 1,4-PDO from GVL or levulinates

T p(H2) . Conc.(Solvent) Conv.®  Sel.”
Entry Catalyst Sub. °c]  [bar] S/C [mol 1] [%] [%] Ref.
1 Ru/C GVL 190 100 428 - 41 6 7
0.1 .
2 Ru/C GVL 200 69 32 (Water) 29 9
3 Ru/C LA 100 40 K Water 99 75 7
4 Re-Ru LA 240 150 2290 Water 80 >99 8
5 Ru—MoO,/C LA 70 40 - Water >99 97 7
Pt-Moo.2s/
6 Cas(PO,4)s(O LA 200 30 50 Water 97 93 86
H)
7 Cu/zrO GVL 200 30 10 0.5 100 >99 87
u/Zr0, (Ethanol)
8 Au/TiO, LA 200 50 50 - 100 >99 8
CU-A|0_22- 0.1 89
9 oo EL 160 60 1.02 (1,4-Dioxane) 100 98
10 CuxCoi/ALO 160 50 151 922 >99 93 %
3 1,4-Dioxane

as/C=Substrate/Catalyst® Conv. = Conversion, at which the selectivity to 1,4-PDO was the highest; Sel. = Selectivity; ‘Metal
content of the catalyst was not stated by the authors

It is worthwhile to mention that the hydrogenation here is conducted in water which is a good
solvent for LA. On top of that it is capable of suppressing the formation of 2-MeTHF, which occurs via
dehydration of the desired product. Alternatively, platinum together with substoechiometric amounts
of molybdenum (w.r.t. Pt) supported on hydroxyapatite also provides good selectivity®® at comparable
hydrogen pressures to Ru—MoOx/AC (40 vs. 50 bar) but requires the use of higher temperatures (200
vs. 70 °C) (Table 3, entries 5 & 6). In the attempt to use non-noble metal-based catalysts it was found
by Fan and co-workers that copper supported on zirconium oxide can quantitatively hydrogenate GVL
to 1,4-PDO at 200°C and 30 bar of H, gas in ethanol as solvent.®” However, the substrate to catalyst
ratio was rather low (Table 3, entry 7). Another promising copper-based catalyst are Raney type
materials®® that can be obtained by treating a Cu-Al-Zn alloy with a sodium hydroxide solution (Table
3, entry 9). Here the hydrogenation of ethyl levulinate to 1,4-PDO was possible with a selectivity of up
to 98% at full conversion at 50 bar of hydrogen and an intermediate temperature of 160°C. On the
downside a rather high amount of catalyst (Substrate vs. Copper) had to be employed. It was shown
in this work that lowering the amount of catalyst had a negative impact on the selectivity. Another
recent work by Wu et al. investigated the use of bimetallic copper-cobalt nanocomposites in the
hydrogenation of EL.°° They found that in order to obtain optimum selectivity Cu and Co must be
depositedon Al,Ozina 2:1ratio. Physically mixing Cuand Co supported on Al,0O; only gave a selectivity
of 29% as opposed to 93% with the bimetallic catalyst (Table 3, entry 10).

30 bar H,
o i‘?sgirsz o 9 ;%/t?hr/lﬁgfmoo oH
Ho~ AL 2 [y TR ko
H,O/EtOH (2/1.5) H,0
Conv.: 100% 160°C, 12 h FF 80°C, 20 h Conv.: 100%
Yield.: 92% Yield.: 90%

Scheme 10: Conditions used in the direct selective hydrogenation of furfural (FF) to 1,4-PDO
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There is also some interest in the direct reduction of furfural to 1,4-PDO. The main products with
most heterogenous catalysts are 1,5-PDO and 1,2-PDO and the selectivitytowards 1,4-PDO is usually
23% at most at full furfural conversion.*° Nevertheless, ruthenium supported on ordered mesoporous
carbon (Ru/CMK-3-R200)°! used by Liu et al. as well as a Ni-Sn alloy developed by Rodiansono et al.
showed that with the right reaction conditions it is possible to obtain 1,4-PDO in high yields (see
Scheme 10). Although achieved yields and conversions were similar with both catalytic systems the
reaction sequences seem to be quite different (Scheme 11). In the presence of the NisSn, catalyst
furfuryl alcohol (FA) undergoes hydrodeoxygenation to 2-methylfuran (2-MF). 2-MF is initially
hydrogenated in the 4- and 5-position, followed by hydration (Scheme 11, vide supra). This hemiacetal
intermediate can subsequently form 4-hydroxypentanone, thatin turn is readily hydrogenated to 1,4-
PDO. In contrast when the hydrogenation protocol using Ru/CMK-3-R200in combination with CO,, FA
undergoes a Piancatelli rearrangement®% 23 (Scheme 11, vide infra). In the absence of hydrogen this
yields 4-hydroxycyclopentanone (4-HCP), as demonstrated by the authors. Under hydrogenation
conditions however the enol intermediate is hydrogenated to 1,4-PDOin 90% yield.

Ha 0 OH

0
- e D~

/- \

o O H o OH 0 Ho OH
Y

L7 —

Hso} @ /

OH, OH Jo OH
® H,0
| o— | o — | oH - -
-H30*
o}

4-HCP

Scheme 11: Proposed reaction pathways of hydrogenation of furfural catalyzed by different heterogenous catalysts. The top
pathway takes place when Ni3Sn2 catalyst is used. The bottom pathway corresponds to Ru/CMK-3-R200 catalyzed
hydrogenation of furfural.

In addition, GVL and levulinates are also frequently included in studies using homogenous
hydrogenation catalysts. Catalysts that achieve yields of more than 90% of 1,4-PDO are shown in Figure
3, and the reaction parameters are given in Table 4. Usually pressures of H, ranging from 30-100 bar
and temperatures between 25-140°C are used. Most catalysts are sensitive towards acidic impurities
and levulinic acid itself as they either need to be activated by a base or must contain an acid-labile
ligand such as BH, or CH,-Si(Me);. Exceptions to this are the ruthenium complexes bearing a triphos
ligand (C1) (Table 4, entries 1-3). This makes them quite versatile and enables the hydrogenation of
GVL, LAand ML. Inallthree cases the hydrogenation with this type of catalysts was conducted at 140°C
which is substantially higher temperature than the one used with precatalysts which require an
alkoxide as activator. For example, the PNNN complex (C2) introduced by Zhou and co-workers
achieved a remarkable TON of 90000 in the hydrogenation of GVL at only 25°C (Table 4, entry 4).
Notable examples for non-noble metal catalysts capable of converting GVLto1,4-PDO are theiron (C3)
and manganese (C4) catalysts (Table 4, entries 6 & 7) developed by the group of Beller and the cobalt
complex (C6) prepared by Jones and co-workers. With the latera TON of 920 in 5 hours in absence of
a solvent could be achieved.
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Figure 3: Precatalysts for the homogenous hydrogenation of LA, ML and GVL to 1,4-PDO with reported yields of over 90%

Table 4: Reaction parameters under which the complexes listed in Figure 3

Substrate pH) T t Yield

Entry Complex (5/C) Additive Solvent barl [c]  [h] (%] Ref.
1 c1 (C']l\(’)LO) - THF 75 140 16 992 %
2 ¢l e - THF 75 140 16 99° %
(100)
3 c1 (L_?O) - é’ii;(ane 50 140 16 98 %
4 c2 (Gl\gLo 000) ;\llaoon:/loel-%) iPrOH 100 25 48 90 %
° © ?ftLJOO) (Nlaoorg/lj-%) iPrOH 50 25 6 97
6 = (G_:,\(/)L) - THF 30 100 18 98 %
’ c (63\9_) Flc())tzlgl—%) é'ii_xane 30 110 24 952 5
° © g\ch)o) FZ?;Br:oI-%) - 60 80 2 91 8
° e ?1\8-00) i - 55 120 5 92 %

9Determined by GC or NMR; othersare isolated yields

In summary, many reasonably selective heterogenous hydrogenation catalysts for the synthesis of
1,4-PDO from levulinic acid, its esters and GVL have been developed. In addition, the first reported
results on the selective direct hydrogenation of furfural to 1,4-PDO are very promising for setting upa
possible bulk production. On the other hand, many of these catalysts are not commercially available
and require high loadings. Of course, these are no limitations when they are used in continuous
processes, but it creates difficulties in the synthesis of 1,4-PDO in batch mode. The production of small
batches of the diol is needed to initiate the polymer development. As shown in this section this gap
can be bridged using one of the homogenous hydrogenation catalysts.
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1.1.4 2-Methyltetrahydrofuran (2-MeTHF) — Synthesis, Application and potential
Polymer Development

As discussedin the previous section, 2-MeTHF can be formed from 1,4-PDO via a simple dehydration
reaction. For example, the diol can be readily converted to 2-MeTHF under distillation conditions in
the presence of Nafion in 90% yield.1%° At the moment 2-MeTHFis made from 2-methylfuran (MeF) as
a side product which forms during the production of FA from furfural (FF).*? Logically if furfural,
levulinates or GVL are hydrogenated under acidic conditions, 2-MeTHF should be the main product
(Scheme 12). The acidity of levulinic acid might as well be enough for the dehydrative ring closure.

| o 9 Hz o OH o)
/ E/)J + M
FF FA MeF
Hy
H+ H2

O
A/YOR Ha O\]\/\O)i " [o)—
(0]

2-MeTHF
LA GVL

Scheme 12: Routes from bio-based platform chemicals to 2-MeTHF

For the hydrogenation of levulinic acid to 2-MeTHF bimetallic catalysts are beneficial (Table 5).
Usually acidic supports like the zeolite H-f or a mixture of zirconia and aluminum oxides are used. A
catalyst introduced by the group of Han gives the highest selectivity (99.8%) at full conversion so far
(Table 5, entry 3). The catalyst consists of a ratio of copper to nickel of 1:1 supported on AlZrO,. The
interaction of both metals with each other on the support is responsible for the good selectivity. Mixing
Ni and Cu separately supported on AlZrO, results only in poor selectivity (Table 5, entry 4). In contrast
to LA, furfural (FF) can be converted to 2-MeTHF, albeit selective protocols are rare. An example is
shown in the table below (entry 6). Here almost absolute selectivity was observed when palladium
deposited on silica was used as the catalyst. The reaction was conducted in the gas phase at low
pressure and therefore low furfural concentration. These conditions might be necessary to suppress

oligo- or polymerization of FF, which is easily triggered by temperature and/or the presence of acids.®
101

Table 5: Catalytic hydrogenation of LA and FF to 2-MeTHF

Entry Catalyst Sub. -[IZ,C] Fli:rzl) s/ce ;Int:r:l:.l_S]Solvent) ;Z? vt S[;:']b Ref.
1 Pto.0s-Mo/H-f LA 130 50 50 0.3 (H,0) >99 86 102
2 Nio.1-Cu/SiO; LA 265 25 - Gas phase >99 85-92 103
3 Cuos-Ni/AlZrO, LA 220 30 13 0.6 (2-Butanol) 100 99.8 104
4 Cu+Ni/AlZrOs LA 220 30 13 0.6 (2-Butanol) 100 1.6 104
5 Pd/SiO, FF 170 1 - Gas phase 89 99 105

as/C=Substrate/Catalyst; °Conv. = Conversion, at which the selectivity to 1,4-PDO was the highest; Sel. = Selectivity; ‘Phyisical
mixture of the two separate Cu and Ni catalysts.
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Aside from the direct hydrogenation of FF which requires more development, the production of 2-
MeTHF from LA seems feasible. As a result, 2-MeTHF currently attracts increasing attention as a
renewable substitute for THF as the solvent, and as a renewable fuel.39.106.107 The yse as a solvent is
particularly interesting from three points of view. Firstly, the higher boiling point (80°C vs. 66°C) and
lower melting point (-136°C vs. -109°C for THF) of 2-MeTHF should be emphasized comparedto THF.4>
108 This allows its use ina much wider temperature range. Secondly, the immiscibility with water makes
2-MeTHF, while still having some polarity, a good solvent for biphasic reaction and extraction
processes where it can replace the toxic solvent dichloromethane.1%° Lastly, 2-MeTHF is more stable
towards strong acids and bases than THF which enable its more efficient use in the reactions which
require strong Lewis acids, organic lithium compounds or lithium aluminum hydride.109,110

The later point is also the most critical for polymer development based on 2-MeTHF. Being a cyclic
ether devoid of other functionalities, ring opening polymerization (ROP) would be the only possible
mode of (oligo-)polymerization of 2-MeTHF. ROP is a process which is largely governed by
thermodynamics and can be described as follows: the reaction of a suitable initiator (I) with a cyclic
monomer (M) leads to a linear adduct (I-M*, Eq. 1.1.4a) that itselfis active enough to engagein ring-
opening of another monomer (Eqg. 1.1.4b) to generate a further species with active chain end. This
active chain end thus can react with another monomer etc. which lead to the formation of an oligo- or
polymer (Eq. 1.1.4c).111, 112

| . O W Eq. 1.1.4a
" (Eq )
M s (ND — MW (Eq. 1.1.4b)

I-(M)-M* + n (ND _ (M) M (Eq. 1.1.4c)

These chain growing reactions are always in equilibrium with the depolymerization. Generally, the
direction of this equilibrium depends on the Gibbs free energy of ring opening polymerization (AGrop)
which needs to be negative for the polymerization to occur. AGggp is derived from the ring-opening
enthalpy (AHgop) and the entropy change (ASg.p) during the polymerization. Both of these depend on
the nature of the monomer.8% 111113 AH, , is the most negative for 3 and 4 membered cyclic molecules.
In 5 membered it can be close to zero or even positive depending on the exact nature of substituents
(attachment of trans-fused rings'14 115> can be beneficial for reduction of AHggp). For rings consisting of
6-7 atoms AHgop increases again. Rings of greater sizes usually have very low values of AHgop but the
entropy of the polymer can be higher than that of the monomers. This enables polymerization. The
temperature at which AGrep=0is called the ceiling temperature (Tceiing) (Eq. 1.1.4d).112

AHRop

Teeiting = ASrop (Eqg. 1.1.4d)
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At this temperature, the polymerization and depolymerization are in equilibrium which translates
to a maximum temperature at which a certain monomer can polymerize. In addition, the higher the
difference of T ejing to the temperature at which the ROP is conducted, the higher the possible
monomer conversion. T.jing therefore relates directly to the reactivity of a given monomer. Figure 4
shows the ceiling temperatures and relative reactivities of THF derivates.

O (@) (@)
S - B O
4°C

Tceiling= 85°C

Figure 4: Ceiling temperature for THF and 3-MeTHF. For 2-MeTHF no ceiling temperature is known as the homo polymer has
never been prepared

Unsubstituted THF has a ceiling temperature of 85 °C. It goes down to 4 °C if a methyl group is
added in the 3- position. Thus, bellow 4°C 3-MeTHF can be homopolymerized. Highest 3-MeTHF
conversion (40%) could be achieved at -22°C after 45 days in a study by Chang and Rhodes.1® PF; and
HSO;Cl were used as catalysts. The polymer obtained had molecular weight of 1700 g mol-! as
measured by vapor phase osmometry. This could be laterincreasedto about 5000-6000 g mol! if the
conversion of 3-MeTHF is kept below 13% at 0°C and thus resulting in high excess monomer
concentration.'!” For 2-MeTHF no homopolymer has so far been prepared. Hypothetically this can be
due to of the following two reasons: firstly, the ceiling temperature for 2-MeTHF could lie below its
melting point. Secondly, the molarity might not be even high enough in pure 2-MeTHF to shift the
equilibrium towards polymerization (c.f. Eq. 1.1.4.). As a result, only the copolymerization of 2-MeTHF
is possible. Only two studies conducted in the 1960s described copolymerization of 2-MeTHF, which
employ rather reactive monomers such epichlorohydrine?3 or 3,3-bis(chloromethyl)oxacyclobutane.8
Here it was shown that the maximum incorporation of 2-MeTHFis 50% and 30% respectively. However,
neither molecular weights nor exact analyses on the structures of the products were provided. The
chain compositions were only reported based on the chlorine content determined via titration.
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1.2 Recycling of Polymers as a Renewable Feedstock

1.2.1 The Plastic Problem and Overview of Recycling Strategies

Polymers are involved in countless products ranging from high-tech materials used in areo-space
industry, car parts, electronics to simple consumer goods such as clothing, sports gear, carpets, and
various packing materials. Especially the use of plastics to create low-priced and single use products
contributes a lot to their total yearly volume. Thus, in 2018 the annual global production of plastics
reached around 360 million tons.11° As a result, humanity currently produces a previously unmatched
amount of plastic waste. This problem is further aggravated by the growing world’s population and an
increase of the living standard of most people.

Figure 5: Great pacific garbage Patch - Caroline Power

A lot of this waste s currently dumped in landfills or “mismanaged”. The latter is a euphemism for
the uncontrolled dumping of waste by organizations or individuals which results in pollution of the
environment. This waste is transported by rivers and from there to the oceans,2? where it forms
“islands” that can reach three times the size of France (Figure 5).121 In the worst case, plastics are
directly dumped from ships to the waters.1? Once the debris is in the water, it causes great harm to
aquatic life and the micro plastic makes its way into various food chains — including the human food
sources.123 Estimation of the amount of plastic marine debris circulating in 2020 ranges from 50to 150
million tons.12° The risks for the global ecosystem as well as possible negative health effects for humans
sparked by an increased public awareness led to various concepts for solving this problem. One of
them is educating people about the single use plastics and making them to consider if there is a real
need for the to use those (e.g. drinking straws, plastic cutlery, single use coffee cups). Another
approach would be the usage of bio-degradable materials. They should most certainly be used in
materials that have a high chance of ending up littering the environment like aforementioned single
use plastics or in laundry products. However, for certain applications, biodegradability is still an
unwanted property. In addition, while bio-degradable materials might not accumulate in the
environment, their decomposition might still lead to the release of toxic additives or catalyst residues.
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Figure 6: Possible pathways for recycling polymers and their entry pointsin the life cycle

Recycling of the polymeric materials is a very widely discussed topic with some already
implemented solution. In general, four different strategies exist which depend on the polymer to be
recycled and differ in the products obtained (Figure 6).124 One straightforward strategy is the
mechanical recycling in which the materialis brought back by grinding or cutting to a form which can
undergo another cycle of melting or molding to undergo another lifecycle. Alternatively, the material
might be depolymerized using suitable catalysts and reaction conditions. The monomers thus can be
regained separated and used to obtain new virgin type grade polymer. Analogous tothat is the conce pt
of feeding the polymer waste to cracker either to directly obtain the monomers or obtain small
molecules that can be upgraded tofuels or monomers. An inherently different strategyis the so-called
upcycling in which the wasteis used as a resource to obtain more valuable products in an economical
sense. The following sectionintroduces and gives examples for each of the strategies.

1.2.2 Mechanical recycling

Mechanical recycling is already established on anindustrial scale. Inthe European Union about 32% of
the plastic consumer waste is recycled using this approach.?1® After selective collection and shredding
the plastics can be given a new shape by injection molding, extrusion or heat pressing. In consequence
the mechanical recycling is only possible with thermoplastic polymers such as PE, PP, PET and PVC.

The main advantage here is that the energyand resource input of the polymerization is conserved.
Another benefit is that, in principal, the existing process infrastructures can be used. Onthe downside,
exposing the polymer againto high temperatures and friction may cause reduction in molecular weight
which negatively affects mechanical properties of the recycled materials. This is caused by chain
scissions that are triggeredin the presence of water, trace amounts of acids, radicals and potential side
products from additives decomposition.124 12> When additives are added to the polymer before the
recycling step, this problem can be avoided. Typical additives for this are sterically hindered amines,
which have been demonstrated to circumvent degradationin PE and PP reprocessing. 126 Another
difficulty to overcome are the often-encountered heterogeneity of the feed. The solution here is to
add socalled compatibilizers prior processing, whichincreases the interaction between the immiscible
polymers. Examples are ethylene-propylene diene rubber (EPDM) used for PP and PE.127.128 For PET
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and PE copolymers of butadiene and styrene or poly methacrylates can be used as compatibilizers?®
as well as maleated poly styrene-ethylene-butylene-styrene.128

If necessary, or if no suitable additives are available, the polymer can be also recovered from waste
by dissolution and reprecipitation. First the mixture of polymers is dissolved in an organic solvent. The
desired polymer or mixture can then be recovered by adding its respective non-solvent.130-133 |t was
demonstrated that using xylene, toluene, dichloromethane or benzyl alcohol as solvents and methanol
or n-hexane as precipitating agents it is possible to separate a complicated blend of LDPE, HDPE, PP,
PS, PVC and PET.131 One other notable example is the VINYLOOP process developed by Solvay. 124 130,
134-136 First the PVC is shredded followed by its transferto a closed loop reactorin which the polymer
is continually extracted from the waste mixture. For the selective extraction of PVC a mixture of methyl
ethyl ketone, n-hexane and wateris used as eluent (82/13/5 w/w). The obtained PVC has a relatively
high purity and thus can easily be reshaped into new products. Successful runs on pilot scale eventually
led to the operation of a large-scale plant in 2002 located in Ferrara, Italy which treated 10 kt y* of
PVC waste.!37 Unfortunately, due to the nature of the process the recycled PVC contained phthalate
based plasticizers originating from old PVC products. The use of these class of plasticizers in consumer
products was banned in Europe via the REACH regulationin 2015. As a result, the plant was shut down
in 2018.138

1.2.3 Depolymerization

Alternatively, polyesters and polycarbonates can be depolymerized to their monomer by alcoholysis
or hydrolysis (Scheme 13). Here the polymer is exposedto an excess of alcohol or water inthe presence
of suitable catalysts to obtain monomeric diols and the dicarboxylic acid derivatives. Since the
structure of the monomers remains unchanged, it is possible to use these monomers in the same
polymerization process.

HO-R3?, H,0 o) o) H

Mrt 0-R?

\ R*HO OH/R3 O-H

Scheme 13: Depolymerization of a polyester by the solvolysis method

Organic bases, Lewis acids and alkoxides are generally used as catalysts.13-14 Good examples of
polymers in this category are polyethylene terephthalate (PET) and polylactide (PLA).141.142 |t js
noteworthy that depolymerization processes for PET were already developed almostin parallelto the
onset of commerecial production of the polymer in the 1950s.13° The first commercial process that was
developed is the so called methanolysis (Scheme 14), in which PET is treated with an excess of
methanol at 180-280 °C and pressures of 20-40 bar in the presence of aryl sulfonic salts'3? or the
acetates of zinc, magnesium and cobalt.'#* Yields of dimethyl terephthalate (DMT) of up to 90% are
possible. Conveniently, the process conditions and even the catalysts are similar to the production
process of PET via transesterification of DMT and ethylene glycol.1®6 The methanolysis process was
applied by Hoechst, DuPont and Eastman-Kodak.14> The disadvantage of this approach nowadays is the
decline of the price for virgin DMT!44 as well as the fact that in newly built PET plants the direct
polycondensation between terephthalic acid (TPA) and ethylene glycol is the preferred method. 16
18



Nevertheless, Eastman Chemicals have announced in 2019 that they will build a plant for the
depolymerization of PET from used soda bottles and food packaging by methanolysis. 146
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Scheme 14: Different solvolysis processes for the depolymerization of polyethylene terephthalate (PET)

PET can also be simply depolymerized via acid or base catalyzed hydrolysis. 139 144,145, 147,148 Thjg
strategyis, however, the least favored one given the relatively huge amount of acids or bases involved
and salts formed. The glycolysis of PET is an alternative pathway, where PET is transesterified with
ethylene glycol (Scheme 14, bottom route).14> 148150 Thjs produces short chain polyester polyols which
can be used in adhesives or polyurethane applications.

An emerging alternative tothe solvolysis method is the direct hydrogenation of the ester groups to
alcohols which in contrast to the solvolysis processes will (at full conversion) yield a mixture of diols
(Scheme 15). This approach is relatively new in the literature and mostly fueled by the development
of metal organic complexes that can efficiently hydrogenate esters in the last 15 years.1>1153

®) 140 H, H H H
R ) "3 riLH 0-R2
O-R Catalyst, Additive HO OH O-H
@)
n

Scheme 15: Hydrogenation of polyesters to diols

The complexes that have been successful employed in the hydrogenative depolymerization of
polyesters are based on tridentate pincer ligands with one exception (Figure 7). Many of them have
already been proven to be applicable to a wide range of ester substrates such as the complex
introduced by Milstein and co-workers (C1) in 2006,'* as well as the PNP-ligated catalysts first
introduced by Kuriyama et al. at Takasago.>>1>6 As described earlier (Section 1.2.3.) the complexes
usually need basic additives or contain acid labile leaving groups to be converted into active forms.
Figure 8 shows polyester and -carbonate substrates which are usually investigated in these
hydrogenation reactions.15716 |n one of the first examples Robertson and co-workers successfully
employed complexes introduced by the Milstein’s group (C1 and C4) in the hydrogenation of various
polyesters.
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Figure 7: Precatalysts for the homogenous catalytic reduction of polyesters or polycarbonates
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Figure 8: Common polyester and polycarbonate substrates used in the hydrogenolytic depolymerization

For PET (PS-3) and PLA (PS-2) full conversions to the alcohols (benzene dimethanol and propylene
glycol respectively) was measured by NMR (Table 6, Entries 1-2). A mixture of anisole and THF was
used as a solvent to hydrogenate the polymers at 120 °C and 54 bars of hydrogen. The polymers were
obtained from a water bottle and drinking cup. Similar conditions were used by the group of Clarke
who studied complex C2 which differs from C1 by the substituents on the phosphorous atom and
replacement of the CO ligand by DMSO. %8 The authors used PET which they obtained from food trays
as the substrate, from which benzene dimethanol was obtained in 73% (Table 6, Entry 3). These three
catalysts have a common feature of the need to be activated by strong alkoxide bases in contrast to
the triphos complex (€3) which requires strong acids. Employing this catalyst in combination with
bistriflimide (HN(Tf),) Klankermayer and co-workers could reduce a range of polyester and -carbonates
at slightly higher temperature (140°C) and significantly higher hydrogen pressure (90 bar).%>° The
conversion of the polymers (obtained from a bottle, drinking cup and CD-ROM) was quantitative and
the produced diols could be isolated in very good yields (Table 6, Entries 4-6). Enthaler and co-workers
showed that Ru-MACHO-BH (C5) and Milstein’s complex (C1) can also be used to hydrogenate
polycarbonate PC-2 (Table 6, Entry 7 & 8). In the recent work of de Vries and co-workers Fe-MACHO
(C6a) was applied for the first time for the transfer hydrogenation of a commercial pre used polyester
using ethanol as reductant.®! The resulting diol could be isolated in 87% yield. The same complex in
its bromide form (Céb) was used by Werner and co-workers to depolymerize polypropylene carbonate
(PC-1) to propylene glycol and methanol.162
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Table 6: Hydrogenation of polyesters and -carbonates

Q O H,-Source H
H H
R’ H X
_/<o—R2 ot Addities S—R1-£H 0-R?
b Catalyst, Additive HO OH o-H
n

Polymers iti b c ..t YieldR) YieldR®)  Ref
Entry Cat. (S/C/A) Additive Solv. Red. T[°C] I [%]° [%]¢

PS-2 . Anisole H,, -
P so//t OB THE sapar 120 48 299 299

PS-3 Anisole H,, .

t

? © so/i/1 OB e sapar 120 48 299 >99

PS-3 . Anisole Hy, s
3 2 s0/1/20  “OBY /7ol sobar 110 4873 n.d.

PS-3 H,, -
4 e 100/1/1 HN(Tf). 1,4-Dx 90 bar 140 16 >99(83) n.d.

PC-2 H,, .
> e 200711 NNO: o 14Dx g0 140 16 >99(73) nd.

PC-2 ) H,, .
6 e 200711 MNP 14-Dx g0 140 16 >99(93) nd.

PC-2 . H,, .
7 c1 so/11  KOBu  THE o r 140 24 99(91)  nd.

PC-2 ] ] Hy, y
8 cs 200/1/- 14-Dx 2 140 24 99(97) nd.

PS-1 EtOH ol
9 Céa 20/1/- - EOH g o 100 24 (87) -
10 Céb ;g/ll 1 KO'Bu /.TPF:ZH iPrOH 140 24 65 43 162

9Molar ratio of catalyst C and additive A with respect to the repetition unit of the polymer; bSolvents: Tol=Toluene, 1,4-Dx=1,4-
Dioxane; Reductant used; 9Isolated yields in brackets

In this depolymerization approach the catalysts are employed at a relative high loading of 0.5-5
mol% per repetition unit. However, comparing the used catalysts, solely based on their catalyst
loading, is difficult as the quality and purity of the polymer substrates used ranges from self-
synthesizedtoend of life plastics that may contain fillers, additives and other impurities. As a result, it
is not possible to estimate at the current state of literature if some type of catalyst is less active than
others or is just more sensitive to poisoning by the potential impurities.

1.2.4 Chemical Polymer Upcycling

Mechanical recycling and depolymerization is always in competition with the use of virgin polymers or
monomers. Thus, the degree to which they can be implemented always depends on the price
difference. Chemical upcycling of polymer waste therefore might be an exit out of this dilemma. In this
approach polymers are upgraded to access novel or special applications which could allow them to be
sold a higher price. For instance, macromolecules that contain aromatic moieties in their repetition
unit can be functionalized with CF; groups using trifluoracetic anhydride (TFAA) as triflate source
(Scheme 16).1%4 The reaction proceeds via trifluoromethyl radicals that are generated from TFFA by
oxidation with pyridine-N-oxide mediated by blue light and Ru(bpy);Cl, as photocatalyst. For
polystyrene about 48% of the phenyl groups could be trifluoromethylated. Inthe case of polycarbonate
and PET this was significantly lower. The modified polystyrenes are significantly more hydrophobic
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than the unfunctionalized polymer as evident by the measured of the contact angle with water (94 vs.
111°(fluorinated)). Which for example could enable their use in the water repellant clothing.

2.2 eq. TFAA
2.0 eq. Pyridine N oxide -
R R R‘@* R
1 mol-% Ru(bpy)sCl, \
DCM, blue light CF3
n
, -CF3 , -wCF3 , -TCF3 , -TCF3
Post industrial End of life
62 mol-% 23 mol-% 48 mol-% 47 mol-%
(0]
SRS o
(@) (@)
n
20 mol-% 20 mol-%

Scheme 16: Trifluoromethylation of aromatic polymers. The incoporation of CF3 groups is given in mol%

To alter the thermophysical properties polyesters canbe transesterified with a cyclic lactone. Such
a reaction has been recently demonstrated by Hong, Falviene, Chen and co-workers.1%> Here
poly(glycolic acid) (PGA) reacts with y-butyrolactone (GBL) which also serves as the solvent. Organic
base 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst and benzyl alcohol (BzOH) as initiator
afforded the highest GBL incorporation at reasonable reaction times (Scheme 17). As the ceiling
temperature of pure poly GBL (-40°C)is far lower thanthe reactiontemperature!®® %7 no adjacent GBL
units are found in the polymer chain. On average the incorporation of GBLin the chains is about 20%.
The obtained copolymer exhibits a much higher onset of decomposition (T4= 290°C) than PGA (T4=
254°C) under nitrogen atmosphere. If GBL is just copolymerized at lower temperature with glycolide
(the monomer of PGA) this effect is not observed.

2 0.005 eq. BzOH 0
- o)
0 2.7 eq. Ezfo 0.3 mol-% TBD O/ﬁ(
0 160 °C 0 /
n
PGA GBL o

M, (NMR)=4.2 kg mol’’
Scheme 17: Transesterification of PGA with GBL. Mol-% and equivalents (eq.) are based on the repeating unit of PGA

This is attributed to the formation of adjacent GBL units that create weak linkages. In the two
previous examples the type of connectivity of the monomer units in the macromolecule does not

change. Amore drasticapproachis to completely alter this connectivity and, thus, also the type of the
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polymer. A good example for this approach is the hydrosylilation of polyesters as recently
published(Table 7).1%8 Here 1,1,3,3-tetramethyl disiloxane (TMDS) is used as a reductant in the
presence of GaBr; as Lewis-Acid catalyst. The scope of the reaction included several aliphatic
polyesters derived from polycondensation reactions (Table 7, entries 5-13) as well as polyesters
obtained through the ROP of lactones (Table 7, entries 1-4). The degree of the reduction of the ester
groups was in the range of 90-99% for all the examples. The reduction of the molecular weights is
about 50-60% based on NMR inthose cases where polyesters prepared via polycondensation reactions
are used as substrates. This is quite different for the polylactones. Here the polymers are almost
degraded in the cases where shorter aliphatic segments are used to the repetition units (Table 7,
entries 1 & 2). If this segment is longer, the retained molecular weight increases. Since ester groups
are converted to ether groups, this heavily alters the properties of the polymers. For instance, they
have much lower melting points. New polyethers are accessible via this approach which are difficult to
prepare by conventional routes.

Table 7: Reduction of polyesters to polyethers with 1,1,3,3-tetramethyl disiloxane

X
P
o R 1 mol-% GaBr; o R
n 1.1 eq. TMDS n
-or- _— -or-
B
0" "Ry S07R; 0" Ry 07 OR;
n n
M, (before)? M,,(after)? Yield
Entry R [g mol?] [g mol?] [%]
R1
1 -CH(CH)s- 26300 400 34
2 -CH,CH(CH)s- 197100 800 24
3 -(CHy)s- 8400 5650 85
4 -(CH2)oCH(CHs)- 8100 8200 83
R2
5 -(CH2)»- 2200 1200 66
6 -(CH2)a- 3900 2600 83
7 -(CH2)s- 8800 3900 88
8 -(CH2)10- 8700 4000 90
H,
10 \CMC\ 9400 3100 50
H, 6 6
Ho
12 NN ol 13100 6500 93
C ~
H, 6 6
- | I L
13 \C%\}Si'O\Siﬁ\C 8300 3500 42
H, 9 N\ / 9H,

9Molecular weight as measured by NMR before and after the reduction
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2 Aim and Results of this Dissertation

2.1 Developmentof Polymers based on AL, 1,4-PDO and 2-MeTHF

As described in 1.1.1, Levulinic acid (LA) is easily obtained by acidic treatment of lignocellulosic
biomass. Aside from the usage of virgin wood it should be also possible to use wood waste.
Alternatively, furfural is a possible source for LA with great potential. Furfural is already produced on
scale of several hundred kt y! from corncob and in smaller amounts as side product in the paper
industry. Aside from this the company Avantium is on the way toimplement a process to produce the
terephthalic acid substitute furandicarboxylic acid based on fructose. In this process a considerable
amount of levulinic acid in the form of its methyl ester will be generated. From LA or its esters, the
downstream products angelica lactone (AL), 1,4-PDO and 2-MeTHF can be obtained. These reactions
are highlyatom economic as they are hydrogenation and condensation reactions. Several homogenous
and heterogenous catalysts to obtain these derivates in high yield and selectivitys are known.

On the contrary, not much literature exists on how to utilize these products directly in polymer
applications, which is one of the biggest areas where chemicals are employed. The development of
such applications is crucial for the establishment of the bio-based chemical industry. Additionally, using
these products should have additionally benefits or at least novel features to compete with the
traditional petrochemical products.

To demonstrate the competitiveness of this value chain is the goal of GreenSolRes a project funded
by the Horizon 2020 research and innovation program of the European Union. The consortium consists
of industrial partners (Henkel, BASF, Lenzing, Hybrid Catalysis, Vito, GFBiochemicals) and two academic
partners (LIKAT, RWTH). While the other partners focus on the production and derivatization of
levulinic acid as well as the relating regulatory affairs the goal of Henkel and us is to develop scalable
procedures towards bio-based building blocks for adhesives based on levulinic acid and its derivates.
This dissertation was conducted inthe framework of this project and therefore aimedto develop scale-
able routs to the aforementioned building blocks based on levulinic acid.

2.1.1 Diels-Alder Adducts of 8-angelica lactone — Scalable Monomers

Section 1.1.2 describes two possible ways to obtain polymers from angelica lactone. First, a-Angelica
lactone (a-AL) can be polymerized with strong bases or Lewis acids as initiators. The obtained materials
areill-defined oligomeric sticky resins. They lack the high molecular weight and high melting points, or
glass transitions temperatures commonly found in thermoplastics. 1% 16 In addition, defined functional
end-groups are absent which are usually encounter in the oligomers used for polyurethanes or 1 and
2 component adhesives. This makes them challenging to use in existing polymer applications. An
alternative way can be the isomerization of a-AL to B-AL, the later can the polymerized to
polyacrylates.
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Scheme 18: Synthesis route to monomers for ROMP from B-AL and their polymerization via ROMP
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Scheme 19: Isomerization of a-AL to a mixture of f-AL and a-AL in the absence of a solvent

For the isomerization of the angelica lactone triethylamine is used typically as catalyst and toluene

or dichloromethane as a solvent with reported isolated yields between 40-60%.67-° When we
reproduced these experiments, it was noticed that when the reaction time is kept rather short (1.5 h)
a mixture of 90:10 (B-AL/ a-AL) could be obtained after distillation. In addition, no negative effect was

observed when a solvent was absent. This made it relatively easy to conduct this reaction on 100g
scale (Scheme 19). Next the solvent free Diels-Alder reaction of the mixture containing 90% [-AL with
three equivalents cyclopentadiene (CPD) was investigated (Table 8). The use of aluminium triflate

(Entries 1&2) resultedin the formation of black charredresidue but no product could be observed. In
contrast, when the reaction was carried out only with the two reactants, CPD and the angelicalactones,
a yield of up to 40% could be observed at 100°C (Table 8, Entry 4). By adding zinc chloride as catalyst,

it was possible to obtain the

Table 8: Optimization of the Diels-Alder reaction between the angelica lactone mixture and CPD

O

0
Cat.
oy @14
Temperature {
CPD

90/10 B-AL-CPD

B/a-Al
Entry Catalyst Eq. (CPD) T[°C] Eh] Yield® [%] Endo/Exo?

5mol%

1 Al(OTf)3 3 RT 16 i )
2 5 mol% Al(OTf)3 3 100 2 - -
3 - 3 80 0.5 19 91/9
4 - 3 100 0.5 40° 70/30
5 - 3 60 0.5 25 95/5
6 5 mol% ZnCl, 3 80 0.5 40 84/16
7 5 mol% ZnCl, 3 RT 16 63 89/11
8 5 mol% ZnCl, 10 RT 16 90 (86)° 90/10

General conditions: Reactions were carried outin closed reaction tubes and heated with microwave irradiation.
aDetermined by 'HNMR spectroscopy; *Isolated by column chromatography
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Scheme 20: Synthesis of the DA-adduct on a 50 g scale

target compound in 63% yield at room temperature after 16 hours. Since CPD dimerizes at room
temperature with a half-life of 24h to dicyclopentadiene, the equivalents of CPD with respect to the
angelica lactones were increased to 10 eq. which resulted in an isolated yield of 86%. The obtained
product contained the two possible endo- and exo-isomers in a ratio of 90:10. The favored formation
of the endo isomer is typical for 2+4 cycloadditions reactions with normal electron demand. In
combination with the two possible orientations of the methyl group in the lactone moiety 4
diastereomers could be observed. However, a reaction that uses 10 equivalents of CPD is neither
sustainable nor ideal for scaling up, it was decided to run the reaction in semi-batch mode on a 50g
scale (Scheme 20). First anhydrous zinc chloride was dissolvedinthe angelica lactone mixture followed
by the continuous dosing of 2 eq. of the CPD over 10 hours at 70°C. After this is was possible toremove
the ZnCl, from reaction mixture by the addition of acetone which caused its precipitation. For further
purification column chromatography was disregarded inview of the scale of the reaction. Tojudge the
viability of a distillation of the product a DSC analysis of a sample isolated prior in the optimization step
was carried out. This revealed that the retro Diels-Alder reaction to CPD and B-Al occurs at 136°C.
Fortunately removal of the formed di- and trimers of CPD was possible by their precipitation with
methanol. The mixture of the angelica lactone adducts could be isolatedin an 82% yield. The generality
of this approach was investigated by employing several other (bio-renewable) diene substrates (

Scheme 21). Unfortunately no product formation was observed when different Lewis acids (ZnCl,,
AICl3, Et3Al, In(OTf);, Yb(OTf;) were employed as catalysts over a wide range of temperatures (60-
130°C). On the other hand, product formation could be observed in the absence of a catalyst at high
temperatures (200°C) and large diene excess (10 eq.) in case of the alkyl substituted dienes, isoprene,
myrcene and -farnesene. No 2+4 cycloaddition was observed in the case of furan and its derivates.

0} R 0] ¢}
o Q”\ 200 °C
R
10 eq.
Isoprene Myrcene B-Farnesene
60% 54% 18%
O O, 0 OH
W ¥, )~
Furane 2,5-dimethyl furane Furfuryl alcohol (FA)
0% 0% 0%

Scheme 21: Screening of different dienes in the Diels-Alder reaction with f-AL; Reaction conditions: f-Angelica lactone (1.0
mmol), Nz (30 bar), 200°C
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Figure 9: Polymerization of the cyclopentadiene angelica lactone adduct using Grubbs I/

Subsequently their polymerization via ROMP with the Grubbs second generation catalyst was
investigated. The adducts based on the bio-based dienes were not polymerizable, probably to the
absence of sufficient ring strain. In the case of the cyclopentadiene adduct a linear relationship
between catalyst ratio and the molecular weight was observed when DCM was used as a solvent
(Figure 9). Other solvents (MTBE, 2-MeTHF, MEK and ethyl acetate) can be used as well but in this case
lower molecular weights were observed. This is the result of the polymer precipitating out in these
solvents once a certain chain length is reached in contrast to DCM. The obtained polymers resemble
polynorbornene (poly-NB) in their transmittance of UV and VIS-radiation. No melting point (T,) or glass
transition temperature (T,) was observed and therefore might be higher than the decomposition
temperature of 378°C. Polynorbornene obtained by ROMP typically has a T, of about 35°C.170The
presence of the lactone moiety makes poly-B-AL-CPD more hydrophilic compared to poly-NB, as
evident by contact angle measurements (8(poly-B-AL-CPD)=75.7+1.9°; B(Poly-NB)=83.9+2.3°). In
summary it was demonstrated that a monomer for ROMP can be produced in a scalable manner from
the renewable chemical a-angelica lactone. The high transparency of the polymer allows the use in
coatings or waveguides. In addition, their higher polarity could increase the compatibility with other
polymers or certain additives.

The published article concerning this work is included in section 5.1
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2.1.2 Polyesters Polyols based on 1,4-pentanediol

Producing polyesters from bio-based diols and diacids is an attractive prospect as these polymers
usually can be made via industrial well-established polycondensation reactions which allows the use
of existing process concepts and plant infrastructure. Inaddition, the size of the market is very large.
Thus, the research area of renewable polyesters is a very vivid field.19.171-179 One potential bio-based
diol is 1,4-pentanediol (1,4-PDO). Its synthesis from levulinic acid derivates and furfural has received a
lot of attention (Section 1.1.3).

Despite the development of many effective catalytic methods for obtaining 1,4-PDO the literature
on its intended use in polyesters is limited to one study of the thermal behavior of 2,5-furan-
dicarboxylic acid, succinic acid and adipic acid polyesters by van den Broek and co-workers.18° Nothing
is known so far about their applicability in polyurethanes or adhesives. One reason for this might be
that 1,4-PDO is only commercial available at the moment in very small quantities at a relatively high
price (22-73€ g1).18%18 To study mechanical properties of derived polyurethanes, however 20-50g are
needed per experiment. Hence, it was decided to prepare the diol by hydrogenation of GVL. For this,
we applied a catalyst that we developed earlier, which is able to achieve one of the highest published
TONs in the hydrogenation of GVLto 1,4-PDO (Section 1.1.3). Additionally, the pre-catalyst complexis
air-stable and is based on a cheap ligand that can be synthesized in a straightforward two step
procedure in high yields.®8 This hydrogenation procedure was then successfully upscaled to 2 the mol
scale (Scheme 22). For this, only minor changes in the original hydrogenation procedure had to be
made. The base KOtBu was replaced with sodium pentanoate this made handling outside of the glove
box easier as a solution of this alkoxide in toluene can be prepared. Although one can also prepare
solutions of KOtBuin THF or tert-butanol we found that these compounds seem toinhibit the catalyst.
Using only 0.05 mol% of catalyst, GVL was fully converted after 16h at 80 °C and 60 bar H, to 1,4-PDO.
Further it was found that in the product isolation process the removal of the catalyst via absorption
through silica at this scale was no longer practical due to the high viscosity of the product. The direct
distillation of the product out of the reactor however proved to be possible if the catalyst is beforehand
deactivated by the addition of benzoic acid.

60 bar H, J</ ! y
! DN e
O 2.5mol % NaO ! N, ‘S
! Ru
0 !
° 0.05 mol % RUNNSy, J\MOH 1 SN | Yeph
_— HO ! | 3
' S c

80°C

GVL 1,4-PDO RuNNSMe

200g >99% conversion
>99% selectivity

Scheme 22: Hydrogenation of GVL to 1,4-PDO for the use in polyester synthesis

Next it was aimed to prepare a series of polyester polyols preferable with renewable diacids on an
average scale of 100g. A hydroxyl number (OH-N) of 30 mg KOH g-! was targeted. This corresponds to
an average molecular weight M, of 3450 g mol! which is in the proper range for the application in
adhesives.183 This Mn value represents a compromise between viscosity, mechanical properties and
reaction time (production cost of the polyester). The diacids that we decided to use (Carbon numbers
in brackets)were succinic acid (C4), sebacicacid (C10), azelaicacid (€C9) - these are currently available
from renewable raw materials-20- 184185 35 well as adipic acid (C6), dodecanedioic acid (C12), which can
be produced from bio-based feedstocks'86-1%> and tetradecanedioic acid (C14) which is available from
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fermentation of glucose.®® The polycondensation reactions were conducted in a two-step approach
consisting of an autocatalytic pre-condensation step at ambient pressure, followed by further
condensation in vacuum in the presence of phosphoric acid as catalyst.

At first, reactions were carried out at 220°C; this temperature is commonly used for polyester
synthesis in industry.1® Unfortunately, at this temperature and under the acidic conditions most of the
1,4-PDO was observed to convert to 2-MeTHF. At 180°C the polyester polyols can be obtainedin nearly
guantitative yield with low residual acid contents. In most cases the measured OH-N of the polyester
polyols was close to the target. This is an indication for the absence of significant side reactions, as
these would greatly change the stoichiometries and hence greatly affect the obtainable molecular
weights (Table 9).

Table 9: Polycondensation of 1,4-BDO and 1,4-PDO with various diacids

R (0] (0]
0.3 mol °/ H;PO
)\/\/OH iy )\/\/
HO HO OH
n

180 C
m
R=Me 1,4-PDO n=2; Su?c.inic :::\cid n=8; Sebacic aci.d - -
R=H 14800 A 12, Totradecanadiols acid
Entry R OH-NP A-N® Mi(Calc.)”  My(OH)®  M.(GPC) X(COOH)P
[mgg'l [mgg'l [kgmol'] [kgmol?] [kgmol?] [%]
1 2 Me 30 10 3.7 3.7 3.6 2.4 98
2 2 H 30 2 3.7 3.7 1.7 2.4 99.5
3 4 Me 30 3 3.7 3.7 42 24 99.0
4 4 H 42 1 3.7 2.7 3.8 2.2 99.2
5 7 Me 39 4 3.7 2.9 3.8 2.5 99.0
6 7 H 46 4 3.7 2.4 4.0 2.2 99.0
7 8 Me 26 4 3.7 43 4.8 3.0 99.5
8 8 H 33 1 3.7 3.4 5.5 2.4 99.8
9 10 Me 29 2 3.7 3.9 4.6 2.8 99.7
10 10 H 33 2 3.7 34 5.0 2.7 99.7
11 12 Me 12 3 - 9.4 5.3 44 99.7

apolycondensation procedure: 480mmol 1,4-PDO, 0.85-0.89 eq. of diacid; 0.3 mol% H3P04 (0.85 w/w in H20); PDetermined by
titration with KOHaq (0.5 mol IX); X(COOH) conversion of carboxylic acid groups; Targeted molecular weight; ¥Measured by
GPC

As expected, most of the chain ends consisted of secondary alcohols (66% vs. 33% primary). For
comparative reasons analogous polyester polyols with the linear diol 1,4-butane diol (1,4-BDO) were
made. With enough of the materials in hands the polyols were chain extended with an excess of 4,4’ -
methylene diphenyldiisocyanate (MDI). This resulted in an isocyanate terminated prepolymer that
further was subjected to moisture curing finally resulting in solid polyurethane (PUR) films. This curing
mechanism is typical for one component adhesives and proceeds by exposing the prepolymer to
ambient humidity. The absorbed water then converts some of the NCO groups to primary amines that

immediately from urea linkages. From these solid films, samples were taken and analyzed by DSC
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Scheme 23: Synthesis of polyurethane (PUR) films based on the synthesized polyester-polyols

alongside the polyester-polyols (Figure 10). As expected, the 1,4-PDO derived polyester-poylols were
amorphous in contrast to their crystalline 1,4-BDO counterparts. The T, decreased with increasing
chain length (-32°C to -63°C). Nearly identical T, values were observed in the corresponding PURs.
Surprisingly, in the case of the C12 diacid and 1,4-PDO derived polyester polyol a melting point at -15°C
was observed. The corresponding PUR had a T,,, of about -22°C.

1 m 7,(1,4-PDO/PES)
120 ® T,(PUR-1,4-PDO/PES)
] * A T, (14-PDOJPES)
°
100 v T,(PUR-1,4-PDO/PES)
1 @ T,(1,4-BDO/PES)
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] * 4
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| *
S 401 ]
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Figure 10: Glass Transition temperatures (Tg) and melting points (Tm) of 1,4-PDO polyester-polyols (1,4-PDO/PES) and the
corresponding polyurethanes (PUR-1,4-PDO/PES) vice versa for their linear 1,4-BDO analogues. The values are plotted against
the chain length of the dicarboxylic acid building block n(C)

Next samples were punched out of the films and subjected to tensile testing to determine the
elongation at break (€preax) and the breaking stress (Fyreak) (Figure 11). Due to their high crystallinity the
films obtained from the polyester polyol containing the linear 1,4-BDO required a higher stress to
rupture than the 1,4-PDO analogous. This effect was observed until the C9 diacid after which it
decreasedtolower values. The &,.. Were over-all higher for the 1,4-PDO derived materials except for
the C6 diacids base polyurethanes. In general, the films obtained from the linear 1,4-BDO polyesters
were ductile materials as demonstrated by their stress-strain diagrams and the films obtained from
the branched 1,4-PDO behaved more like elastomers. Here elongation of the specimens completely
reversed when no rupture occurred. This is interesting in combination with the previous mentioned
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Figure 11: a) Measured values for the elongation at break (€preak) and the breaking stress (Foreak) Of the different films. The
values represent an average of three experiments. The test specimen were SF3A-bones with the dimensions 1 x 6 x35 mm
according to DIN 53504. Speed of sample elongation was 50 mm min-1. b) Unfolding of a film of PUR 1,4-PDO/C12 at RT. Prior
the sample was fixated in the shape of a coil by cooling it to -30°C.

existence of a melting point (-23°C) in the case of the 1,4-PDO/C12 derived material. The
elastomeric nature and the presence of a melting point should result in shape memory properties.
Below T,, the polyester segments should crystalize and allow to fixate the polymer in a certainshape.
If the specimenis then warmed above T,,the crystalline segments “should” melt andthe strainshould
be released, and the film return to its shape prior fixation. This was possible to observe in the case of
the PUR derive from 1,4-PDO/C12 (Figure 11b).

In summary, five polyester polyols have been successfully prepared from 1,4-PDO and different
dicarboxylic acids. The polyester containing azelaic acid (C9), sebacicacid (C10) and dodecandioic acid
(C12) have been synthesized for the first time. The comparison of this polyesters with their 1,4-BDO
analogues showed that 1,4-PDO should not be treated as a simple bio-based substituted but instead
could be a value adding building block for the design of formulations in coatings, sealants, adhesives
and elastomers. For instance, a great benefit of the polyester polyols based on 1,4-PDO is their liquid
state at room temperature. This eliminates the step of pre-melting the material before crosslinking in
a two-component adhesive system which may enable faster production cycles in the manufacturing of
certaingoods (eq. car parts, shoes). Additionally, the observed low temperature shape memory effect
might find use in smart materials. One such an application could be in an adhesive for a label for
temperature sensitize goods such as certain drugs. Disruption of the cooling chain then would lead to
the loss or irreversible change of the label or QR code.

The published article concerning this work is included in section 5.2.

2.1.3 2-MeTHF as Monomer in the Synthesis of Renewable Polyether-polyols

Although polyester polyols play a large role in the production of polyurethanes, polyether-polyols are
used more widely.1%7 1> Whether a polyester or a polyether polyol is used depends on which properties
one wants to achieve in a product formulation. In general, it can be said that polyesters tend to have
higher melting points whereas polyethers are more resistant to microbiological or hydrolytic
degradation. 1°7 While polyesters are in principal accessible by the polycondensation of virtually any
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diol and diacid on industrial scale the situation for polyethers is different. The method of choice for
polymerization here is usually ROP. Although innovative, alternative protocols for the synthesis of
polyethers, such as reduction of polyestersl68 198,199 or the polycondensation of aliphatic diols
employing acid-base pairs as catalysts have recently been developed,?290 201 their application is
currently limited by harsh reaction conditions and/or use of expensive catalysts or silanes as
reductants. As such, the commercial production of polyethers relies almost completely on the (co)-
polymerization of strained cyclic ethers such as epoxides, oxetanes and tetrahydrofuran (THF). 202203
The use of bio-based cyclic ethers thus could increase the bio-based content and potentially add novel
properties.

2-MeTHF is such a potentially bio-based cyclic ether for which many efficient synthesis processes
exist from furfural or levulinic acid derivatives (Section 1.1.4). Unfortunately, the additional methyl
group decreases its ring-strain tremendously in comparison to THF. The This makes its efficient use as
a monomer rather difficult. As mentioned before there are only two published reports on the
copolymerization of 2-MeTHF from the 1960s using BF;*Et,0 as catalyst. However, the topology (open
chains or cyclic structures) and molecular weights were not determined, probably due to analytic
limitations. We successfully reproduced this reaction followed by optimizationto reduce the excess of
2-MeTHF and to increase the molecular weight. If the PO is dosed slowly to a solution of BF;*Et,0 a
co-polymer containing 52% of 2-MeTHF could be obtained (Scheme 24). The M, calculated based on
the end-groups was 2883 g mol-t. While these numbers at first seem not so bad, GPC analysis showed
that the situation is more complex. The Mn obtained by GPC was only 1100 g mol-t. While it is not
possible to compare these two values exact one to one this big discrepancy is an indication for the
presence of non-hydroxyl terminated side-products. Additional evidence for this is the relatively high
b of 4.8.

o 5 mol% BF3:Et,0
R ——
Qi o \g/\o \g/\o

2eq. 1eq.

0.4 eq. h™ M,(NMR): 2883 g mol’
82% Yield, f(2-MeTHF)=0.52
M,(GPC): 1100 g mol™,

Scheme 24: Co-polymerization of PO in the absence of water

Further analysis by MS revealed that these side products are 4 membered cyclics consisting of
equimolar ratios of PO and 2-MeTHF as well as 5 membered cyclics containing PO and 2-MeTHF in a
ratio of 3:2. Additionally, GC-MS showed the presence of short ethoxylated chains as well as
ethoxylated propylene glycol (Section 6.1). The presence of these impurities made curing with 4,4’-
MDI impossible. From investigations on the cationic homopolymerization of PO and THF it is known
that the chain growth can proceed via atertiary oxonium ion located at the chain end.2%3.204 This path
is usually referred to as the active chain end mechanism (ACEM). Besides propagation also
intramolecular reactions (“back biting”) with the active chain end are possible resulting in the
formation of cyclic oligomers (Scheme 25a). Alternatively, if there is a high concentration of hydroxyl
groups containing initiators (I) present during the cationic ROP of cyclic ethers, the activated
monomers are initially attacked by |. This leads to the formation of a new hydroxyl group which in turn
can attack another monomer and so on. (Scheme 25b). Next several BF; adducts were screened in
combination with different amounts of water as initiator. Unfortunately, in all the cases, high values
for D were still found, and even bimodal MW distributions were observed.
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Scheme 25: a) Proposed ACEM b) proposed AMM for the copolymerization of PO and 2-MeTHF

The switch to Brgnsted acids as catalysts, in particular phosphotungstic acid hydrate (PTA,
H3PW,,040:24H,0) in combination with 1,4-Butandiol (1,4-BDO) as initiator resulted in values for b
around 2.0. As the exact quantification of the side products is rather difficult, an empirical approach
was used to further lower the amount of side products and thus improve the quality of the obtained
polyol. In theory, if no side reactions are occurring and the polymerization proceeds strictly via AMM,
the obtained molecular weight should on the one hand depend directly on the degree of
polymerization (DP). (Eg. 2.1.3a)and on the other hand on the amount of 2-MeTHFincorporated. If 2-
MeTHF is not homopolymerizable it should not be possible to have two 2-MeTHF molecules in a row
and the total content of 2-MeTHF units in a linear chain should be one less than PO (Eq. 2.1.3b). These
two equations can then be combined (Eq. 2.1.3c¢) which in turn with the respective molecular weights
of the components gives the theoretical molecular weight of ideal linear chains for a given PO to
initiator ratio. Comparison with the experimental weight should then allow a first judgment of the
quality of the polyol.

DP = X“—EO (Eq.2.1.3a)
Zyny
2po_,
fomenr = % (Eq.2.1.3b)
zin]
Mn = XZTZIO (MPO + fZMeTHFMZMeTHF) + M, (Eq.2.1.3c)

(Eq. 2.1.3): DP = Degree of polymerization, Xpo = Conversion of PO, z; = Functionality of the initiator, nj= amountin moles, np,
=amount of PO in moles, M = molecular weights

To avoid potential changes in the 2-MeTHF incorporation due to its consumption it was co-fed at
twice therate of PO. When 40 eq. of PO w.r.t. to1,4-BDO were used the molecular weight was lower
than the predicted one and againa high difference between the values measured with GPC and NMR
was found (A=1222 g mol-1) as well as a high dispersity (P=3.6) (Table 10, Entry 1). Fortunately, if 20
eq. of PO are used this difference drops to only 168 g mol! and a D of 2.0 was observed (Table 10,

Entry 2). Changing the initiator diol did not change the dispersity very much, however when it contains
a secondary alcohol functionality, a slightly higher molecular weight than calculated was observed
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Table 10: Selected results of the copolymerization of 2-MeTHF and PO using PTA as catalyst

Ho >"-0H BDO 0,02 mol-%
o) o) HsPW,0
Q— )} Ho OH ppo $ TT12v40 o) o o o
W . - ’ \{\
<:> PF BDM n 2

2x eq. X eq.

1cm®min? 0.5 cm® min™? HO
Entry Ib PO Mi(th)¢ Mo(NMR)e  M,(GPC)f pf 2-MeTHFe  Y"

ntr
Y [eq]c  [gmolY] [g mol?] [g mol?] [-] [%] [%]

1 BDO 40 2888 2222 900 3.6 39(48) 75
2 BDO 20 1446 1368 1200 2.0 43(45) 69
3 PDO 20 1460 1720 1300 2.1 37(45) 92
4 BDM 20 1494 1325 1000 1.9 35(45) 77
5i BDO 20 1446 90 - - 0(45) <1

aGeneral conditions: 0.02 mol-% H3PW12040-24H20 w.r.t. PO in 50 cm3 (490 mmol) 2-MeTHF and initator (21 mmol) followed
by addition of 2-MeTHF and PO (30-60 cm?3). Flows (Q): Q(PO)=0.5 cm3 min“; Q(2-MeTHF)=1.0 cm3.min" Workup: filtration
through silica. Y BDO=1,4-butanediol; PDO=1,4-pentanediol; BDM=1,4-benzenedimethanol. Equivalents of BDO w.r.t. initiator.
dCalculated using Equations 2.1.3 assuming full PO conversion. €eMeasured with 1H-NMR; fMeasured by GPC 9Content of 2-
MeTHF in the oligomer, predicted value in brackets; "isolated yields based on PO. ‘Anhydrous H3PW12040 was used as catalyst;
no oligomers were formed.
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Figure 12: a) Comparison of measured M, values with calculated values (Eq. 2.1.3c) as function of equivalents of PO dosed b)
GPC of product samples at different PO to 1,4-BDO ratios. c) Concentration c(PO) of propylene oxide in the reaction mixture
versus the amount of the dosed PO at a constant addition rate Q(PO). d) c(PO)vs. amount of dosed PO with declining addition
rate. The concentration was measured in each case using in-situ ATR-IR spectroscopy.
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(Table 10, Entry 3). The lower nucleophilicity of the secondary OH, might be the cause of this behavior.
1,4-Benzenedimethanol (BDM) which has again two primary alcohol groups behaved in this respect
more like 1,4-BDO. In addition to the effect observed with PDO, the molecular weights were slightly
lower than those expected in theory. Since the catalyst PTA contains 24 molecules of H,0 bound as
crystal water, it seems plausible that these can act as an additional initiator. Interestingly, when the
crystal water was removed fromthe PTA according toa literature procedure it lost its ability to catalyze
the copolymerization ((Table 10, Entry 5). From the experiments in Table 10 it can further be concluded
that there is certain limit to the chain length were the concentration of the polyether end groups
becomes too low slowing down the polymerization via AMM and as a result new chains areinitiated
according to ACEM, eventually resulting in the formation of cyclic side products.

To further getinsight in the dependence of the observed molecular weight on the amount of dosed
propylene oxide, the molecular weight as well as the PO concentration in the reaction mixture was
monitored (Figure 12a-c). It was observed that the M, determined by 'H-NMR is close to the predicted
one until about 25 eq. of PO are dosed after which the increase declines.

After the dosage of about 30 eq. there seems to be no further increase in M,,. When GPC traces of
samples obtained at 20 eq. PO and 40 eq. (Figure 12a) are compared a much broader distribution and
low molecular side products are formed after the addition of 40 eq.. ESI-MS analysis revealed that the
side products are cyclics that consist of 2-MeTHF and PO in the ratios of 2:2 and 2:3 (Section 5.3).
Monitoring of the PO concentration in the reaction mixture shows that in the beginning there is first a
rise in PO concentration after which the PO is thenreacting faster thanits fed (Figure 12c). When about
20 eq. are dosed, however, accumulation of PO is observed. Since cyclical by-products are alsoreduced
if no more than 20 eq. are dosed, it is therefore obvious that their formation is caused by the
accumulation of the PO. Aiming to address this issue the dosing rate of PO was adjusted to the reaction
rateto avoid a buildup of its concentration (Figure 12d), which led to the formation of only traces of
cyclics.

Table 11: Polyether polyols obtained and the mechanical properties of their corresponding PUR films

Entry Catalyst Initiator 2-MeTHF* M,(NMR)® M,(GPC)® - Emax’ Frnax®
[mol-%] [mol-%] [mol-%] [g mol] [g mol] [%] [N mm?]
1 BF?'SE;ZO - 52 2883 1100 438 n.a. n.a.
2 BF3'é)HZO (gz_g) 52(45) 1081 500 3.1 60 0.8
30 H3PW1(20‘?8°2')24 HO 1'(45"%')30 43(45) 1278 1200 20 600 3.0
4¢ HSF’Wl(ZOO.Sf;)Z“Hzo 1'(45'2')30 43(43) 1288 1100 19 1100 3.2

9Measured with 1H-NMR after derivatization of the oligomer with trifluoroacetic anhydride. GPC measurement of the
oligomer. DIN 53504-SF3A-bones from 4,4’-MDI crosslinked films e€max: Maximum elongation; Fmax: Ultimate strength.
dConstant dosing rate of PO and 2-MeTHF (Figure 12c); eDynamic dosing rate (Figure 12d).

The usability of these materials was further investigated by the formation of PUR films using 4,4’-
MDI as the diisocyanate (Table 11). The ultimate strength aswell as the maximum elongation increased
with declining values for D and the difference between M, values measured by GPC and H-NMR. The
highest values were obtained when PTA was used as catalyst. Almost twice the elongation was possible

when the accumulation of PO was avoided. The buildup of PO at the beginning of the reaction however
could not be eliminated. To investigate this phenomenon a series of control experiments were
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conducted. First, we conducted ion-trapping experiments based on the methodology developed by
Penczek and co-workers.2%> 206 This showed that PO and mixtures of it with 2-MeTHF led to the
formation of oxonium ions that could react with triphenylphosphine (Scheme 26a). No phosphonium
ions were observed when PO was absent (Scheme 26b). By oxidation of the end groups of the polymer
it was possible to show that there were no terminal 2-MeTHF units (Scheme 26c¢) as they would have
led to characteristic signal inthe TH-NMR (Section 6.1). Based on the observations that 2-MeTHF does
not undergo ring-opening in the absence of PO under the conditions of the copolymerization and with
the observed composition of the chain ends a mechanism for the incorporation of 2-MeTHF in the
growing polymer chain can be proposed (Scheme 27). The key step seems to be the alkylation of 2-
MeTHF by activated (“protonated”) POtofor atertiary oxonium ion. Examples in the literature of ring-
opening of 2-MeTHFto linear monomeric molecules by acylating reagents'®2%support this. This also
explains the initial build up of the PO concentration. PO is significantly less basic than 2-MeTHF
(ApKa=2),207-2% therefore some PO must be dosed to shift the equilibrium towards the formation of
protonated PO.

Q 1 mol %H3zPW4,0
a) 3P W12U40 ®
)> PPhs Ho O R-PPh;
2-MeTHF
1.7 eq. 1.0 eq. 1.0 eq. RT observed
© OH H3PW,,0 ®
b) & PPh; HO™ " 3PW12040 R-PPh,
RT not observed
20 eq. 1.0 eq 1.0 eq
c) Dess-Martin (0]
Reagent
C4H O O Cy4H
O\{\O O\{\o 4Hg e \{\O \g/\o +Hg
H DCM
n 2 n 2
M,(NMR)=1376 g mol-1 M,(NMR)=1384 g mol-1

Scheme 26: Control experiments a) lon-trapping with both PO and 2-METHF b) 2-MeTHF alone c) Oxidation of the polymer
end groups to investigate their structure by NMR

It could be shown that 2-MeTHF, despite being very unreactive, can be co-polymerized with
propylene oxide to hydroxy terminated polyols. However, care must be taken in choosing the right
catalyst, conditions and reaction control. Otherwise cyclic side products are easily formed. Basedon in
situ IR monitoring and control experiments it was shown that the incorporation of 2-MeTHF proceeds
via alkylation and accumulation of PO in the reactor leads to the formation of cyclic side products.

OH OH
0 H M”S OT
+ @O: —_ %“I/\O)GD + ROH ——
RO

R = (CH,)4OH or polymer chain

Scheme 27: Proposed mechanism for the incorporation of 2-MeTHF in the growing polymer chain
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This accumulation happens also at the beginning of the reaction and is an unavoidable side effect
of the mechanism, however at the beginning of the polymerization the concentration of hydroxyl
groups is high enough to suppress the formation of active chain ends and therefore backbiting. The
obtained polyols are in combination with diisocyanates such as 4,4-MDI suitable for the formation of
elastic PURs or adhesives. With H;PW,,0,0924 H,0 a catalystcan be used that is readily available since
it is already used in many industrial processes.?10 It was possible to simply remove the catalyst by
filtration through a plug of silica. The excess of 2-MeTHF can be distilled off from the polymer and re-
used. In summary, the presented results show that 2-MeTHF represents a valid bio-based building
block to produce polyether polyols for adhesives.

The submitted article concerning this work is included in 5.3.

2.2 Plastic Waste as a Resource

Whereas the previous sections described how to obtain polymers from biomass, this section will focus
on how existing plastic waste can be utilized to obtain polyols. As described earlier, the most
investigated recycling concepts are mechanical reprocessing and depolymerization (Section 1.2). There
are many examples that were evenimplemented on industrial scale. Despite this, only 8% of the global
amount of plastic is recycled.?!! This is largely due to economic reasons. Inthe case of mechanical
recycling extra energy and resources need to be used to reprocess to obtain a product that often has
inferior properties due to degradation or cannot be used in food contact applications due to an
unknown content of potential toxic compounds. Depolymerization on the other hand usually results
in materials that yields virgin grade polymers. However, this approach is still preluded by cumbersome
collection and separation processes. As a result, it is very difficult for these monomers to be cost-
efficient with their virgin counterparts made from petrochemical feedstocks, at least at the moment.

A possible solution to this dilemma could be the chemical upcycling of plastic waste to higher valuable
products. Although, it is clear that this strategy cannot be applied to recycle all the circulating waste,
it would serve as an additional means to reduce waste and to promote theidea of recycling. On top of
this, the upcycling of existing polymers could lead to novel materials with exciting new properties.

2.2.1 Conversion of Polyesters to Polyether Polyols

As mentioned in the previous section, the types of polyether polyols available for the adhesive or
polyurethane developer, are traditionally limited to oligomers derived from epoxides or
tetrahydrofuran. We surmised that the reduction of polyester to polyether polyols might be an
alternative way to obtain these compounds. In contrast to the previous work of Meier (Section 1.2.4)
we aimed to use hydrogen as a reductant instead of silanes. Hydrogen is a cheaper, more atom
economic and avoids the formation of organo silicon compounds as by-products. When we searched
the literature for suitable homogenous catalysts promising for the direct reduction of carboxylic acid
ester to ethers only two reports on this transformation were found, one from the group of Beller?2
and one from GooRen?!3 (Scheme 28). In both protocols a ruthenium precursorin combination with a
triphos ligandand a Lewis or Brgnsted acidis used. Combinations of ruthenium?14.21> or cobalt?16 with
a triphos ligand and bipyridine complexes?17-218 of iridium and rhodium are one of the few exceptions
of homogeneous catalysts capable of hydrogenating carboxylic acids and esters under acidic
conditions.

37



o 4 mol% Ru(acac);

5 mol% Triphos e
o~ _OH = ©
Beller 10 mol% Al(Otf)3

12h, 160°C, 60 bar H,

20 equiv. Ph,
Triphos = k\PhZ
3 mol% (cod)Ru(met), Ph,
/o) 3 mol% Triphos
Goolen \MJJ\ /\/\ > N
16 01 HO 10 mol% HNTf, M:;o
10 equiv. 16h, 180°C, 70 bar H,

Scheme 28: Reductive etherifications developed by Beller and GoofSen

Notably, in both protocols an alcohol is added in excess. While the paper of Beller does not
comment on this, the work of GoolRen shows that this prevents the dimerization of the intermediate
alcohols. Hence the question arose if it is possible to directly obtain polyethers from polyester by
further developing this method.

1 mol % Ru(acac)z

1.5 mol % Triphos
" 0 2.5 mol % Al(Otf) o
o OH - 5 H H
n

THF X y
poly(hexene-1,12-dodecanate) (PHDD)

Scheme 29: Hydrogenation of PHDD to random co-polyethers

For further investigation we choose poly(hexen-1,12-dodecanate) as model substrate (Scheme 29).
An initial screening identified 1,4-dioxane and THF as most promising solvents. A higher selectivity was
observed in the case of THF. Next, we checked the effect of the Lewis acid on the reductive
etherification of PHDD (Figure 13). Here an increase of the selectivity towards the formation of ether
bonds with growing charge density of the Lewis acids was observed. Aluminum, tinand gallium triflates
gave selectivities between 90-99%. Lanthanoids except for yitterbium and indium did not give any
selectivity. An interesting observation was made in the case of hafnium(IV) triflate here the selectivity
increased to 130%. The reason might be that it is capable to open the THF even at this rather high
temperature. A similar observation has been made by Marks and co-workers in their study of the
hydrogenolysis of cyclic ethers.21?

After this the ratio of ligand and aluminum triflate to the ruthenium precursor as well as the catalyst
loading were investigated (Section 5.4). This revealed that the optimum ratio of triphos ligand to
Ru(acac); was about 1.5. To achieve optimum selectivity (92% at 91% conv.), it was necessary to
increase the amount to use 2.5 eq. of Al(OTf); w.r.t. Ru. Higher loadings of the Lewis acid did not
increase the selectivity but decreased the achievable conversion. In addition, a substantial breakdown
in molecular weight was observed with increasing conversion. This indicates that the reaction proceeds
via a tandem hydrogenation-etherification (Scheme 30a). GoolRen and co-workers made similar
observations.?13
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On the contrary, a mechanism in which etherification occurs via the acid catalyzed elimination of
water from the hemiacetal intermediate (Scheme 30b), was proposed by Beller and co-workers.?*2 To
gain more insight, the conversion and the molecular weight was monitored over time(Figure 14). This
showed that after 200 minutes 80% of the ester linkages are hydrogenated. In the same time, the
molecular weight almost reaches the value of the monomers. Then, over the next 14 hours the
molecular weight slowlyincreases. This leads to the conclusion that in our case tandem hydrogenation-
etherification occurs. For further exploration of the generality of the reaction, we subjected a range of
industrial grade polyesters to the hydrogenation. Notably no purification, except drying under reduced
pressure was necessary. The scope was easily extended to other aliphatic polyesters (Scheme 31).
Poly[(2-(ethoxy)ethyl)-phthalate] (PEGP) in contrast was not fully reduced and yielded a complicated
mixture of polyesters and polyethers.
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Polyethylene terephthalate (PET) was also subjected to the procedure but no conversion of the ester
groups occurred. The most likely reason for the absence of reactivity is the insolubility of this polymer
under the reaction conditions.
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Scheme 31: Scope and limitation of the reduction of polyesters to polyether polyols. X refers to the conversion of carboxylic
acid ester groups. Yto theyield of ether groupsin the product oligomer.

In all cases the molecular weight of the obtained polyethers was reduced but it is still in the range
of 400-2000 g mol* as other common polyols in polyurethane based adhesives. The applicability of the
obtained polyether polyols was further verified by adding 1.1 eq. of 2,4-toluene diisocyanate to the
polyether derived from poly(hexene-1,6-adipate) (PHA,) followed by moisture curing at ambient
conditions. This yielded a polyurethane film with a leather like haptic. DSC measurements showed that
poly[oxy(hexane-1,6-diyl)] obtained by the reduction of PHA retained its crystallinity. However, the
melting range was reduced from 45°C-50°C (PHD) to 14-17°C (the hydrogenated product). This could
be an advantage tothe widely used poly-THF polyether that melts at 28°C and usually requires heated
distribution pipes and storage tanks.

3 Summary

To enable the entry of bio-based chemicals to the market high margin low volume products need
to be found which justify the investment in pilot or demonstration type plants as a first step towards
the production of these bio-based intermediates. Once the process has been derisked in this way and
a growing market is established, it will be easier to find a company willing to invest in a large scale
plant that will allow the reduction of the price to such an extent that it can also compete in the high
volume low margin segment. One very good example for this is the aforementioned project
GreenSolRes in which we seek to develop alternative building blocks for glues and coatings together
with the company Henkel. Henkel aims to increase the content of bio-based chemicals (preferable if
thereis an added advantage beyond renewability) in their product portfolio.

As presented in this thesis, AL can be easilyand straight forward converted to a bicyclic monomer.
Although the synthesis consisted of 3 steps from levulinic acid, all the steps can be conducted in the
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absence of a solvent and no chromatographic separations are necessary. The synthesis of about 50g
of this monomer was successfully demonstrated. This molecule is very reactive ina ROMP reaction and
yields polymers that are more polar than polynorbornene due to the lactone moiety present in the
backbone, while still retaining the optical clarity of the regular polynorbornenes.

The diol 1,4-PDO should not be merely treated as a substitute for the currently used 1,4-BDO as its
use offers the possibility to obtain polyester polyols with much lower melting points. For the usagein
adhesive formulations this considered to be an advantage as no pre-melting of the polyol is required.
Further it is possible by the choice of the diacid to obtain amorphous or crystalline polyester polyols.
The derived polyurethanes exhibit in elastomeric behavior at room temperature compared to the
ductile and brittle 1,4-BDO analogues. Additionally, the low melting point of the crystalline 1,4-PDO
derived polyester polyols leads to interesting low temperature shape memory effects in the resultant
polyurethane. An effect that could be exploited in the design of adhesives for smart labels. Currently
the development of suitable formulations containing this diol are taking place at Henkel, which could
be a promising entry path for this bio-based building blocks to the global adhesive market.

In the case of 2-MeTHF it was possible to obtain polyester polyols via copolymerization with PO.
The main challenge in this copolymerization is the formation of cyclic side products. Their formation
could be successfully suppressed by careful control of the reaction conditions, choice of initiator and
un-revealing the reaction mechanism. The applicability of the obtained polyether polyols was
demonstrated by converting them into the corresponding polyurethanes. The usage of inexpensive
phosphotungstic acid makes the scalability of these oligomers feasible. Additionally, its novel structure
adds to the toolbox of the adhesive and sealant developers. As a result, these oligomers are at the
moment further evaluated by our collaborator Henkel.

The use of plasticis currently associated with a high level of waste generation. Although many
recycling processes have already been established, these conventional processes are still in
competition with polymers made from fossil raw materials. This thesis showed that polyesters can be
hydrogenated with a combination of ruthenium, triphos ligand and Lewis acids to polyether polyols.
The polyether polyols obtained are OH terminated and their molecular weight makes them suitable
for the use in polyurethanes and adhesives. This makes it possible to obtain polyether polyols, which
can otherwise only be produced from petrochemical feedstocks with great difficulty.

In conclusion, three different polymers have been prepared from the levulinic acid derivates
angelica lactone (AL), 1,4-pentanediol (1,4-PDO) and 2-mehtyltetrahydrofuran (2-MeTHF). They could
be made without the use of expensive reagents and catalysts. This demonstrates the promising role of
levulinic acid as a bio-based platform chemical. Besides that, it was shown that hydrogenation
reactions can be a promising way of upcycling of polymer waste to materials of potential higher value.
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Bio-based levulinic acid is easily ring-closed to a-angelica lactone (x-AL). «-AL can be isomerized to the
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a scalable process that would give pure p-AL. This problem was circumvented by distilling the equilibrium
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Introduction

The debate about when fossil fuels will run out has been
ongoing for many years. Technological advancements have
made the exploitation of an increasing number of reservoirs
profitable. However, there is a consensus that all the natural
reservoirs may eventually become depleted, and thus a gradual
switch to renewable feedstocks will be necessary. And although
it will be impossible to fulfil the total global demand for fuel
and energy with biomass-based analogues, there is more than
enough biomass available on a yearly basis to serve as the raw
material for all of the chemicals we need.'

Platform chemicals are small molecules that can be pro-
duced in good yields from bio-based raw materials such as
lignocellulose or sugars by fermentation or by using thermoca-
talytic reactions.”” Further (preferably catalytic) conversions of
these chemicals allows the synthesis of fine chemicals,’®
monomers,” " and  fuels."*™  Especially  renewable
polymers'®™® and adhesives'® based on them, often have
novel properties which are considered an advantage beyond
renewability. One very prominent example of a bio-based plat-
form chemical is levulinic acid (LA) which can be efficiently
obtained by the acid-catalysed decomposition of the C-6
sugars in lignocellulose.>*** LA itself can be converted into a
wide range of useful compounds.” The most studied and used
ones are aminolevulinic acid (herbicide), 2-methyl tetrahydro-
furan (solvent and fuel),”>?® y-valerolactone”” (solvent), ester
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mixture to obtain a 90 : 10 mixture of - and a-AL in 88% yield. This mixture was used for Diels—Alder reac-
tions on 3 terpenes and on cyclopentadiene in up to 100 g scale. The latter DA adduct was subjected to a
ROMP reacticn catalysed by the Grubbs Il catalyst. The resulting polymer has some similarities te poly-nor-
bornene but is more polar. The polymer can be processed into films with very good transparency.

derivatives (plasticisers, fragrances and fuels),”® " and the

nyvlon intermediates adipic acid and caprolactam.®*” LA can
be converted into methyl vinyl ketone (monomer, vitamin A
precursor) under oxidative conditions,* or via decarbonylation
of the intermediate angelica lactone.?®*°

There are three isomers of angelica lactone (0-AL, p-AL, and
v-AL) which are shown in Scheme 1a. a-AL is conveniently
obtained by reactive distillation of LA in high yields with water
being the sole side product.*’™** This makes a-AL an interest-
ing bio-based building block, which has been used as a
monomer in UV-light induced, cationic and ring-opening poly-
merisations.** The UV-light induced and cationic polymeris-
ations tend to afford only sticky colourful oligomers.”>** The
product obtained by anionic ring-opening polymerisation has
a higher molecular weight but consists of a mixture of C-C
and ester connected monomer units.*” Such an irregular struc-
ture would malke it rather challenging to use these polymers in
applications where an exact control of the polymer structure is
necessary. For instance, the oligomers that are typically used
in the production of thermoplastic polyurethanes require well-
defined end groups.’® Higher molecular weight polyesters on
the other hand are typically used in extrusion and spinning
processes™ for which high crystallinity and melting points are
desirable traits, something poly a-AL may not provide due to
the high stereo- and regio-irregularity. Other studies which
were initiated by Mascal and co-workers focused on the utilis-
ation of a-AL as a precursor for jet-fuels. Here a-AL is con-
verted in the presence of K,COj; to its di- and trimers, which
can then be hydrodeoxygenated to the branched alkanes typi-
cally used in gasoline (Scheme 1b).*"*' The dimerisation step
caught our attention as this reaction is known to occur via the
-isomer which we deem to be an interesting building block.
p-AL itself has been dimerised to jet-fuels precursor and, for
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Scheme 1 a) Different isomers of angelica lactone. (b) The pioneering
work of Mascal and co-workers regarding the conversion of Al te fuels.
(c) Qur approach to upgrade o-AL to functional monomers for ROMP.

the first time, polymerized to acrylic-type polymers by the
group of Hong.>

We have explored the synthesis of bio-based monomers via
Diels-Alder reactions (Scheme 1c¢) to obtain lactone functiona-
lised derivatives. Diels-Alder reactions for the preparation of
bio-based monomers recently received much attention®>° as
they are very atom-efficient and usually can be conducted in
the absence of a solvent. Such functionalised norbornenes can
then be used for example as monomer for adhesives,”” shape
memory materials®® and polymer based electrolytes in bat-
teries.®® Adducts containing the angelica lactone moiety have
been prepared using this approach, but thus far the -AL that
was used in these reactions was not made from «-AL, likely
due to the necessity to have pure p-AL.°%"%*

We wanted to use these Diels-Alder adducts in ring-
opening metathesis reactions (ROMP) to obtain bio-based nor-
bornene polymers. They can be easily functionalised as it is
known that the y-valerolactone moiety readily undergoes reac-
tions with primary amines.®*

Results and discussion

a-AL and B-AL are in equilibrium with each other in the pres-
ence of base but also undergo dimerisation under the reaction
conditions necessary for isomerisation, a fact that makes the

Green Chem.
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highly selective synthesis of pure p-AL from o-AL at high con-
version a very challenging reaction that has not been achieved
up to this date. Usually yields between 40-60% of B-AL can be
achieved.®*®® This and the fact that in the existing protocols
product separation needs to be carried out by column chrom-
atography negatively affects the sustainability and scalability.
Additionally, the formation of various azeotropes (see ESI}) of
the isomers under vacuum distillation conditions results in a
further yield penalty.

However, as shown in Scheme 2, we found that it is possible
to obtain a high content of B-AL in the product fraction
(90 mol%), if the reaction time is kept rather short and no
solvent is used. The usage of triethylamine allows its easy separ-
ation during vacuum distillation preventing further dimerisa-
tion. The mixture of the two angelica lactones was thus
obtained in 88% yield after distillation on a 100 g scale. A small
forerun was obtained, containing mostly o-AL, which can be
reused. The only side products that remain are the di- and
trimers which might be interesting raw materials for fuels.*”®”

Next the solvent free Diels-Alder reaction of the AL-mixture
containing 90% p-AL with cyclopentadiene (CPD) was investi-
gated in the presence and absence of a catalyst (Table 1).

o o o}
5 mol-% NEt,
— o 0
P 1o0C | S
1.5h

90% 10%

Al
¢ p-Al wAl
| S —
88% Yield
106 g

Scheme 2 Synthesis of a mixture enriched with p-AL.

Table 1 Screening of the reaction conditions for the DA-reaction
between p-AL and CPD

? 0
Cat.
[ p ) 1
Temperature
CPD

90/10
Bla-Al
Eq. T t Yield®

Entry Catalyst (CPD) [°C] [h] [%] Endolexo"
1 5 mol% AOTf); 3 RI 16 — -
2 5 mol% AlfOTf); 3 00 2 — —
3 — 3 80 0.5 19 91/9
4 — 3 100 0.5 40° 70/30
5 — 3 60 0.5 25 95/5
6 5 mol% ZnCl, 3 80 0.5 40 84/16
F 5 mol% ZnCl, 3 RT 16 63 89/11
8 5 mol% ZnCl, 10 RT 16 90(86)" 90/10

General conditions: Reactions were carried out in closed reaction
tubes and heated with microwave irradiation. “ Determined by "THNMR
spectroscopy. ” Isolated by column chromatography.

This journal is © The Rovyal Society of Chemistry 2020
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When aluminium triflate was used as the catalyst (entries 1 +
2) the contents were converted to a black charred residue and
no desired product formation was observed. When no catalyst
was used it was possible to obtain the product in 19 to 25% at
80 °C to 90 °C respectively (Table 1, entries 3 and 5). At a
higher temperature (100 °C) it was possible to isolate 40% of
the DA-adduct. A similar yield was obtained at 80 °C in
30 minutes when anhydrous zinc chloride was used as catalyst.
Increasing the reaction time from 30 minutes to 16 hours only
led to ayield of 63%. As it was apparent that the low yields are
caused by the competing di- and trimerisation of the CPD with
itself, the equivalents of CPD with respect to p-AL were
increased up to 10. This resulted in 90% yield of the desired
product. Since a process that uses 10 eq. of CPD is not very
efficient and sustainable, we decided to perform the reaction
under semi-batch conditions on a 50 g scale (see Scheme 3).
After dissolving zinc chloride in the p-AL enriched mixture 2
equivalents of CPD were slowly added over 10 hours. The
ZnCl, could be easily separated by adding acetone and any
formed di- or trimers of CPD could be precipitated by simple
dissolution of the product mixture in methanol. No column
chromatography was necessary to obtain the product as a
mixture of isomers in 82% yield. This is very fortunate as puri-
fication by distillation of the adduct is not an option since the
retro-Diels-Alder reaction to p-AL commences at 136 °C (see
ESIf for a DSC/TGA). Aiming for a higher renewable atom
content, dienes other than cyclopentadiene have also been
investigated. Use of furans was not successful under both cata-
Iysed and thermal conditions, due to rapid formation of
humines (see ESI{). On the other hand, use of isoprene and
terpenes (f-myrcene and farnesene) were more promising
(Table 2). Upon reaction with p-AL at high temperature, full
conversion was achieved. The diene oligomers formed as by-
product were removed by a simple filtration through a short
silica path, affording the Diels-Alder products in yields of up
to 60%.

The ring-opening metathesis polymerisation (ROMP) of the
DA adducts was next investigated.®®”" Grubbs’ 2™ generation
catalyst was chosen for this (Fig. 1). Dichloromethane (DCM)
is the solvent of choice for this reaction, since the polymeric
products normally dissolve in it, thus allowing the formation
of higher molecular weight polymers. The fully bio-based
adducts shown in Table 2 were not polymerizable under these
conditions, probably due to the absence of the ring strain that
is present in the norbornene-type structure. On the other
hand, the polymerization of the Cp/B-AL adduct was success-

of - 0

89% 11%
(S —
82% Yield

fo] 1) 5 mol% ZnCl5 30 min.

2)2 eq, CPD fed over 10h
4 0

90 mol%
B-Al

10 h, 70°C

Scheme 3  Synthesis of the DA-adduct with CPD on 50 g scale.
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Table 2 Screening of dienes in the Diels—Alder reaction with 3-AL

200 °C
16 h
10 eq.
Entry Diene Yield® [%]
1 Isoprene (R = Me) 60
2

Myrcene (R = /\)\ ) 54

B-Farnesene (R = — = )

General conditions: reactions were carried out in 4 ml vials equipped
with a septum and magnetic stirring bar placed into a stainless steel
300 ml autoclave pressurised with 20 bar of nitrogen. “Isolated yield.

PCys

Fig. 1 Grubbs Il metathesis catalyst.

ful. Interestingly, at the initial monomer concentration of
1 mol ™" after the addition of the initiator (0.5 mol% w.r.t. Cp/
B-AL) the reaction mixture formed a gel within one minute
indicating a great reactivity of this monomer in ROMP reac-
tions (see Scheme 4). To further fine tune the polymerisation
conditions different solvents, commonly considered as
“greener” or safer choices, beside DCM were investigated at a
lower catalyst loading. These solvents and their influence on
the ROMP of the CP adduct are shown in Table 3. 2-Methyl-
tetrahydrofuran was chosen due to its similar polarity to DCM
but lower toxicity”' and potential renewability. Ethyl acetate
(EtOAc) was included as it is one of the safest solvents regard-
ing flammability and toxicity,”*"® which is also applicable for
methyl isobutyl ketone (MIBK). Although not a “green” com-
pound in general we also included tert-butyl methyl ether
(MTBE) since it remains still a common solvent in industry
and does not form peroxides.

Notably, in all solvents expect DCM a white precipitate
appeared after a few minutes of reaction time. In all the
attempts the DA adduct did polymerise, yielding white gummy
materials after precipitation with cold methanol.

As expected, the polymer obtained in DCM had a substan-
tially higher molecular weight than the one predicted assum-

o] 0. 0)
Grubbs II (0.5 mol%)
o DCM Yy
1 min n

M,=171 kg/mol

Scheme 4 Initial ROMP experiment with Cp/p-AL.
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Table 3 Influence of different solvents in the ROMP of Cp/f-AL
o] o) o}
Grubbs I (0.25 mol%)
0 Solvent, r.t. s
16 h n

Yield® M," M’
Entry Solvent [%)] [kg mol ] [ke mol™] b
— Calc. - 65.6 — —
1, DCM 78 122 264 217
2 2-MeTHF 69 80.6 154 1.91
3 EtOAc 61 64.1 118 1.85
4 MIBK 52 70.9 1.46 2.06
5 MTBE 70 67.8 138 2.04

“Isolated yield.  Determined by GPC (DMF/LiBr).

ing a living polymerization (Table 3, entry 1). When using
2-MeTHF the obtained molecular weight was reduced to
80.6 kg mol'. Ethyl acetate (EtOAc) and MTBE on the other
hand afforded molecular weights of 64.1 kg mol™ and
67.8 kg mol™ respectively which are relatively close to the
theoretical molecular weight of 65.6 kg mol™". These findings
indicate that the very safe and potentially renewable solvent
EtOAc does not lead to catalyst deactivation/inhibition com-
pared to DCM.

Aiming to assess the relation between substrate to catalyst
ratio and molecular weight of the polymer, different catalyst
loadings were investigated. A substantial linearity in the
range between 100: 1 and 600: 1 (mol of substrate per mol of
catalyst) was achieved, showing that the final molecular
weight can be controlled by varying the amount of catalyst
(Fig. 2).

The obtained polymers tend to decompose at about 378 °C
in a nitrogen atmosphere. No melting points were detected in
the DSC analysis (as expected) confirming the amorphous
nature of the polymer. In addition, a glass transition could
also not be observed, which is an indication that the T, occurs
at or above the decomposition temperature (Fig. S8 and $97).
In contrast, poly-norbornene has a 7, at 35 °C. It is not easy to
account for the huge difference in T, between the two poly-
mers. The high T, of our polymer can possible be explained by
the stereoregular nature. For steric reasons, the polymer has to
be all trans.

Contact angle measurement revealed that the presence of
the lactone moicty in poly-Cp/B-AL is increasing the hydrophi-
licity compared to poly-norbornene (#{Cp/p-AL) = 75.7 + 1.9%
6(Cp/pely-norbornene) = 83.9 = 2.3°).

As shown in Fig, 2 the polymer obtained vie the ROMP of
Cp/B-AL can be cast into clear transparent films. Comparison
with poly-norbornene (prepared with the same catalyst in
DCM) shows there is no negative effect of the lactone group on
transparency (Fig. 3). Therefore it might be possible to find
similar applications in optical wave guides,”* transparent coat-
ings” or other applications where high transparency in a large
range of wavelengths is necessary.”®
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Fig. 2 Obtained M, values via ROMP of Cp/fi-AL performed at different
substrate to catalyst ratios (S/C).

a) Poly-Cp/p-AL

b) Polynorbornene

Poly-Cp/p-AL
—— Polynorbornene

T T T T T T T 1
200 300 400 500 600 700 800 900 1000

A[nm]
Fig. 3 Films obtained from (a) poly-Cp/p-AL and (b) polynorbornene

obtained by solution castings. Below: absorbance spectra of these films
in the range from 150-1000 nm. E = extinction.

Conclusions

It is still challenging to obtain pure p-AL from renewable a-AL
in a scalable and sustainable procedure. In this work we show
that a 90: 10 mixture of the two can be prepared in a scalable
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procedure. This mixture is rich enough in B-AL to be used
efficiently as dienophile in Diels-Alder reactions with cyclo-
pentadiene, isoprene, myrcene and p-farnesene. The adduct
obtained with cyclopentadiene can be efficiently polymerized
in a ROMP reaction catalysed by the Grubbs II catalyst, either
in DCM or alternatively using the renewable solvents 2-MeTHF
or ethyl acetate. A linear relationship between M, and the
amount of catalyst is observed between a monomer to catalyst
ratio of 100 to 600, thus allowing control of the molecular
weight. The resulting polymers can be processed into films
that have high transparency over a wide range of wavelengths.
Compared with poly-norbornene the lactone moiety increases
(surface) hydrophilicity, which could give rise to various
benefits; for instance, higher miscibility with polar additives
or better interaction with certain (wet) surfaces in coating
applications. The lactone moiety does not only increase the
bio-based carbon content of the materials, but it also enables
further derivatization which gives easy access to a plethora of
different polymers.

Experimental section

Preparation of a mixture of angelica lactones with 90 mol%
content of the f-isomer

a-Angelica lactone (98%, 120 g, 1.2 mol) was added to a
250 ml two neck flask equipped with a condenser and a mag-
netic stirrer followed by the addition of triethyl amine
(5 mol%, 8.5 ml). The mixture was heated to 100 °C under an
argon atmosphere and monitored by "H-NMR. After 1.5 hours
a ratio of p/a-angelica lactone of 90-95/10-5 was reached and
the condenser exchanged with a distillation head. Subsequent
vacuum distillation at 6 x 10> mbar yielded two fractions:
38-42 °C containing mainly the a-isomer (this fraction can be
reused for the next isomerisation run) and a fraction at
45-50 °C containing a mixture of angelica lactones with
90 mol% content of the f-isomer (106 g, 88% of theory).

"H NMR (400 MHz, CD,Cl,, signals of p-isomer are
reported) § 7.46 (dd, J = 5.7, 1.5 Hz, 1H), 6.04 (dd, J = 5.7, 2.0
Hz, 1H), 5.11 (qt, J = 6.9, 2.0, 1.5 Hz, 1H), 1.41 (d, J = 6.9 Hz,
3H). *C NMR (101 MHz, CD,Cl,) & 173.3, 158.0, 121.3, 80.0,
19.0.

Diels-Alder reaction between fi-angelica lactone and
cyclopentadiene

In a dry and argon purged 10 ml reaction tube the angelica
[actone mixture (B-AL = 90%, 10 mmol, 900 pl) and the desired
catalyst were mixed. Freshly prepared CPD (3.0-10 eq.
2.5-8.3 ml) was added, the tube was sealed and heated with a
microwave oven to the desired reaction temperature where it is
kept for the indicated time. The 2 diastereomers of the
product were separated by flash column chromatography
(heptane/ethyl acetate §:2), affording the ende and exo
isomers (each of them is a racemic mixture of 2 stereoisomers)
adduct as colourless oils (endo: 949 mg, 5.9 mmol, 30%; exo:
119 mg, 0.7 mmol, 7%; endo/exo 89/11).
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Exo: '"H NMR (300 MHz, CD,Cl,) § 6.21-6.04 (m, 2H), 4.17
(qd, J = 6.4, 3.2 Hz, 1H), 3.24-3.03 (m, 1H), 2.82 (dtq, J = 3.1,
1.5, 0.8 Hz, 1H), 2.59 (dt, J = 8.3, 1.3 Hz, 1H), 2.08-1.97 (m,
1H), 1.50-1.35 (m, 7H), 1.30 (d, J = 6.4 Hz, 3H). ’C NMR
(75 MHz, CD,Cl,) 6 177.4, 136.4, 134.9, 78.9, 51.6, 48.5, 48.2,
46.0, 45.6, 22.8.

Endo: "H NMR (300 MHz, CD,Cl,) § 6.22-6.09 (m, 2H), 3.95
(gqd, J = 6.5, 3.1 Hz, 1H), 3.26-2.97 (m, 3H), 2.67-2.54 (m, 1H),
1.57-1.46 (m, 1H), 1.39-1.29 (m, 1H), 1.25 (d, J = 6.5 Hz, 3H).
*C NMR (75 MHz, CDCl;) 6 177.3, 137.6, 137.5, 80.7, 50.0,
48.9, 47.6, 46.3, 43.1, 23.2.

Semi continuous synthesis of the f-angelica lactone CPD
adduct

A 500 mL 2-neek round bottom flask was filled with dicyclo-
pentadiene (100 mL) and iron(0) powder and equipped with a
distillation setup. Cyclopentadiene was obtained by thermal
cracking of its corresponding dimer at 180 °C and then con-
densed into a dropping funnel. 2 equivalents (84 mL, 67 g,
1.0 mol) were dropped over 10 hours into a 1 liter 3-necks
round bottom flask containing the angelica lactone mixture
(P-AL = 90%; 50 g, 0.5 mol) and zinc(m) chloride (3.5 g,
0.03 mol, 0.05 eq.) while heating up to 70 °C. Once the
addition was complete, the reaction was stirred for another
10 hours and moenitored by GC. After cooling down to room
temperature, acetone (80-150 ml) was added to precipitate the
Lewis acid catalyst. The remaining cyclopentadiene and
a-angelica lactone were removed by vacuum distillation (50 °C/
0.06 mbar) and the remaining cyclopentadiene dimers were
precipitated by addition of ice-cold methanol (100 ml) fol-
lowed by filtration. Solvent removal afforded the product as an
orange liquid (69 g, 0.4 mol, 82% yield, endo : exo 89/11).

Ring-opening metathesis polymerization of the Cp/pAL adduct

To a stirred solution of Grubbs II catalyst (4.7 mg, 0.006 mmol,
0.25 mol%) in the desired solvent (Table 3) the Cp/pAL adduct
(0.2 mL, 2.2 mmol, 1 eq.) was added under argon atmosphere.
The reaction was stirred overnight. In few minutes after the
addition, all the solutions turned opalescent and a whiteish
precipitate appeared, except for the reaction in DCM. The reac-
tion mixtures were then concentrated in vacuo and washed
several times with methanol (using DCM to re-dissolve the
polymer). All the reaction afforded a whiteish, gummy solid. A
small portion of each sample was dissolved in a DMF/LiBr
solution and analyzed by GPC. "H-NMR spectra were recorded
in CDCl,.

'H NMR (300 MHz, CDCl;) § 5.84-5.12 (m, 2H, -CH=),
4.53-4.09 (m, 1H, O-CH-CHj;), 3.33-2.38 (m, 4H, ring junc-
tion- and allylic-CH-), 1.89 (m, 2H, bridged-CH,-), 1.62-0.92
(m, 3H, CH,).

Film formation procedure

Films were obtained by casting a saturated solution of the
polymer in DCM into a Teflon mold (depth 1 mm), letting the
solvent evaporate over 4 hours.
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Novel polyester polyols were prepared in high yields from bio-
based 1,4-pentanediol catalyzed by non-toxic phosphoric acid
without using a solvent. These oligomers are terminated with
hydroxyl groups and have low residual acid content, making
them suitable for use in adhesives by polyurethane formation.
The thermal behavior of the polyols was studied by differential
scanning calorimetry, and tensile testing was performed on the
derived polyurethanes. The results were compared with those
of polyurethanes obtained with fossil-based 1,4-butanediol
polyester polyols. Surprisingly, it was found that a crystalline
polyester was obtained when aliphatic long-chain diacids

Introduction

Petrochemicals are still the main raw material for plastics. How-
ever, oil reserves are limited, and their continued use leads to
increased CO, emissions, resulting in climate change. Thus, it is
clear that we need to switch to the use of biobased building
blocks for the production of polymers. It is predicted that the
global market for bioplastics will grow by approximately 20%
until 2022." Polyesters are an attractive target market for this
switch because they are industrially produced by well-estab-
lished polycondensation reactions, which allow the use of the
existing reactor infrastructure when renewable diols and diac-
ids are used. This has resulted in the development of numer-
ous (partially) biohased polyesters, which in addition show
novel promising properties for several applications,”” in partic-
ular for adhesives.”!
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(>C,,) were used as the diacid building block. The low melting
point of the C,, diacid-based material allows the development
of biobased shape-memory polymers with very low switching
temperatures (< 0°C), an effect that has not yet been reported
for a material based on a simple binary polyester. This might
find application as thermosensitive adhesives in the packaging
of temperature-sensitive goods such as pharmaceuticals, Fur-
thermore, these results indicate that, although 1,4-pentanedicl
cannot be regarded as a direct substitute for 1,4-butanediol,
its novel structure expands the toolbox of the adhesives, coat-
ings, or sealants formulators.

Polyesters are materials that are produced on an overall
scale of over one million tons per annum because they are
used in everyday consumer goods (e.g., clothes, bottles), as
soft segment in thermoplastic polyurethanes (TPUs) (e.g., med-
ical devices), and in industrially used coatings and adhesives
(mostly in the automotive industry). Whereas polyesters used
in spinning and molding processes have molecular weights
(M) of several 10 kgmol ', the materials used in TPUs and ad-
hesives have a M, that is typically substantially lower than
10 kgmol™' to ensure processability, which requires lower vis-
cosity and reasonable reaction times with crosslinking- and
chain-extension agents,”

These oligo esters are basically building blocks the structural
variation of which allows finetuning of the properties of the
final products. The oligomer chains are usually OH-terminated
and hence referred to as polyester polyols. In addition, the
preparation of monomers, necessary for the production of
polyester polyols, can be performed more atom-efficiently
from biobased platform chemicals because they already con-
tain oxygen atoms.”! For instance, succinic acid obtained by
fermentation can be selectively hydrogenated to 1,4-butane-
diol (1,4-BDO), a common building block in polyester polyocls
for polyurethanes. One commeon application of 1,4-BDO is as
monomer in the synthesis of polyester polyols, which are then
further utilized in polyurethanes or adhesives. The isocyanate
component that is needed can also be obtained from renewa-
bles, for instance from renewable fatty acids as recently dem-
onstrated by Mecking and co-workers.”

Furthermore, isocyanate-free crosslinking- and chain-exten-
sion protocols have been developed by using either the com-
bination of cyclic carbonates with diamines”’ or a thiol-ene re-
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action between mercaptans and alkene containing oligomers,
for example, based on limonene.® Other important platform
chemicals for biobased polymers are levulinic acid (LA)® and
its esters, which are accessible by treatment of lignocellulose
with dilute acid at approximately 200°C."% As shown in
Scheme 1, hydrogenation of LA can either yield y-valerolactone

GVL
H,S0, o
MOR J\/\/OH
HO
MeOH o]
- H,O ML: R = Me 1,4-PDO
Lignocellulose LA:R=H

Scheme 1. Route from lignocellulose to 1,4-PDO.

(GVL) or 1,4-pentanediol (1,4-PDO) depending on the condi-
tions." Although GVL cannot be polymerized—with the ex-
ception of its copolymerization with very reactive lactones"/—
it is commonly used as a green solvent" because of its low re-
activity and relatively high polarity compared with other
esters. The diol 1,4-PDO, in contrast, can be regarded as a
useful building block for polyester synthesis." Consequently,
various heterogeneous™ '™ and homogeneous'® catalysts
have been used for the hydrogenation of levulinates or GVL to
1,4-PDO.

However, to the best of our knowledge, there is no literature
concerning the properties and applicability of 1,4-PDO polyes-
ters apart from a study of the thermal behavior of 2,5-furan-di-
carboxylic acid, succinic acid, and adipic acid polyesters."”
However, this work does not provide insights into the mechan-
ical performance of these compounds. This is rather surprising
in view of the relevance of 1,4-PDO as biobased building
block. In addition, the extra methyl group in 1,4-PDO is expect-
ed to impart unusual properties that cannot be found in con-
ventional polyesters based on 1,4-BDO, such as lower viscosity
and lower crystallinity. This effect has to some extent been ob-
served in polyesters derived from the biobased diol 2,5-hexa-
nediol.""'® Unfortunately, the two secondary alcohol groups
makes this diol less reactive than 1,4-PDO in standard polycon-
densation procedures. This led us to develop a scalable proto-
col for the synthesis of biobased 1,4-PDO polyester polyols ter-
minated with hydroxyl groups. For economic and ecological
reasons, the oligomerizations were perfermed without the use
of solvent. In addition, we decided against the usage of the
traditional metal catalysts (e.g., alkoxides/carboxylates of Ti,
Sb, or Sn) because in a viable technological process the cata-
lyst is usually not removed from the oligomer, which could
lead to unwanted side effects in products derived from the oli-
gomer. Examples for disadvantageous side effects are toxicity
of leaching metal residues (Sb/Sn)!'” and formation of yellow
impurities (Sn).”” In the synthesis of polyester polyols the mo-
lecular weight is usually controlled through the stoichiometry
of the reactants. Because transesterification reactions are also
promoted by metal catalysts, it makes them more suitable to
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synthesize high-molecular-weight polyesters, whereas control
of the molecular weight in the synthesis of lower-molecular-
weight oligomers is more challenging.

In this paper we describe the preparation of polyester poly-
ols from 1,4-PDO catalyzed by acid and compare their proper-
ties with the traditional 1,4-BDO-based analogues in films ob-
tained by chain extension with 4,4'methylenediphenylisocya-
nate.

Results and Discussion

For mechanical characterization of polymers by tensile testing,
amounts in the order of 100 g of polyesters and therefore of
1,4-PDO are necessary. However, 1,4-PDO is not commercially
available in large quantities, so we decided to prepare the diol
by hydrogenation of GVL.

Although there are existing heterogenecus catalysts that
give good selectivities in this transformation, they often re-
quire high loadings and are not commercially available.
Although this is of course no limitation when setting up a con-
tinuous process on reasonable scale, it is inconvenient for pro-
ducing quantities for polymer development in batch mode.
Thus, we decided to use a homogeneous ruthenium catalyst
developed earlier in our group, which can be synthesized by a
straightforward two-step protocol in high yield."*? The com-
plex is air-stable and has already achieved cne of the highest
turnover numbers (TONs) reported so far in the solvent-free
hydrogenation of GVL to 1,4-PDO (see Scheme 2). Fortunately,

60 bar H, J</

0 2.5mol % NaO
0.05 mol % RuNNSy.

HO/L\/A\/OH

80°C
200g o >99% conversion
H\N’ﬁ j\\S/ >99% selectivity
(Rd\
‘ =N | PPhg
) c
RuNNSy,.

Scheme 2. Hydrogenation of GVL to 1,4-PDO.

we were able to scale this procedure up to a 200 g scale.
Using only 0.05 mol % of catalyst, GVL was fully converted after
16 h at 80°C and 60 bar H, with >99% selectivity to 1,4-PDO.
With sufficient quantities of 1,4-PDO in hand we embarked on
the solvent-free synthesis on an average scale of 100 g of dif-
ferent polyester polyol oligomers with a target hydroxyl
number (OH-N) of 30 mg,,g~', corresponding to an average
molecular weight of M,=3450 gmol ". This molecular weight
is in the right range for application in adhesives!" In general,
the mclecular weight represents a compromise between vis-
casity, mechanical properties, reaction time (production cost of
the polyester), and other performance parameters. The diacids
used were succinic acid (C,), sebacic acid (C,,), and azelaic acid
(Cy), which are currently produced from renewable raw materi-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



PubSoc

{®*ChemP
Slint Europe

als,?" as well as adipic acid {C,) and dodecanedioic acid (C,5),

for which processes from renewable feedstocks have been de-
veloped,” and tetradecanedioic acid (C,,), which is available
from fermentation of glucose.™ The polycondensation was
conducted in a sequential approach consisting of a preconden-
sation step at ambient pressure, followed by further condensa-
tion in vacuum in the presence of phosphoric acid as catalyst
(Figure 1). Initially, 220°C was used as reaction temperature,
which is commonly used for polyester synthesis. However, at
this temperature and under the acidic conditions most of the
14-PDO was converted to 2-methyl-teytrahydrofuran (2-
MeTHF). Secondary reactions occurring during polyester syn-
thesis are well documented.”"

500

H,PO, + Vacuum 0
1004
.
$ *
* - 400
80 -
b =
(=]
= 300
& g0 e Conv. COOH 5
2 . = Acid number (A-N) =
S . E
Q 404 - 200 z
<
-
20 - - 100
| ]
. -
0 T —t T —" 0
0 5 10 15 20 25
t[h]

Figure 1. Acid number and derived conversion in the polycondensation re-
action of succinic acid and 1,4-PDO; the dashed arrow marks the time and
conversion of addition of 0.3 mol% H;PO, and switching from ambient pres-
sure to vacuum (0.1-0.8 mbar).

Typically, they occur at elevated temperatures and can
change the stoichiometry of the reaction and cause a limita-
tion of the molecular mass. Common side reactions are ether
formation, ring-closure of the diol (e.g., 1,4-PDO to 2-MeTHF),
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alkene formation, and formation of cyclic structures. These side
reactions are an important issue that needs to be addressed
when scaling up these polycondensations. At a reaction tem-
perature of 180°C, using only 0.3 mol% of H,PO, as catalyst,
the polyester polyols were obtained in 98-99.5% isolated
yields; only trace amount of the side products 2-MeTHF, 5-hy-
droxypentan-2-one, GVL, and 1,4-PDO were found in the aque-
ous distillate, and small amounts of cyclic oligomers in the
low-molecular-weight fraction could be observed (see 55,56 in
the Supporting Information}. However, molecular weights close
to the target could be reached. 'H NMR spectra of these prod-
ucts verified the absence of impairing alkene groups, which
could be formed from the dehydration of the secondary alco-
hol chain ends. As expected, the majority of chain ends con-
sisted of secondary alcohols (secondary/primary: 67:33).
Figure 1 shows the conversion of carboxylic acid groups versus
time for the exemplary case of succinic acid. For comparative
reasons polyesters with 1,4-BDO were prepared in a similar
way. Table 1 gives an overview of the prepared polyesters and
their molecular weight as well as the residual acid content ex-
pressed as acid number (A-N) [mgyong 1. The thermal proper-
ties of the polyesters were thoroughly investigated by differen-
tial scanning calorimetry (DSC, see Figure 2). This showed that
the polyesters obtained from 1,4-PDO and one of the C,-C,,
diacids were amorphous as expected, in contrast to their 1,4-
BDO analogues.

Amorphous chain segments and side groups are usually im-
portant in polyurethane formulations to increase flexibility and
strain recovery as well as viscosity. Furthermore, it was recently
shown by Hillmyer and co-workers that amorphous chain seg-
ments in polyester-based elastomers can increase the hydrolyz-
ability and thus the enzymatic degradability, which may
reduce bicaccumulation.” We assume the amorphous charac-
ter is caused by the random orientation of the extra methyl
groups in the atactic polymer, which prevents crystallization
{see the Supporting Information for the individual DSC traces).
This may be further increased by the high degree of regio-ir-

Table 1. Poperties of the polyesters prepared with 1,4-8D0 and 1,4-PDO.”
= D% camawumpo, |§ 9 R
g 0 FlgFiog
Ho)\/\/OH + H‘OMOH D
n 180 °C "
m
Entry n R OH-N™ A-N®! My (calcd)? M OH)™ M,(GPO)™ 2 X(COOH)Y™ T T
[mgg '] mgg™'] tkgmol '] [kgmol '] tkgmol '] (%] °a ra

1 2 Me 30 10 37 3.7 36 24 98 -32 n.d.

2 2 H 30 2 37 3.7 1.7 24 99.5 n.d. 13

3 4 Me 30 3 37 3.7 4.2 24 99.0 —52 nd.

4 4 H 42 1 37 27 3.8 22 99.2 nd. 53

5 7 Me 39 4 37 2.9 38 25 99.0 —63 nd.

6 7 H 46 4 3.7 2.4 4.0 2.2 99.0 nd. 44

7 8 Me 26 4 37 43 4.8 30 99.5 —63 n.d.

8 8 H 33 1 37 3.4 5.5 24 99.8 n.d. 61

9 10 Me 29 2 3.7 3.9 4.6 238 99.7 nd. —15/9
10 10 H 33 2 37 34 5.0 27 99.7 n.d. 70
1 12 Me 12 3 - 9.4 53 4.4 99.7 n.d. 9
[a] Polycondensation procedure: 480 mmol 1,4-PDOQ, diacid (0.85-0.89 equiv.), H;PO, (0.3 mol%, 0.85 w/w in H,0). [b] Determined by titration with KOH,,
(0.5 molL "); OH-N analogous to DIN 53240-1. [c] Targeted molecular weight. [d] Measured by GPC. [e] Measured by DSC; n.d.=not possible to determine.
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Figure 2. Influence of the diacid building block on the thermal behavior:
comparison of the heating curves of 1,4-PDO/azelaic acid, 1,4-BDO/azelaic
acid, and 1,4-PDO/tetradecanoic acid polyester polyols. Exothermic heat
flow increases along the y axis.

regularity caused by the possible head-head, tail-tail, and tail-
head orientation of the diol with respect to the dicarboxylic
acid. This is generally observed in polyesters obtained from a
racemic monomer mixture. Examples of this are the polycon-
densation product of racemic lactic acid,” polymers obtained
from substituted lactones,®' and the combination of methyl
succinate with branched diols.?”

Furthermore, it was observed that the glass transition tem-
perature T, ranged from —32 to —64°C and decreased with
the increasing number of carbons in the dicarboxylic acid
block. An analogous trend was observed with the melting
points of the crystalline 1,4- BDO polyester polyols (Table 1),
which were solid below —15 and 8 °C respectively. The reason
for this behavior might be that the crystallization tendency of
long aliphatic chains (> C,,) with an even carbon number now
dominates over the disorder caused by the methyl groups. In
addition, a higher degree of flexibility of the longer chains
prompts crystallization. A similar effect has been observed for
the polyesters of isosorbide with aliphatic diacids.”®

Interestingly, the polyester polyol derived from 1,4-PDO and
dodecanediocic acid showed a second melting point at 8°C,
which might indicate that it consists of two different crystal
phases. All polyesters were prepared in the same molecular-
weight range with low acid numbers that are suitable for
curing experiments with diisocyanates (Table 1). In these chain-
extension experiments, the polyesters were end-capped with
4.4diphenylmethane diisocyanate (4,4-MDI) at 80°C and
casted in polytetrafluoroethylene (PTFE) molds, after which
they were transferred to climate chambers with controlled
temperature and air humidity (23°C, 50% relative humidity).
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The isocyanate-terminated polymers react with moisture, form-
ing urea linkages resulting in the typical polyurethane net-
works (PURL.” Next, samples were punched out and subjected
to tensile testing. The films obtained from the linear 1,4-BDO
polyesters were brittle and fibrous materials as demonstrated
by their stress—strain curves, which is attributed to their high
degree of crystallinity. However, the films obtained from the
branched 1,4-PDO behaved more like elastomers with tensile
strengths and elongations increasing with the length of the
carbon chain in the diacid.

Table 2 and Figure 3 summarize these results. The thermal
transitions observed by DSC analysis of the PUR changed only
very slightly (max. 8-9°C) cecmpared with the polyesters, and
in PURs based on the amorphous polyols no crystallization
phenomena were observed. The exception to this is the film

Table 2. Thermal properties and tensile testing of the corresponding 4,4~
MDI films.
Entry n R Film  &pem Fioss T T
[%]™ [Nmm™®  [°Q [*Cl

1 2 Me A 55 0.2 - -

2 2 H B nd!d 251 nd. 105

3 4 Me C 136 1.1 —52 n.d.

4 4 H D 681 315 n.d. 53

5 7 Me E 892 4 —63 n.d.

6 7 H F 720 30.1 n.d. 40

7 8 Me G 936 3.1 —53 nd.

8 8 H H 33 1 n.d. 70

9 10 Me | 1010 78 n.d. —22
10 10 H J 33 2 n.d. 72
[a] DIN 53504-SF3A-bones from 4,4-MDI ¢hain extended films; &,,...: €elon-
gation at break; F,..: stress at break; [b] measured by DSC of the films;
[c] could not be determined owing to the brittleness of the film.

obtained from the 1,4-PDO/C,, diacid-derived polyol (Table 2,
entry 9). Instead of two peaks, a single peak was observed at
—22°C that could be attributed to the melting of the crystal-
line chain segments. This observation suggests the possibility
to switch the shape of the PUR by changing the temperature.
This shape-memory effect is usually observed in polymers that
are crosslinked but still contain chains or domains that can un-
dergo either phase transitions (melting or crystallization)*® or
reversible photochemical dimerization reactions between
chains.B"

Here we have the unusual situation that the phase transition
would be feasible at low temperatures. Consequently, this ma-
terial would be of use as a low-temperature shape-memory
polymer. This prediction was borne out in praxis when film |
(Table 2, entry 9) was fixated in a spiral shape, cooled to
—30°C, and subsequently allowed to warm to room tempera-
ture. It was indeed observed that the morphology of the film
changed over time and temperature. The timeline of this
change is shown in Figure 4, and a full video can be found in
the Supporting Information, Because the currently known low-
temperature shape-memory polymers have switching points
between 30 and 75°C and are tailored for the use in medical

559  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Differences between films obtained from the polyester polyols consisting of the C; diacid and 1,4-BDO respective 1,4-PDO. a) General structure of
the polyurethanes; b) stress—strain curve of film E (Table 2, entry 5) and visual representation of the ductile behavior; c) stress—strain curve of film F (Table 2,

entry 6) and visual demonstration of the elastic behavior of the specimen.

applications,”? this finding opens the way to novel smart ma-
terials that may be used in low-temperature applications. One
possibility would be its application as adhesive for smart labels
for packaging of temperature-sensitive drugs. Exposure to un-
desired high temperatures would induce the loss or an irrever-
sible change of the label or a QR-Code.
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Conclusions

We have shown that we can prepare fully renewable polyes-
ters based on 14-pentanediol (1,4-PDQ), obtained from bio-
based v-valerolactone in excellent yields by homogeneous hy-
drogenation, and a series of diacids that can already be ob-
tained from renewable resources or for which renewable
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Figure 4. Deconvolution of a sample (film I) to its original form at room tem-
perature. Prior, the specimen was formed to a coil and coocled in a freezer to
—30°C before transfer to ambient conditions.

routes have been developed. Yields are very high, and only
traces of side products are fermed. For the application in adhe-
sives, diisocyanates need to be used, which are currently not
made from renewable resources, although credible routes
from renewables have been developed.”

Differential scanning calorimetry (DSC) experiments as well
as the tensile testing of polyurethane films of the 1,4-PDO
polyester polyols made with 4,4-MDI clearly demonstrate that
1,4-PDO cannot be regarded as a substitute for 1,4-butanediol
(1,4-BDO). Instead, it can be used to obtain elastomeric/rub-
bery materials in contrast to the crystalline polyesters obtained
with BDO,

The interesting feature of the polyester polyols based on
1.4-PDO and long-chain diacids is the combination of their
crystallinity and melting point below rocm temperature. This
phenomenon can be used to design shape-memory polymers
with switching points far below and near room temperature.
Beyond this aspect, these polyester polyols can be expected to
have several use scenarios in the CASE (coatings, adhesives,
sealants, and elastomers) market because they possess relative-
ly low viscosity and are liquid at ambient conditions. These
findings demonstrate that 1,4-PDO is a valuable biorenewable
compeund that can broaden the toolbox for polyurethane ad-
hesives and coatings. Its use not only allows increasing the bio
content but also results in promising performance features.

Experimental Section
Polycondensation of 1,4-PDO and various diacids

To obtain the necessary ratio of dicl to diacid the following version
of Carothers equation was used:

n n n
M, = (My + My — 2M, o) (1 +—“)/1 4B e B
fia Na Na

The indices A and B represent the diacid and the diol, X is the con-

version, M the moclecular weights of the components, M, the
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number average weight of the polymer, and n the number of
moles. M, is further connected with the hydroxyl number (OH-N)
via the following equation:

ZMyon10°

OH-N = M

in which z is the number of hydroxy groups per polyol molecule.
The OH-N corresponds to the amount of KOH needed to neutralize
the amount of acid equivalent to the esterification of terminal OH
groups with acetic acid anhydride. The OH-N in this work was de-
termined by titration in an analogous procedure to DIN 53240-1.
For determining the conversion of carboxylic acid groups, polyes-
ter {(100-300 mg) was dissolved in a THF-ethanol mixture (30 mL,
3.1, v/v) followed by addition of a grain of phenolphthalein and
subsequent titration with aqueous KOH (0.5 molL™") by using a mi-
croliter syringe.

General polycondensation procedure

The ratio of diol and diacid for the desired target OH-Number was
calculated by using the above-mentioned equaticns. Typically, an
OH-N of 30 mgg ' was targeted. The reaction setup consisted of a
two-neck flask equipped with a magnetic stirrer, a Vigreux column,
and a distillation setup. The calculated amounts of components
were weighed into the flask, and the whole setup was subjected
to three vacuum/argon cycles and left under an argon atmosphere
at ambient pressure, After that, the reaction mixture was heated to
150°C. When all solid components were dissolved/molten, the stir-
rer was started, and the mixture was subsequently heated to
180“C. When conversion of 80-85% of the acid groups was
reached (14-20 h), H,PQ, was added (0.3 mol%, 0.85 w/w in H,0).
After that, vacuum was applied (0.2-1 mbar). When the conversion
of the carboxylic acid groups had slowed down, (e.g., X > 98%, 40-
48 h) corresponding to an acid value below 5 (if possible), the reac-
tion mixture was placed under an argon atmosphere and allowed
to cool. Typically, no further purification of the obtained polyester
was necessary.

Poly(2-methyl-butylene-succinate)

1,4-Pentanediol (509, 480 mmol) and succinic acid (50.78 g,
430 mmol) were reacted, giving poly(2-methyl-butylene-succinate)
as clear, viscous, slightly yellowish liquid. X(COOH)=98%; OH-N:
30mgg ; '"HNMR (400 MHz, CDCl,): 6=4.87 (h, J=6.2Hz, TH),
402 (t, J=59Hz, 2H), 258-250 (m, 4H), 1.65-147 (m, 4H),
1.16 ppm (d, J=6.3 Hz, 3H); *C NMR (101 MHz, CDCl;): 6 =172.31,
171.87, 70.82, 64.39, 32.27, 29.39, 29.07, 24.61, 19.93 ppm; GPC:
M,=3600 gmol ', D=24.

Poly(2-methyl-butylene-adipate)

1,4-Pentanediol (509, 480 mmol) and adipic acid (6140g¢,
420 mmol) were reacted, giving poly(2-methyl-butylene-adipate) as
clear, viscous, slightly yellowish liquid. X(COOH)=99%; OH-N:
32mgg~"; '"HNMR (400 MHz, CDCl,): 6=4.86 (h, J=6.2Hz, TH),
4.06-3.95 (m, 2H), 3.76 (q, J=6.2Hz, 0.09H, CHOH), 3.58 (t, J=
6.2 Hz, 0.04H, CH,0OH), 2.35-2.19 (m, 4H), 1.66-1.43 (m, 9H),
1.15 ppm (d, J=6.4 Hz, 3H); *C NMR (101 MHz, CDCl,): 6 =173.30,
172.89, 77.36, 70.32, 64.05, 34.19, 33.84, 32.35, 24.71, 24.44, 24.36,
19.99 ppm; GPC: M, =5800 gmol~', D=2.4.
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Poly(2-methyl-butylene-azelate}

14-Pentanediol (50 g, 480 mmol) and azelaic acid (77.46 g,
411 mmol) were reacted, giving poly(2-methyl-butylene-azelate) as
clear, viscous liquid. X(COOH)=99.5%; OH-N: 39 mgg~"; '"H NMR
(400 MHz, CDCly): =491 (g, /=6.0Hz, TH), 4.06 (dt, /=118,
6.5 Hz, 2H), 3.81 (q, /=6.2Hz, 0.09H), 3.63 (t, J=5.7 Hz, 0.05H),
2.26 (g, J=7.8Hz, 4H), 1.59 (ddd, /=123, 8.2, 5.4 Hz, 7H), 1.30 {s,
5H), 1.20 ppm (d, /=5.4Hz, 3H). ®CNMR (101 MHz, CDCly): 6=
173.79, 173.72, 173.43, 17332, 70.12, 63.92, 34.55, 34.19, 32.36,
2893, 2892, 28.89, 28.85 24.92, 24.84, 2471, 19.99 ppm; GPC:
M,=4200gmol™", B=24.

Poly(2-methyl-butylene-sebacate)

14-Pentanediol (509, 480 mmol) and sebacic acid (82.7g,
409 mmol) were reacted, giving poly(2-methyl-butylene-sebacata)
as clear, viscous liquid. X(COOH) =99.5%; OH-N: 26 mgg'; '"H NMR
(400 MHz, CDCl,): 6=4.91 (p, J=6.0Hz, TH), 4.06 (dt, /=118,
6.5Hz, 2H), 3.81 (g, J=6.2 Hz, 0.09H), 363 (t, J=5.7 Hz, 0.05H),
2.26 (g, /=7.8Hz 4H), 1.59 (ddd, J=12.3, 8.2, 5.4 Hz, 7H), 1.30 (s,
5H), 1.20 ppm (d, J=5.4Hz, 3H). "CNMR (101 MHz, CDCl): 6=
173.79, 173.72, 173.43, 17332, 70.12, 63.92, 34.55, 34.19, 32.36,
28.93, 28.92, 28.89, 28.85, 24.92, 24.84, 24.71, 19.99 ppm; GPC:
M,=5700gmol ', D=3.0.

Poly(2-methyl-butylene-dodecanedioate)

1,4-Pentanediol (50 g, 480 mmol) and dodecanedioic acid (92.91 g,
404 mmol) were reacted, giving poly(2-methyl-butylene-dodeca-
ndioate) as clear, viscous liquid. X(COOH)=99.7%; OH-N:
29mgg '; 'HNMR (400 MHz, CDCl): 6=4.91 (h, J=6.0 Hz, TH),
4.06 (dt, J=11.8, 6.5 Hz, 2H), 3.81 (g, J/=6.2 Hz, 0.09H), 3.63 (t, /=
5.7 Hz, 0.05H), 2.26 (g, /=7.8Hz, 4H), 1.59 (ddd, /=123, 8.2,
54Hz, 7H), 1.30 (s, 5H), 1.20 ppm (d, /=54 Hz, 3H). CNMR
(101 MHz, CDCly): 6 =173.79, 173.72, 173.43, 173.32, 70.12, 63.92,
34.55, 34.19, 32.36, 28.93, 28.92, 28.89, 28.85, 24.92, 24.84, 24.71,
19.99 ppm; GPC: M,=4600 gmol™', D=28.

Poly(2-methyl-butylene-tetradecanedioate)

1,4-Pentanediol (46.4 g, 446 mmol) and tetradecanedioic acid
(100 g, 387 mmol) were reacted, giving poly(2-methyl-butylene-tet-
radecanedioate) as clear, viscous liquid X(COOH)=99.7%, OH-N:
18 mg ', '"H NMR (400 MHz, CDCL,): =491 (h, J=6.0 Hz, 1H), 4.06
(t, /=118, 6.5Hz, 2H), 3.81 (m, /=6.2 Hz, 0.09H), 3.6 (t, /=5.7 Hz,
0.05H), 23 (q, /=78Hz, 4H), 1.5-18 (m, 8H), 1.30 (m, 16H),
1.20 ppm (d, /=54 Hz, 3H). "CNMR {101 MHz, CDCLy): 6=174.2,
173.8, 70.5, 64.3, 35.9, 35.0, 34.7, 34.7, 32.8, 30.0, 29.8, 29.8, 29.7,
295, 29.5, 25.4, 25.1, 24.0, 20.4 ppm; GPC: M, =5300 gmol ™', =
44,

Chain-extension reactions with 4,4-MDI

Polyester {25 g) was heated to 80°C and kept at this temperature
under vacuum (< 0.001 mbar) for 1.5h. After this, 4,4-MDI
(2.2 equiv. with regard to polyester) was added, and the mixture
was stirred for 1 h. Subsequently, films with 1 mm thickness were
casted and stored at ambient conditions for one week.
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ABSTRACT: Although 2-methyl-tetrahydrofuran {2-MeTHF) cannot be polymerized, we did achieve co-polymerization of 2-
MeTIIF with propylene oxide (PO) using Lewis and Bronsted acids. The resulting polyether polyols have a molecular weight range
which allows their use as components for adhesives. The molar content of 2-MeTHF in the oligomers can be upto 48%. A 1:1 co-
polymer of 2-McTHF and PO is produced when stoichiometric amounts of BF3.OEt: arc used. Here, the monomerie units in the
chains alternate, but also cyclics or other non-diol products are formed that are detrimental to its further use in adhesives. Linear
dihydroxyl terminated polycther chains were formed when the heteropolyacid H3PW12040-24H20 was used as catalyst and a diol as
initiator. The formation of cyclic products can be drastically reduced when the accumulation of propylene oxide during the reaction
is avoided. "H NMR experiments indicate that the step of 2-MeTHF incorporation is the alkylation of 2-MeTHF by protonated PO.
It was shown that the 2-MeTHF/PO co-polymer had increased tensile strength compared to PPG in a two-component adhesive
formulation.

diamine.** However, in most cases these curable end-groups
need to be tethered to an oligomer, which is usually a polycster
or polyether polyol.*! There already is a plethora of polyesters

1. Introduction

Although we may not always be aware of their presence,

adhesives are ubiquitous in nearly every aspect of our modern
lives. They arc used in the automotive, acrospace and
construction industries, in simple consumer goods such as shoes
and furniture as well as in medical applications (e.g. band aid).
Henee, using renewable resources in their production can
significantly reduce COz-emissions.'® And indeed, there
currently is an increased world-wide terest in bio-based
polymeric materials for all kinds of applications.”!* As an
added bonus, the novel structures that are the result of the use
of bio-based platform chemicals and derivatives may lead to
adhesives exhibiting novel properties with added vahie.*

Two important glue classes are the single- and two-
component reactive adhesives.'* Single component adhesives
contain a [unctional group that can undergo cross-linking when
exposed to an external trigger. For example, acrylates can be
uscd as single-component adhesives, which can be cured with
UV-light. Examples of renewable monomers suitable for this
type are itaconic acid,'>"® and bio-based acrylic acid itself.'**
In contrast, two-component adhesives require the addition of a
crosslinking agent, ofien containing thiols, isocyanates or, in
recent research, the combination of a cyclic carbonate and a

that can be made from platform chemicals in a manner that
would allow scale-up of these processes.**" Inaddition, poly-
lactatc 1s alrcady commercially available. Polymerization
typically takes place via polycondensation of diols with diacids
or ring-opening polymerization (ROP) of appropriate
lactones.** *!* ¥ For polyether polyols, the situation looks quite
different. Although innovative, alternative protocols for the
synthesis of polycthers, such as polycondensation cmploy'mg
acid-base pairs as catalysts** ™ or the reduction of polyesters **
* have recently been developed, their application in scalable
processes is limited by harsh reaction conditions and/or use of
expensive catalysts or reductants. Ilence, the commercial
production of polyether polyols is still based on ring-opening
polymerization (ROP) of cyclic ethers. This is currently hmted
to epoxides, oxetanes and tetrahydrofuran {THF).49 We
envisaged the use of renewable 2-methyl-tetrahydrofuran (2-
MeTHF) as a sustainable monomer to expand that scope
(Scheme 1).%
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Scheme 1, Bio-based origins of 2-MeTHF and its dual use as solventand as co-menomer in polyether polyols (I initiator)

2-MeTHF can be obtained in high yields and selectivity via
the hydrogenation of the platform chemical levulinic acid (LA)
or its esters, or from its hydrogenation product y-valerolactone
(GVL) (as shown in Scheme 1) using heterogeneous or
homogencous  hydrogenation  catalysts  under  acidic
conditions.”*®* LA is readily available by acidic treatment of
lignocellulosic  biomass at elevated mnperau1res..54' et
Alternatively, 2-MeTHF can also be prepared by hydrogenation
of furfural.”™*' Furfural can be produced from the CS sugars in
lignocellulosic biomass, ™ and is available on large scale from
the conversion of agricultural waste streams such as corn cobs
and \ugd\rumb bagasse, or as side stream [rom the paper
industry.®

2-McTIIF currently attracts incrcasing attention as a
renewable fuel *** and as a renewable substitute tor the fossil-
based solvent THE. #0361 One of the main advantages of 2-
MeTHF as a solvent over THI is its resistance towards
polymerization or ring opening. ***”' And although this property
would seem to preclude the use of 2-MeTHF in homo-
polymerization reactions, co-oligomers with epoxides would
seemn 10 be accessible.” These could be very interesting new
materials as we would expect them to impart favorable
propertics to the adhesives they will be used in. The extra
methyl group in every unit in the chain would lead to more
amorphous oligomers than poly-TIIF. Since they are not
crystalline, they do not need to be stored at elevated
temperatures or heated before application. In addition, the
viscosity will be lower, which speeds up handling. These new
materials would broaden the toolbox of the adhesives
developer. However, o the best of our knowledge no attempts
have been made to develop 2-MeTHF based polyether polyols
for use in adhesives. This is likely due to the great
thermodynamic stability of 5-membered cyclic ethers.” Extra
substiments on the ring make these even more stable, and
therefore even more challenging to polymerize. For example,
only very few reports exist in the literature on the
polymcuzdtlon of 3-McTHF.** ** To the best of our knowledge,
the homo-polymerization of 2-MeTHF is unknown. Even the
catalysts which arc able 1o polymerize 3-McTHF [ail with 2-
MeTHF, which suggests an even higher thermodynamic
stability when the ring is substituted in the 2-position.” Similar
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observations have been made for the analogous lactone GVL.*®
97

Cationic, anionic and coordinative ROP can be used with
epoxides and oxetanes. The last two options are often preferred
since the formation of side products such as cyclic oligomers
and alkene terminated chains tends to be rather low.” Cationic
ring-opening polymerization (CROP) on the other hand is less
used due to the increased formation of these side products. %,

However, THF, which is regarded as the most reactive 5—
membered cyclic ether derivative, is only known to be
polymerized via CROP.'™ CROP is difficult to control and
therefore typically oligomers in the range of 1000-2000 g mol’!
are produced.'™ Only two short communications exist which
describe the co-polymerization of 2-McTHF with cpoxides™
and  with  3,3-bis(chloromethyljoxacyclo-butane'”’  only
highlighting its low rcactivity, without investigating the
structure or potential application. The occurrence and the nature
of side reactions (e.g. backbiting due to low hydroxyl- L,onu,nl..
deh?fdratmn and chain-transfers due to long reaction times)”™
102. 103 were not investigated at the time. These side-products
would preclude the use of these polymers in adhesives due to
their plasticizing effect. With today’s knowledge we have to
assume that the materials most likely contained a significant
amount of cyclic by-products. '* "% A tri-block co-polymer
was also reported which consisted of TIHF, 2-McTIIF and
ethylene oxide, where up to 40% of 2-MeTHF could be
ncorporated.'® Only 30% vyicld was achieved there, and the
structure of the polymer was not described.

Here, we describe our work on the co-polymerization of
propylene oxide (PO) and 2-MeTHF leading to the highly
selective formation of hydroxyl terminated oligomers with a
low content of cyclic oligomers. In addition, the mechanical
properties of the polyurethane films formed from the obtained
poly-[(2-methylictrahydrofuran)-co-(propylencglycol)]  have
been investigated and were compared to poly-THF and PPG.

2. Results and discussions

2.1. Co-polymerization of 2-MeTHF and PO



Our initial studics concentrated on the co-polymerization of
2-MeTHF and propylene oxide, since routes via bio-based
propylenc towards PO cxist and have great potential #1071
Forapplication in adhesives, the polyether polyols should have
a  molecular  weight  between  1000-4000 D.  The
polymerizations, initated by stoechiometric amounts of
BF;.0Et, were performed in water, taking care to keep the
temperature around 0 °C by slow addition of the epoxide. The
results are shown in Table 1. It appears that when the ratio of 2-
MeTIIF to the cpoxide is 5 : | or higher, the formed polymers
contain the same number of units of the two monomers,
suggestive of the formation of a largely alternating co-polymer.
When entries 1 and 2 are compared, it is clear that increasing
the starting ratio of 2-MeTHF : PO above 10 : | does not lead
to further incorporation of 2-McTHF into the oligomers.

Table 1. Co-polymecrization of 2-McTHF with propylenc oxide
a

H\C) . 0: BF3:Et;0, HO co-oligomera

0 °C, 90 min.

fintry? MeTHF Mp° McTer’P(.’)“ y’d
[eq]® [g mol™] ratio (%]
1 20 1003 53:47 81
2 10 980 52:48 64
3 5 853 47353 50
4 2 795 43: 57 37
5 1 850 32:68 33
6° 2 2880 52:48 82

4General conditions: 2-MeTHF (n eq. w.r.t. PO), 7.15 mmolof
PO, 7.15 mmol of BF3yEtz0 and 7.15 mmol of II;O.
PDetermined by 'H NMR after conversion of the —OH end
groups to -OSiMes groups. *Determined by 'H NMR. 9Isolated
yield. “5 mol% of BFyEO w.r.t. PO (2.57 mol); PO was added

at 0.4 eq. h™! in the absence ofwater

2.2 Structures of the oligomers and side products

Oligomers shown in Table 1, entries 1, 2 and 4 were
extensively studied by MS and LC-MS-MS. High rcsolution
MS was used to detect the desired compounds. In order to
understand the connectivity between the monomeric units in the
oligomers, LC-MS-MS spectra were recorded. An example of
observed fragments of one of the polymer chains (the product
from Table 1 entry 1) is shown in Figure 1. The MS-MS peaks
typically have lower accuracy, and thus, the error range is +/-
0.6-0.7 units. As can be scen, the numbers of monomers in any
fragment is always either the same, or +/- 1 of one unit relative
to the other ene. Further details on the MS and MS-MS studics
are shown in the SI (S4-S5).

Since these results looked promising we decided to scale
up this procedure to 300g scale with the aim to study the
mechanical properties of the polyols in polyurethane films. For
better control of the temperature and the rate the PO was dosed
to the reaction and BF3:.OEt: was used in a catalytic amount
(Tablel, Entry 6). These modifications resulted in a
significantly higher M, without seemingly affecting the amount

ﬁ?’{)o/\/\r‘i}m

m{z=7978349
detacted m /z = 787.10

@r\O/\/YC)%/LO/\/\rO)H
3
mfz= 5774674
detected m/ z = 577.08

@r\o,\/YO{/LO/\/W/O}H
4
m/z=721.5824
doetected m / z = 720.98

m/z=779.6243
detected m/z = 778.92

St

m/z=635.5003
detected m / z = 636.00

Figure 1. The detected fragments from an MS-MS
spectrum of the MH™ peak with m/z = 797.10 in the range
between 797.10 and 5770of 2-MecTHT  incorporation.
Unfortunately, the obtained polyoyl was not able to cure and
form solid polyurcthanc (PU) films when mixed with 4.4°-
methylenediphenyl diisocyanate (4,4’-MDI) (See Section 2.5,
Table 3 and Fig. 8a). This is commonly caused by non-hydroxyl
functionalized impurities that act as solvent for the forming PU.

After derivatization of the end groups with trimethylsilyl
chloride it was also possible to identify ethoxylated propylene
glycol an ethoxylated trimer and other low molecular weight
products that could be cyclics by GC-MS (SI, S10). The
presence of these impuritics would be very detrimental for their
usc in adhesives and thus, [urther in-depth analysis was
warranted.

An obvious remedy for the cthoxylation, causcd by the
presence of Et2O in the catalyst, would be the use of BFyH-0.
Unfortunately, when this catalyst was used (SI, S7) the
molecular weight distributions were rather broad (D and the M,
values measured by NMR and GPC differed by about 1700
g/mol.

These findings confirm that the polymers obtained with the
boron based lewis acids as catalyst contamn relatively large
amounts of non-diol products. In addition to the ethoxylated
polymers, a sccond detrimental impurity could be causcd by
formation of cyclic oligomers. Initial MS analysis of the
polycther polyols of Table 1 did indeed find a number of low
molecular weight compounds with a molecular weight that
showed the loss of a molecule of water from the oligomer.
Unfortunately, the quantification of these cyclic oligomers is
not trivial as linear molecules and cyclics exhibit very similar
shifts in 'II- and *C NMR spectra. In the MS, the cyclic
structures are indistinguishable from linear structures that tend
to form cations by loss of a sccondary hyvdroxy group.
Furthermore, co-elution of both molecules is expected to occur
in GPC measurcments. Nevertheless, cxperiments deseribed in
section 2.3 (see Scheme 4 and Figure 3) confirmed that these
were indeed cyclics; they consist of PO and 2-McTHF in the
ratio of 2:2 as well as 3:2.

2.3 Further fine tuning of the polymerization

For further optimization of the reaction conditions toward
oligomers with low cyclic content an empirical approach can be
used. It 1s known through invcsligaﬁi(ms]m* 10511 by the group
of Penzeek, that the cationic homo- polymerization of epoxides
can proceed via a so-called activated chain end mechanism
(ACEM) and/or via an activated monomer mechanism
(AMM).? 7811 the activated chain end mechanism, the chain
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ends arc oxonium ions which can react casily with another
monomer. This chain growth competes with an intramolecular
reaction of the ether oxygens m the chain leading to cyclic
molecules. Scheme 2 shows a proposed unwanted ACEM for
the copolymerization of PO and 2-McTHF in the presence of a
Brensted acid. Here, in the first step an oxonium ion of either
2-MeTHF or PO undergoes a nucleophilic attack by

Chain growth

PO
do 7N [‘iﬁ . éO}OH /

\\

o

PO /‘_\ [(>®_ ):0(3/\)\
* “\_\ Chain growth
2-MeTHF

Scheme 2. Possible reaction mechanismbased on ACEM leading
lo ¢yclic side products

{Initiator,
R= HOCH,CH;CHz-)

H0®

o) [—

- B

R/‘o’\/\ro\/Lo’\/\r':"'G —— R/\o’\/\ro

Scheme 3. Proposed AMM which should lead to linear hydroxyl
terminated chains

the respective co-monomer which leads o ring-opening.
The resulting fragment contains both a hydroxyl group and an
alkyl oxonium ion  the so-called active chain end. This
intermediate can then react with another co-monomer leading
to the growth of the polymer chain. On the other hand. a
backbiting of the oligomer chain is also possible by reaction of
the terminal oxonium ion with the hydroxyl group or the ether
oxygens along the chain which results in the cyclized oligomer.

The second type of cationic polymerization mechanism
(AMM) typically requires the addition of a nucleophilic
initiator. Primary alcohols (diols) arc commonly used for this
purpose. This mitiator (1) reacts with an activated monomer via
ring-opening, producing a hydroxyl chain end that can further
react with another activated monomer leading only to the
desired hydroxyl functionalized chain ends. In this mechanism,
the ether atoms in the chain cannot compete with the more
nucleophilic  alcohol  (diol), precluding the back-biting
mechanism. Scheme 3 contains a proposed AMM for the co-
polyvmerization of 2-MeTHF and PO. The mechanism is based
on the fact that homo polymerization of 2-MeTHT has never
been reported and is probably impossible. Henceforth, we
proposc that i the casc of the Bronsted acid mitated cationic
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copolymerization of 2-McTHF with PO an cquilibrium between
2-MeTHF and 1its ring-opened form exists. This intermediate
can only react with PO (and not with 2-McTHF) in a productive
manner, and is thus removed from the equilibrium, as ring
opening of PO is irreversible. The formed hydroxyl group can
then start the cycle again and polymerization commences. The
preference for reaction with the protonated Me-THF in the next
step can be explained by the very large excess of 2-MeTHF over
PO. This also explains the observed alternation of the 2-MeTHF
and PO units. Nevertheless, the build-in of two consccutive PO
molecules remains possible and is also observed. As is evident
by the above scheme, in the ideal casc, the chain-length (degree
of polymerization (D)) depends on the conversion (X) and the
ratio of PO (o the mitiator as well as the functionality 2 of the
latter (Equation 1). However, it also means that when we want
Lo obtain linear hydroxyl terminated chains a 1:1 molar ratio of
2-MeTHF to PO can only be reached at infinite chain lengths.
To describe this, we use Equation 2 which represents the
fraction of 2-MeTHT units per PO unit at a given DP assuming
full PO conversion. Taking equations | and 2 into account we
can predict the molecular weight (Mn) with respect to initiator/
PO ratio via Equation 3 that also takes the molecular weight of
the mitiater | into account.

. i Xn
Equation 1: Dp =—E
Zing
nro_,
. ; . — zjm
Equation 2: fmernr = Siis
iy

X

Equation 3: Mn =

npo

p— (Moo + fomernr Mamerne) +M;
DP = Degree of polymerization, Xpo = Conversion of PO,
zr = Functionality of the initiator, #1 = amount in moles,
npo=amountof PO in moles, M = molecular weights

Schemes 2 and 3 suggestthat the concentration of hydroxyl
groups should have a crucial influence on which of the two
mechanisms prevails. Since the AMM requires a relatively
strongly acidic catalyst with a poor nucleophilicity of its anion,
it was decided 1o change the catalyst to phospho-tungstic acid
(HPA), a heteropoly acid that is used with good results in the
cationic homo polymerization of THF."? In our case this
catalyst also appeared to be promising (see SI, S1) for an initial
screening). It was expected that if the scleetivity for the lincar
polymer is high, the molecular weight calculated from Eq.3.
should match the observed M, if all of the dosed PO is
immediatcly converted and built mto the growing polymer
chain. Table 2 shows some selected results obtained with
phosphotungstic acid (113PW12049°2411,0 TIPA) as catalyst.
Comparing entries | and 2 in Table 2, it is easy to see that at 20
eq. of PO (w.r.t. BDO), the molecular weight obtained is close
to the predicted. When more PO is dosed (40 eq.), the measured
M, deviates significantly downwards, Suggesting formation of
cyclic side products.



Table 2. PO/2-MeTHF copolymerization catalyzed by HPA

with diols as initiators®

0.02 mok-%

HPWiOm | y

o PW1200 | BDO
C}— )} HO~oH —H o\{\okf\%o}/’\off
=8DO RT = / 2

2% eq. X eq.
1em’min 0.5 em® min™

PO M(th)* My® 2-McTHF Y

Entr b
[gmol]  [%] [%]

Y. leq]* [gmol]

1 BDO 40 2888 2222 39(48) 75

2 BDO 20 1446 1368 43(45) 69
3 PDO 20 1460 1720 37(45) 92
4 BDM 20 1494 1325 35(45) 77
5" BDO 20 1446 90 0(45) <l

“General conditions: 0.02 mol-% HiPW2040-24H>0 w.r.t. PO In
50ml (490 mmol) 2-MeTHF and initator (21 mmol) followed by
addition of 2-MeTHF and PO. Flows (Q}: Q(PO)}=0.5 ¢cm3 min-1;
Q(2-MeTHF)=1.0 em®.min"! Workup: filtration through silica.
*BDO=1,4-butancdiol; PDO=1.4-pentancediol; BDM=14-
benzenedimethanol. “Equivalents of BDO  w.r.l.  imitator.
dCalculated usingeq. -3 assuming full PO conversion. *Measured
with 'H-NMR (sce ESI); fContent of 2-M¢THF in the oligomer.
predicted value in brackets; Elsolated yields based on PO.
fAnhydrous H3PW 204 was uscd as catalyst; no oligomers were
formed.

Next, we tested different diols as initiators (Entries 3 and
4). The result obtained with 1,4-pentanediol (PDO) is particular
interesting as a higher molecular weight than predicted could be
obtained. The secondary alcohol group in this diol which should
be less nucleophilic, might be the cause of this behavior. 1.4-
Benzenedimethanol  which has again two primary alcohol
groups behaves like BDO. However, the incorporation of 2-
McTIIF was slightly higher when BDO was used. Next we
wanted to Investigate if the added PO is imuediately
incorporated into the chain during the addition over the entire
course of the reaction. An experiment, using BDO as initiator
was performed with the same dosing rate as in Table 2. Samples
werc taken and the M, determined via 'II-NMR spectroscopy
(Figure 2a). In addition, the PO concentration was monitored
via in-situ [R spectroscopy (Figure 2b). Here wecould observe
that the 34, is in correspondence with the predicted molecular
weight, calculated according to Eq. 3, during the addition of up
to 20 equivalents of PO. Monitoring the amount of PO in the
reaction mixture during the addition of PO revealed that there
1s an induction period at the beginning of the reaction in which
the concentration rises until 7.5 equivalents of PO have been
added. The next equivalents of PO (7.5-20) arc consumed faster
than they are fed into the reactor. After this, we observe a
continuous mcrease of the concentration of PO. It is known
from the literature on cationic homo polymerization of PO that
accumulation and high concentrations can lead to unwanted
side products such as cyclic oligomers.'" The presence of low
molecular weight products 1s also evident upon comparison of
the GPC traces of the products at 20 and 40 eq. PO (Figure 2c).
The molecular weight distribution resulting from the 40 eq.
cxperiment 1s bimodal, showing the presence of small
molecules or oligomers in the lower molecular weight fraction.
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Figure 2. a) Comparison of measured M, values with calculated
values (Eq. 3) as function of equivalents of PO dosed b)
Concentration ¢{PO) of propylenc oxide in the rcaction mixturc as
function of the amount dosed and flow Q(PO) of PO. The
concentration was mcasured with in-situ ATR-IR spectroscopy. c)
GPC of product samples at different PO to initiator ratios

To minimize the effect of the crystal water on the reaction,
anhydrous H3;PW120u40 was prepared, but, surprisingly, this
material was not able to catalyze the copolymerization (Table
2, entry 5). Samples of the oligomers obtained under the
conditions of the entries 1 and 2 in Table 2 were used to
elucidate the nature of these side products. To distinguish
between linear hydroxyl terminated chains, oligomers with
dehydrated chain ends and cyclics. phenyl isocyanate was
added to convert the hydroxy groups into carbamates, and the
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samples kept at 80°C for 4 hours. Aller the derivatization was
complete, as validated by NMR spectroscopy, ESI-MS
measurcments were carried out using a method published by
van den Brink and co-workers They reported the use of
tricthylamine  which suppresses the  fragmentation  of the
molecular ions.'” Figure 3a shows the measured spectra of the
2-MeTHF/PO copolymer obtained with 40 eq. of PO vs.
initiator. It was possible to identify two cyclic oligomers as the
major side products. Having a 2-MeTHF/PO ratio of 2:2
respective 2:3, the composition of these eyclics provides (urther
evidence that for thermodynamic reasons no two 2-MeTHF
units can be adjacent to cach other. The MS spectra of the polyol
that was obtained from the reaction with PO/l = 20 shows, in
contrast with the former, only propylene glycol and its dimer as
low molecular weight side products and no cyclics (Figure 3b).
Having now identified the accumulation of PO as cause for the
formation of the cyclic oligomers, we adjusted the rate of the
PO addition (Scheme 4, Figure 4). This resulted in a polymer
whose low molecular weight fraction contained only traces of
cyclics and short chains besides trace amounts of propylene
glycol (Figure 3c). No larger cyclic oligomers could be found
(see SI S10 for the full spectra and assignment data).
Interestingly, besides the cxpected 1.4-butancdiol initiated
chains we could also find some chains which were initiated by
waler. Although according w "H NMR spectroscopy the overall
degree of incorporation of 2-MeTHF in the oligomer is 42
mol%, analysis by ESI-MS of the individual chains shows that
the individual incorporation varies between 20 and 48 mol%
(Figures 5 and 6). It did not have a noticeable influence on the
chain composition whether a chain was mitiated by 1.4- BDO
or by the crystal water of the heteropoly acid catalyst

:iD:u::" :'6% { i \ e
9 0. o st T J\{o /\_}o LRy
+ S g = | HO o) (2]
U— /L> + CH = \ Y\/\ “1/\/\ i
32eq, 16eq. BDO, 1&g

M (calc. =168 pimol, Mn{NMR)=1288 glmol
1(2-MaTHF)=a2%;  T2g (85%)

Scheme 4. Result of the co-polymerization under the dosing
conditions as shown in Figure §

2.4. Mechanistic investigations

When  the cexperimental  molecular  weights and  the
theoretical molecular weights are compared to each other, it
scems that the polymerization follows an activated monomer
mechanism (AAM)up to the addition of 20 equivalents of PO
w.r.t. to the initiator diol. However, monitoring of the PO
concentration during the polymerization revealed that there is
always a build-up in PO concentration at the beginning of the
reaction (Figure 4). Propylenc oxide is significantly less basic
than 2-MeTHF. This was proven by DFT calculations using the
MO05-2X functional which give a difference in pKa of 9 for the
respective protonated species in the gas phase (SI, S22). This
functional was identified carlicr by Truhlar and co-workers as a
reasonable method to calculate the energies of protonated
epoxides.' IR spectroscopy experiments support the order of
basicity and a ApKa of 2 is found."'"''"The reason for the
difference 1s probably that the DFT calculations were carried
out in the gas phasc for simplifications.. The lag time, that is
implicit in the PO concentration increase at the beginning of the
rcaction, probably points to the fact that, duc o the unfavorable
PK, of the epoxide compared to 2-MeTHF, it takes a while
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Figure 4. Effcct of a non-constant PO addition rate QQ on the PO
concentration during the reaction.
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before a sulliciently high concentration  of protonated
epoxide has formed to allow the onset of the polymerization. To
further investigate this, two control experiments  were

performed. These are based on the methodology developed by

Penczek and co-workers.''® '"?
© 1 mol %HzPW,;040 ©
a
) )> PPhsy o™~ OH i b 5o e
2-MeTHF
1.7 eq. 1.0 eq. 1.0 eq. RT observed
0 OH HyPW. 0]
b) D_ PPh, HO™ ™" 3PW12040 R-PPhs
R not ohserved
20 eq. 10eq. 1.0 eq.

Scheme 5. Control experiments to clucidate the propagation
mechanism

By adding phosphines to the cationic polymerization, it is
possible to verity that the cationic polymerization proceeds via
oxonium ions as active chain end (ACEM), in which case
phosphonium salts are formed that are easily detectable in *'P-
NMR spectroscopy.

When PO and 2-MceTHF were reacted i the presence of
triphenylphosphine  (Scheme  5a), the formation of
phosphonium salts was observed. When no PO was present, no
additional signals appeared in the *'P-NMR spectra. To verify
that these signals belong indeed to the adduct of the co-polymer,
the reaction was repeated without 2-MeTHF which yielded only
one signal characteristic for the phosphonium ion. This
indicates that 2-MeTHT cannot be ring-opened in the absence
of PO under the reaction conditions. To further verify this result
and our claim that due to thermodynamic constraints a terminal
2-MeTHF unit is not possible we tried to establish that the
polymer chains arc indeed terminated with C3 on both sides. To
establish this, we took a sample of the polymer, prepared
according to Table S3 (Entry 3) and submitted this to oxidation
with the Dess-Martin periodinane.

The resulting polymer was analyzed by '"H NMR, which
clearly shows a set of singlets at 8 2-2.2, which can be assigned
to the terminal CH3CO- and a set of singlets between & 3,8-4.1,
which can be assigned to -OCH,COCH; (Figure 7). The fact
that multiple peaks are found is related to the presence of
diastereomers as well as chains of different length. Note that in
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Figure 7. 'H NMR of the oxidized polymer

the case of a terminal €5 unit triplets would be expected
between 6 2.0-2.5 for the -CIH>CO- umit. This experiment
confirms that the polymer is terminated at both ends with a C3
unit.

Based on these observations it seems that the key step of
incorporation of 2-MeTHF in the co-polymerization of PO and
2-MeTHF is the alkylation of 2-MeTHF by activated
(“protonated”) PO, as shown in Scheme 6. This is further
supported by examples from the literature regarding the ring-
opening of 2-MeTHF to linear monomeric molecules by
acylating reagents.'?% 12!

OH ,_-OH

\Eo) +®(T)>'— = w§® + ROH - ‘/(Loj/

RO
R = (CH2),OH or polymer chain

Scheme 6. Proposed 2-MeTHF incorporation mechanism

It explains why there needs to be a sufficient build-up of
PO, or rather protonated PO, before the reaction can start. The
alternative mechanism from Scheme 3, in which protonated 2-
MeTHF reacts with butanediol resulting in an equilibriom
which 1s largely on the ring-closed side, but which can be
“fixated” by reaction with protonated epoxide, cannot be
excluded cntircly, but scems Iess likely in view of the fact that
the combination of 2-MeTHF, BDO and PPhs did not lead to
the formation of phosphenium salts under the influence of the
catalyst, which suggests that the mere addition of acid is not
enough o create a carbocation from 2-MeTHF.

2.5. Usage of the novel polyether polyal for the
preparation of elastic polyurethanes

To demonstrate the applicability of the obtained polyether
polyols for polyurcthane based adhesives, polyols were end
capped with 4.4’-MDI and subjected to moisture curing. During
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the curing procedurce the 1socyanate lerminated oligomers react
with ambient humidity, resulting in the formation of amine
groups that can rcact with the remaiming isocyanale groups
forming the typical polyurethane networks. Figure 8 shows
these films, while Table 3 gives an overview of their propertics.

This type of curing was not possible on polyether polyols
obtamed with BFyELQ and a britile material  was
obtained(Figure 8a). When water was used as Initiator the
curing of the resulting oligomers was possible. However, the
clongation of this film (Figurc 8b) was only 60% and the
ultimate strength measured was about 0.8 N mm™. In contrast,
using the polycther polyol obtained with a combination of
H3;PW12040.24H:0 as catalyst and 1,4-BDO as initiator, the
maximum clongation of the derived polyurcthane increased to
600 % and the ultimate strength was about 3.0 N.mm> (Table
3, entry 3; Figure 8¢). Using the addition protocol shown in
Figure 4, it was further possible to increase these values
significantly (Table 3, entry 4, Figure 8d).

The tensile strength of this film was then compared with the
one obtained from commercial polypropylene glycol (PPG)
which can be a component of an adhesive formulation (Table
4). '2% 123 When the properties of the co-polyether from 2-
McTIIF and PO is compared with PPG it is cvident that the
incorporation of 2-MeTH improves the tensile strength of the
resulting polyurethancs.

N

Figure 8. Films (A-D) [rom the different 2-MeTHF/PO co-
polyether polyols obtained under different conditions shown in

Table 3

Table 3: Sclected samples of 2MeTHF/PO co-oligomers prepared under different conditions and mechanical properties of the films
obtained by curing with 4,4°’MDI1

Catalyst Initiator 2-MeTHF? M(NMR)¢ My(GPC)P 5 s Emax® Foux®
B [mol-%] [mol-%] [mol-% ] [g mol] [g mol] i kil [%)] [N mm?]
1 BFT;E)‘ZO 2 52 2883 1100 48 A Hi, n.a.
2 BFﬁgIEO (15128 52(45) 1081 500 3 B 60 0.8
H3PW2040.24H20 1.4-BDO o

d 3 3
3 e L 43(45) 1278 1200 20 C 600 3.0

_ IPW;204.24I20  1,4-BDO

<
4 60, ) 43(43) 1288 1100 1.9 D 1100 3.2

"Measured with 'H-NMR after derivatization of the oligomer with triflucroacetic anhydride. GPC measurement of the oligomer. DIN 533504-
SF3A-boncs from 4,4°-MDI crosslinked films  &max: Maximum clongation; Fmax: Ultimate strength. dConstant dosing ratc of PO and 2-
MeTHF (Figure 2b); ‘Dynamic dosingrate as shown in Figure 5

Table 4: Comparison of the initial strength 3. Conclusions
2-MeTHF/PO PPG? We have shown that it is possible to obtain co-polymers of
(43/57) propylenc oxide with the renewable platform chemical 2-
MeTHF. The oligomers are exclusively hydroxy terminated and
e|%]b F|Nmm?2|* FINmm?2* thus uscful for the preparation of polyurcthancs and adhesives
based on them. The molecular weight range is suitable for their
50 2.18(0.04) 1.54(0.07) application in adhesives and can be varied within certain hmits
to suit the needs. /n-situ IR experiments revealed accumulation
100 2.49(0.04) 1.87(0.08) of PO in semi-batch mode at the beginning of the reaction. This
and NMR experiments suggest that the propagation step is best
200 2.81(0.05) 2.30(0.10) described by an alkylation of 2-MeTHF by protonated PO. This
activated specics can react with a hydroxy group [rom BDO or
300 3.00(0.05) 2.75(0.10) the growing polymer chain. Using a heteropolyacid as catalyst
and a diol as imtator it was possible to obtain ohgomers that
ndustrial PPG sample Mn=1700 g mol™! "Elongation; “Force at contain only trace amounts of cyclics through controlled PO
different elongations, standard deviation (N=3) in brackets addition. These oligomers form clastic solid films upon

crosslinking with 4,4-MDI. Notably, no further purification is
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nceessary other than removing the catalyst (phosphotungstic
acid) via filtration through silica and evaporation of the
volatiles. In summary, the presented results show that 2-methyl
tetrahydrofuran represents a valid bio-based building bleck for
the production of polycthers for adhesives.
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Hydrogenation of Polyesters to Polyether Polyols

Bernhard M. Stadler, Sandra Hinze, Sergey Tin, and Johannes G. de Vries*™

The amount of plastic waste is continuously increasing. Besides
conventional recycling, one solution to deal with this problem
could be to use this waste as a resource for novel materials. In
this study, polyesters are hydrogenated to give polyether
polyols by using in situ-generated Ru-Triphos catalysts in
combination with Lewis acids. The choice of Lewis acid and its
concentration relative to the ruthenium catalyst are found to
determine the selectivity of the reaction. Monitoring of the
molecular weight during the reaction confirms a sequential

Introduction

The world-wide production volume of polymers is predicted to
rise in the future as these materials are used in the manufac-
turing of an increasing number of consumer goods!! As a
result, there will be an increase in plastic waste. To counteract
the pollution of the environment, as well as to conserve natu-
ral resources, several strategies have been proposed and devel-
oped for the recycling of polymeric materials.”’ Depolymeriza-
tion and mechanical recycling are among the most applied
ones (Figure 1). In the first approach, some polymers can be
converted back into their monomers by heating,” hydrogena-
tion,™ or hydrolysis.®! At the moment, this strategy is question-
able from an economic point of view, given the low prices of
conventional meonomer feedstocks. In contrast, mechanical
recycling is starting to be implemented on an industrial scale
for PVC-based products.” However, there are disadvantages
associated with this approach. The molecular weight will drop
owing to chain scissions by thermal stress during extrusion or
reaction with impurities may lead to inferior mechanical prop-
erties. The chemical conversion of one polymer into another
could be a viable alternative recycling method. In addition, it
could establish new routes to novel materials.

Herein we report on a tandem hydrogenation—-acid-catalyzed
etherification strategy to synthesize oligoethers in suitable
molecular weight ranges for use in adhesives from polyesters.
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mechanism in which the diols that are formed by hydrogena-
tion are etherified to the polyethers. To probe the applicability
of this tandem hydrogenaticn etherification approach, a range
of polyester substrates is investigated. The oligoether products
that form in these reactions have the chain lengths that are
appropriate for application in the adhesives and coatings in-
dustries. This strategy makes polyether polyols accessible that
are otherwise difficult to obtain from conventional fossil-based
feedstocks.

rmmm———— Depolymerization |—========= 1
I 1
: Mechanical | |
: lr recycling

' l

A4 Y R
Monomers Polymerization Molding/. Application
Formulation

Chemical

- Disposal
conversion

Pyrolysis
products

Figure 1. Possible polymer life cycles.

Whereas in recent years many highly active and selective
homogeneous catalysts for ester hydrogenation have been
reported, most of these catalysts require base for their activa-
tion.”! Alternatively, they must contain an acid-labile ligand,
such as BH, or -CH,Si{Me);® which also makes them useless
for hydrogenation under acidic conditions. To date, the only
homogeneous hydrogenation catalysts known to tolerate
acidic conditions are bipyridine complexes of rhodium or iridi-
um® and combinations of ruthenium"® or cobalt"™ with a Tri-
phos ligand. In particular the Triphos-based metal complexes
have achieved much attention, owing to their broad applicabil-
ity in reactions including the reduction of esters’? and of
€0,," hydrogenation of lactams to cyclic amines," hydroge-
nolysis of polyesters to diols™ and direct reductive etherifica-
tion of carboxylic acid esters to ethers (Scheme 1)."" This ver-
satility and their stability towards acids and high temperatures
resulted in our decision to investigate this system for the
chemical recycling of polyesters to pelyether oligomers,

4082  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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e} 4 mol% Ru(acac)s

5 mol% Triphos o
-
OH 0O
@)Lo + 10 mol% AI{OTf), @ﬂ
. 12 h, 160 °C, 60 bar H,
20 equiv.
Beller['5

3 mol% [(cod)Ru(met)s]
3 mol% Triphos
10 mol% HNTf,

0
Mi;LOH + HO "

10 equiv. 16 h, 180 °C, 70 bar Hy
Goolenl'50]
Ph,P._ PPh,
i Triphos. ;
3 PPh,

Scheme 1. Previous work on reductive etherification using hydrogen as reductant

(met = 2-methylallyl).

Results and Discussion

To achieve realistic conditions, industrial grade poly(hexene
1,12-dodecanate) (PHDD; Figure 2} was used as a model sub-
strate. Initially, a solvent screening was conducted (Table 1).
Toluene and cyclohexene were chosen as apolar solvents.
Protic solvents were excluded as they would react with the po-
tential intermediates. Diethyl ether, tetrahydrofuran (THF), and

(0]
H OWOMO/\V\E/OH
(0]
n

Figure 2. Structure of poly(hexene-1,12-dodecanate) (PHDD).

1\4:6\0/\/\

Table 1. Solvent screening for the reduction of PHDD to the polyether”’

e

1 mol % Ru(acac);
1.5 mol % Triphos
2.5 mol % Al(Otf)3

PHDD B
140 °C, 40 bar H, X
Solvent
Entry Solvent Conv.P9 [9%)] Yield®<' [9] Sel.®! [%]
1 Et,0 33 0 0
2 THF 44 37 84
3 cyclohexane 40 2 4
4 CHCl, 24 2 9
5 1,4-dioxane 38 17 46
6 toluene 17 V] 0

[a] Conditions: PHDD (200 mg, 1.28 mmol COOR grcups), Rufacac); (5 mg,
13 umol, 1 mol%), Triphos ligand (12 mg, 20 pmol, 1.5 mol%), ANOTf);
(15 mg, 33 umol, 2.5 mol%), solvent (2 mL), 140°C, 24 h. [b] Calculated
from NMR spectra. [c] Conversion of COOR. [d] Yield of R—CH,OCH,—R
groups.
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1,4-dioxane were employed as polar aprotic solvents.
Although not a green solvent, chloroform was includ-
ed in the screening as it is known to positively affect
selectivity and rate in reductive etherification via hy-
drosilylation."®

In all solvents, conversion of the ester groups of
the polymer was observed. However only in 1,4-diox-
ane and THF a significant formation of ether bonds
was observed. In THF the selectivity was twice as
high as in dioxane at nearly the same conversion.
Based on this, THF was chosen as the solvent for fur-
ther experiments. The effect of the different metal tri-
flates as Lewis acid co-catalysts was also studied
(Figure 3). All of the investigated metal triflates were
found to facilitate the hydrogenation of the ester
moieties.

The role of the Lewis acid is twofold: It provides
protons from the reaction with water impurities,
which are thought to be crucial for the activation of
the catalytic system.” In addition, the Lewis acid is

1407

1204 n
I Conversion (COOR) [%] 1 350
Il sekectivity CH -O-C H,[%]

100

804

[%]

60

a3
o (=]
Charge density [C mnT]

404

-
(=]
=

o
o

La(ll) Ce(ll) Prl) Sm(il) Dy(1) Ybal) Zn() Mg(Il) h{l) Ga(l) Sn(l) AKI) Hf(V)

Figure 3, Effect of different metal triflates on the conversion and selectivity
of the reductive etherification of PHDD compared to their corresponding
estimated charge densities. Reaction conditions: PHDD (200 mg, 1.28 mmol
COOR groups), Ru(acac), (1 mol%), Triphos (1.5 mol %), Lewis acid

(2.5 mol %), THF (2 mL), T=140°C, 40 bar H,, t=16 h.

needed to catalyze the etherification reaction (Scheme 2, path-
way |; see also the Supporting Information, Table 54). The se-
lectivity for ether bond formation seems to correlate with the
charge density, which can be estimated from the charge
number and the respective ionic radii"” In addition, there
seems to be a certain threshold below which no etherification
is possible. The highest selectivities were obtained with Ga",
Sn", and Al" triflates. Curiously, addition of Hf" triflate results in
a selectivity for ether formation of over 100%. This finding can
be rationalized by the capability of Hf' triflate to open the THF
ring at higher temperatures, which, in combination with the
reducing conditions, results in the formation of n-butyl ethers
alongside n-alkanes, as reported by Marks and co-workers."®
To exclude the possibility that THF ring-opening by alumi-
num triflate is the reason behind the observed high selectivi-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim
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Scheme 2. Possible reaction pathways for the formation of oligoethers from polyesters.

ties, we performed a control experiment. Heating THF together
with Al{OTf); to 140°C for 24 h did not yield any cligomer of
THF or other ethers (see the Supporting Information for
details). Having identified a selective system with AKOTf),, we
further attempted to increase the conversion by varying the
aluminum triflate/ruthenium ratios. Interestingly, at higher
ruthenium loadings (1 mol%), increasing the AI(OTf), content
led to lower conversions (Table 2, entries 2 and 5), whereas at
lower ruthenium loadings a large excess of Al(OTf); is benefi-
cial and increased the conversion (Table 2, entries 3 and 4).
When a 1:1 ratio of Ru(acac); and AI(OTf); was used, no ether
linkages were formed, although full conversion occurred. The
reaction rather seemed to yield only the free diols, since no
oligomers were detected by gel permeation chromatography
(GPC; Table 2, entry 8). This indicates that a certain Lewis acid
concentration is necessary to facilitate etherification of the free
alcehol groups formed by the hydrogenation.

Thus, the reaction proceeds according to a tandem hydroge-
nation-etherification ~ mechanism  (Scheme 2,  pathway ),
consistent with the observations reported by Goolen and co-

Table 2. Effect of different Al/Ru-ratios.”

Ru(acac)s

Triphos

Al H{ {\% Tamj /H

PHDD — > e} (0}
140 °C, 40 bar H, Bl i
THF

Entry Al/Ru Rute! Conv. Sel, M fut )

[mol %] [95]* [%] [gmol "] [gmol ']
1 2.5 3 91 92 1200 600
2 2.5 1 62 98 2200 800
3 10 0.25 33 73 2250 1500
4 20 0.125 62 100 2400 1400
5 15 1 28 41 2100 1300
6 7.5 1 49 100 2400 1400
7 25 1 58 100 2700 1600
8 1 1 =99 0 A ! n.d.
[a] Conditions; PHDD {200 mg, 1.28 mmol COOR), Rufacac); {5 mg,
13 umol, 1 mol%), Triphos ligand (12 mg, 20 pmol, 1.5 mol%), Al(QTf),
(15 mg, 33 umol, 2.5 mol %), solvent (2 mL), 140°C, 24 h. [b] w.r.t. amount
of COOR groups in the polyester. [c] Calculated from NMR spectra. [d] De-
termined by GPC. [e] No oligomers were detected inside the calibration
range of the GPC method
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(Scheme 1 However, a mechanism
whereby etherification occurs through acid-catalyzed
elimination of water from the hemiacetal intermedi-
ate (Scheme 2, pathway ll) was also deemed plausible
by Beller and co-workers."™

To further verify which hypothesis is correct for
this reaction, we monitored the molecular weight of
the resulting polyester/polyether mixture during the
course of the reaction. At the start of the reaction, a
steep drop in the molecular weight of the substrate
was detected (Figure 4), in line with the formation of
the mixture of diols. Over the course of the reaction,
the formed alcohols were slowly etherified to give

1004 - 8000
- 7000
804 |
= Conversion (COOR) ] 6000
= L My 45000 .—
S 60- o M s 2
© 4000 E
£ i =]
3 409, -3000
+ 12000
204 &% 4
L
- , 71000
gl ask—— : : . —o
0 200 400 600 800 1000
t [min]

Figure 4. Molecular weight over time in the hydrogenation of PHDD. Condi-
tions: Polymer (3.0 g), THF (30 mL), Ru{acac); (3 mol%), Triphos (4.5 mol %),
Al(OTH); (7.5 mol %), T=140°C, 60 bar H,.

polyether oligomers. The polycondensation of diols with
Brensted or Lewis acids is a known method to obtain poly-
ethers that cannot be obtained by ring-opening polymeri-
zation of cyclic ethers.™ Additional proof was obtained in a
control experiment in which 1,12-dodecanediol was treated
with Al{OTf); at 140°C. After 16 h, complete conversion was
achieved and oligomers were obtained with a M, of 1850-
2000, as indicated by GPC analysis (see the Supporting Infor-
mation for details).

As expected, switching the setup from simple vials to a
mechanically stirred autoclave resulted in the reduction of all
ester groups in a reasonable period of time. To get more in-
sight into the generality of this approach, we subjected several
other polyesters (Figure 5) to the reaction conditions.

Table 3 shows a comparison of the polyether molecular
weights compared to the molecular weights of the starting
polyesters. From the results obtained, it is clear that the cata-
lytic protocol also works for other commercially available poly-
esters. The polyether polyols were obtained with molecular
weights suitable for application in adhesives. It was not possi-
ble to cbtain products with higher molecular weights, owing
to the presence of water, which forms in the etherification re-
action and cannot be removed, leading to an equilibrium with
relatively low-M,, oligoethers. We tried adding drying agents to

4084 @ 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Other polyesters subjected to the hydrogenation procedure. PEGP — poly[(2-(ethoxy)ethyl)phthalate]; PHA — poly(hexyl-1,6-adipate);
PBA = poly(butyl-1,4-adipate); C36-co-PHA — poly(hexene-1,6-adipate-co-distearate).

Table 3. Results of the hydrogenation/re-etherification of the polyesters shown in Figure 5.°!

Entry Polyester M, ([GPQ)®! M, (GPC)!™ M, (GPC)Y M, (GPO)™ M, (NMR)e<! Conv.™ [9%)] Yield®? [95]
[gmol '] [gmol ] [gmol ] [gmol™'] [gmol ']
1 PHDD 4200 13000 600 2000 614 =99 80
P2 PHA 3000 13000 200 2100 892 96 90
3 PEGP 3200 13000 n.d. nd. n.d. 490 na.
4 PBA 4200 11000 700 1100 563 =99 =99
5 C36-co-PHA 2400 4000 1500 2800 1000 >99 80
6l PHA + 1,4-BDM - - 1100 2000 1238 >99 89

[a] Conditions (unless otherwise stated): Polymer (3.0 g), Rufacac); (3 mol%), Triphos (4.5 mol%), Al{OTf); (7.5 mol%), THF (30 mL), 40 bar H, at RT, 140°C,
24 h. [b] Determined by GPC with THF as eluent, before hydrogenation of the polyester sample. [c] Measured after hydrogenation. [d] Calculated from
NMR spectra by end group analysis. [e] Conversion of COOR groups as analyzed by NMR spectroscopy. [f] Calculated wir.t. the theoretical conversion of all
ester groups into ether groups. [g] T=180°C; [h] Ru(acac); (2 mol%), Triphos {3 mol%), Al(OTf); (5 mol%). [ Determined from hydrogen consumption.
[j1 1,4-benzene dimethanol (22 mol %) was added; yield based only on the ether groups obtained by the conversion of original ether groups.

the hydrogenation reactions, but these did not have the
desired effect.

Notably, industrial grade polyesters were used without
purification, except drying under vacuum. Poly[(2-(ethoxy)-
ethyl}phthalate] (PEGP), in contrast, was not fully reduced and
yielded a complicated mixture of polyesters and polyethers
(Table 3, entry 3). Polyethylene terephthalate {PET) was also
subjected to the procedure but no conversion of the ester
groups occurred. The most likely reason for the absence of re-
activity is the insolubility of this polymer under the reaction
conditions. However, a polyester polyol based on a dimer of a
fatty acid could be easily reduced to a branched polyether
structure (Table 3, entry 5). Integration of the peaks in the ali-
phatic region of the "H NMR spectra clearly shows the absence
of THF incorporaticn in all obtained polyether polyols. To pro-
vide further evidence for the stepwise mechanism, we per-
formed an experiment in which an exogenous diol was added,
which, according to the mechanism, should be inserted into
the polyether chain. Thus, 1,4-benzene dimethanol (1,4-BDM)
was added as co-substrate to the hydrogenation reaction of
PHA (Table 3, entry 6). 14-BDM is a suitable probe for this
since there should be no 'H NMR signal overlap between its
free diol or ether form with the formed aliphatic polyether.
PHA was chosen as polyester substrate to further simplify the

ChemSusChem 2019, 12, 4082 - 4087 www.chemsuschem.org

NMR analysis of the product. Analysis of the '"H NMR spectrum
revealed that 8-10% of the added dicl was incorporated in
the oligomer, which had a slightly increased molecular weight
of 1238 gmol™’ compared to the other products in Table 3.
Further verification was provided by converting the free hy-
droxy groups into the corresponding trifluoroacetates, which
did not result in any significant change with respect to the
chemical shift of the signal assigned to the benzylic protons of
the 1,4-BDM ether fragment. This signal consisted of two
peaks indicating the presence of bonds of the 1,4-BDM to
each other as well as to the 1,6-hexandiol fragments (Figure 6).
Thus, if different diols are present in the reaction mixture they
are, as expected, randomly incorporated in the oligomer chain.

The molecular weight of these polyether polyols obtained
from end-group analysis is in agreement with the GPC-derived
M, value. This is a strong indication that the content of cyclic
oligomers is low. The reduced molecular weight of the ob-
tained polyethers is still in the range of 400-2000 gmol ', as
for other common polyols in polyurethane-based adhesives.*”
Their usefulness was further verified by adding 1.1 equivalents
of 24-toluene diisocyanate to the polyether obtained in
entry 2 of Table 3, followed by moisture curing under ambient
conditions. This procedure yielded a polyurethane film with a
leather like haptic. Figure S2 shows this film which is flexible

4085 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. 'H NMR spectra (3.0-5.7 ppm) of the oligoether described in
Table 3, entry 6: a) before and b) after the addition of excess trifluoroacetic
acid anhydride.

but still tightly engulfs a PTFE stirring bar. DSC measurements
showed that poly[oxy(hexane-1,6-diyl)] obtained by the reduc-
tion of poly(hexene-1,6-adipate) retained its crystallinity. How-
ever the melting range was reduced from 45-50°C (PHA) to
14-17°C (the hydrogenated product). This can be seen as an
advantage of the widely used poly-THF polyether that melts at
28°C, which usually requires heated distribution pipes and
storage tanks.

Conclusions

In conclusion, we have shown that a catalyst combination con-
sisting of Ru(acac);, Triphos and Al(OTf); can perform the hy-
drogenolysis of polyesters to polyethers. It was also possible to
replace aluminum triflate with gallium or tin triflate. Control
experiments supported a tandem hydrogenation etherification
pathway. The reaction worked well with linear aliphatic poly-
esters. The polyether products could be converted into poly-
urethanes, opening up the possibility of adding novel polyocls
to the polyurethane chemist’s toolbox. In addition, it provides
an alternative to established hydrolysis and hydrogenolysis ap-
proaches for the recycling of polyesters. Although the molecu-
lar weight is reduced compared to the starting polyesters, the
MW range is right for use in polyurethane-based adhesives.

Experimental Section
Hydrogenation and re-etherification of polyesters (Table 3)

PHDD (3 g; n(COOR) — 20 mmol) was added to a 100 mL Hastelloy
autoclave equipped with a mechanical stirrer, followed by
Ru(acac); (240 mg, 3 mol%), Triphos (581 mg, 5 mol%), and
ANOTf); (735 mg, 7.5 mol%). The reactor was then subjected to
three vacuum-argon cycles. Next, THF (30 mL) was added to the
reactor while having the latter under a flow of argon. Then the re-
actor was sealed, purged two times with N, (10 bar), pressurized
with H, (40 bar), and heated to 140°C. The temperature was con-
trolled by a thermocouple inside the reactor. During the next 16 h,
the pressure was recorded by a digital pressure read-out, After ap-
proximately 120 min, extra pressure of H, was added again to keep

ChemSusChem 2019, 12, 4082 - 4087 www.chemsuschem.org
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the pressure at 40-50 bar. Samples (100 uL} were taken according
to the observed speed of pressure drop; these were filtered over
silica, diluted with THF (ca. 1000 pl) and analyzed by GPC. Table 52
contains the GPC results of the reaction of PHDD at 140°C. Fig-
ures S1 and S2 show the pressure, temperature, and calculated
conversion over the course of the reaction. The polyether products
were isolated by removing the solvent under reduced pressure
followed by dissolution in toluene and filtration through silica to
remove the residual catalyst and Lewis acid.
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A) General remarks

A.1) Reagents and solvents

2-Methyltetrahydrofuran (2-MeTHF), fluoroboric acid, and phosphotungstic acid hydrate were
purchased from abcr GmbH. Boron trifluoride diethyl etherate was purchased from Acros. 2-
Methyltetrahydrofuran was distilled prior use and dried over molecular sieves. Propylene oxide (PO)
and boron trifluoro dihydrate were purchased from Sigma Aldrich and used as received.

A.2)  NMR-Spectroscopy

'H-NMR and *3C-NMR spectra were recorded at ambient temperature on 300 MHz spectrometers
(Avance 300 respectively Fourier 300) or a 400 MHz spectrometer (Avance 400) from Bruker. The
chemical shifts are givenin ppm and referenced to the residual proton signal of the particular solvent.

A.3) GPC, LC-MS-MS, stress-straintests and In-Situ ATR-IR measurements:

Gel permeation chromatography(GPC): Gel permeation chromatograms were measured witha 1260
Infinity GPC/SEC System from Agilent Technologies. The setup consisted of a SECcurity Isocratic Pump,
SECcurity 2-Canal-Inline-Degaser, SECcurity GPC-Column thermostat TCC6000, SECcurity Fraction
Collector and SECcurity Differential Refractometer detector. The measurements were performed at a
constant temperature of 50 °C using three columns with a polyester co-polymer network as the
stationary phase (PSS GRAM 30 A, 10 um particle size, 8.0 x 50 mm; PSS GRAM 30 A, 10 um particle
size, 8.0x 300 mm; PSS GRAM 1000 A particle size, 8.0 x 300 mm). As the mobile phase a DMF lithium
bromide solution (1.5 g-L1) with a flow rate of 1 mL min—! was applied. Polystyrene standards from
ReadyCal (PSS-pskitr1l-10, M, = 370-2520000 g mol-!) were used for calibration purposes.

Stress-strain tests: Stress-strain testing was conducted using a Z010 test system from Zwick-Roell
equipped with a 500 N probe head. Speed of sample (DIN 53504-SF3A-bones) elongation was 50 mm
min-t,

In-Situ ATR-IR measurements

ATR-IR spectra were recorded between 3000 — 620 cm! by a ReactIR 15 spectrometer equipped with
a fiber optical diamond probe (Metler Toledo). For the quantification of PO, the integral of the signal
of the characteristic ring deformation vibration?! (810-840 cm) was used. Calibration was achieved by
adding increasing defined amounts of PO to 2-MeTHF.

B) Polymerization and characterization of the oligomers with NMR
B.1)  Procedures of polymerization

1) General procedure for initial studies of co-polymerization of epoxides and 2-MeTHF (Table 1). An
example with 10 eq. of 2-MeTHF: An oven-dried flask was charged with 2-MeTHF (7.3 mL, 72.0 mmol)
andwater (0.13 mL, 7.21 mmol), cooled to 0 °C and BF;'Et,0 (0.88 mL, 7.13 mmol) was added dropwise.
Then the epoxide (7.15 mmol) was added dropwise over 3 minutes and the resulting contents were
left to stir for 90 minutes. After this time, an aqueous solution of NaOH (1.0 M, 20 mL) was added and

the contents were left to stir at room temperature for 30 minutes. The excess of 2-MeTHF was
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removed under reduced pressure and the resulting agueous phase was extracted with toluene (25 mL).
The organic layer was washed with water (3 x 20 mL), brine (20 mL), dried over MgSO, and toluene
was removed under reduced pressure. The desired product was obtained as colorless oil after the
sample was left under high vacuum for 4 hours.

I1) General procedure of polymerizations procedure described in Table S1: A dry 2-neck-round-
bottom flask equipped with a condenser and magnetic stirrer is subjected to three vacuum-argon
cycles. After that, the flaskis charged with the desired amount of 2-MeTHF and the desired amount of
water is added (0-10 mol% w.r.t. PO) followed by 1 mol% (w.r.t. PO) of the boron catalyst. The mixture
is subsequently stirred for 20 minutes, followed by addition of the desired amount of PO over 1 hour
via an HPLC-pump. When the addition was complete, 2-MeTHF (10 mL) was fed through the pump to
remove residues of PO. After that the reaction was quenched by adding an aqueous solution of sodium
hydroxide (c(NaOH)=1.0 mol I'*) and stirred for another hour. After this time the reaction mixture was
poured into a separation funnel, diluted with toluene to double the volume and washed with water (3
x 20 mL). The organic layer was separated. Evaporation of the volatiles in vacuo yielded the co-
oligomers as colorless viscous liquids (17-72% w.r.t. PO). Results are givenin TableS1.

Example: Reacting 2-MeTHF (44 mL, 425 mmol) with PO (6.0 mL, 85 mmol) in the presence of BF;#2H,0
(54 ul, 4.25 mmol, 1 mol-% w.r.t. PO) at RT according to the standard procedure yielded poly-[(2-
methyltetrahydrofurane)-co-(propyleneglycol)] (6.3 g, 50%). Ratio of 2-MeTHF : PO is 52:48;
M,(NMR)=1081 g mol*; hydroxyl number: 95 mg KOH g*

I11) General procedure of polymerizations procedure described in Table S3: A dry 3-neck-round-
bottom flask equipped with a condenser and magnetic stirrer is subjected to three vacuum-argon
cycles. After that, the flask is charged with and the desired amount of tungstic phosphoric acid,
followed by the addition of 2-MeTHF (40 ml, 0.39 mol) and the desired amount of diol. After PO (0.5
ml min-1, total 0.87 mol) and 2-MeTHF (1.0 ml min-?, total 1.18 mol) was fed via HPLC pumps to the
reactor over 120 min. If necessary, the reactor was equipped with an ATR-IR probe. After that the
reaction was quenched by adding water and stirred for another hour. Afterthat the reaction mixture
was adjusted to pH=7 by adding sodium carbonate. To remove the catalyst and salts the reaction
mixture was filtered through a pad of silica which was washed with toluene (2x100 ml). Evaporation of
the volatiles in vacuo yielded the co-oligomers as colorless viscous liquids (17-72 mol% w.r.t. PO).
Results are givenin Table 3 and Table S2 of the manuscript.
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B.2) M, determination by :H-NMR

The number average molecular weight of the oligomers (M,) was determined by the corresponding
'H-NMR spectrum after derivatization of the hydroxyl end groups with trifluoroacetic anhydride (TFA)
(1, Scheme 1) or with chlorotrimethylsilane (TMS-CI) (I, Scheme 1)

| Fjﬂ:)( oﬁoJ\NO%:J\/VOWAOfKEE

HOWAOP\/\/OWAO%/\/OW/\OH \"&
S Sioﬁoj\moﬁnoj\movo,s\i

Scheme S32: Derivatization reactions of the oligomers

Method I: The polymer (20 mg) is added to an NMR tube dissolved in CDCl; (400 uL) followed by
addition an excess of trifluoroacetic anhydride (200 uL). Subsequently the spectrum was recorded and
the molecular weight and the monomer ratio were calculated based on the ratio of the high field
shifted protons next to the trifluoroacetate moiety. Note: This method can only be usedin cases were
the polymer does not contain acid sensitive groups; otherwise method Il should be used. Figure S1
contains an exemplary spectrum.

CH,

CH,

CH,CH,

|
CH,0TFA ./ \' / Nﬁ"u ‘ ‘
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\\-\ | J \J ‘ !IJ. |

) ==}

- = -2

™ =T
T

0.10{ ‘}
0071

65 6.0 55 50 45 0 35
f1 (ppm)

Figure S 1:1H-NMR spectrum of poly-[(2-methyltetrahydrofuran)-alt-(propyleneglycol)] derivatized with TFA; Mn=1081 g mol-
1
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Method II: The polymer (55 mg) was dried in vacuo for 30 minutes and dissolved in anhydrous DCM
(5.5 mL). The resulting solution was cooled to 0 °C for 20 minutes and dry triethylamine (1.0 mL, 7.17
mmol) was added followed by the dropwise addition of TMS-CI (0.5 mL, 3.94 mmol). The reaction
solution was left to stir for 1 hour at 0 °C, then the ice-bath was removed and the resulting solution
was left to stir at RT overnight. After this time, the volatiles were removed under reduced pressure
and the resulting solids were left to dry in vacuo for 4 hours. To the remaining red solid C¢Dg (0.6 mL)
was added, the benzene solution was filteredinto an NMR tube and the spectrum was recorded. From
the resulting spectrum, the ratio of the monomers in the polymer, as well as the molecular weight,
were calculated.

B.3)  MS analysis of the reaction products obtained with stoichiometric BF;

The results of LC-MS-MS studies are shown in the paper for poly-[(2-methyltetrahydrofuran)-alt-
(propyleneglycol)] obtained with by the copolymerization of 2-MeTHF and PO in the presence of
stoichometric amounts of BF;#Et,0 (Table 1 in the manuscript, entry 1). The LCMS of some selected
peaks are shown below.

LC-MS and some selected MS-MS fragmentation spectra of poly-[(2-methyltetrahydrofuran)-alt-
(propyleneglycol)]

n
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FigureS 2: LC of the copolymer obtained with stoichiometric amounts of BFz3®Et;0. Repetition unit above
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B.4) Initial screenings of the catalytic copolymerization and MS analysis of impairing side
products

Table S 1: Effect of different boron catalysts and different amount of water on the polymerization

Boron-catalyst
o Water HO J\/\/o H
A O : i’

n

# Cat. MeTHF | Cat. [mol H.0 [mol %]2 Mn(NMR)® | Mn(GPC)] D ol\lliI::r:Z/ra Y[%]¢
[eq]? %]2 [g mol?] g mol?] %]

1e BF3¢Et,0 2 5 0 2883 1100 4.8 52 82
2¢e BF3eEt,0 5 5 0 744 500 2.5 52 43
3e BF3¢Et,0 5 5 2.5 1262 500 2.6 49 64
4e BF3¢Et,0 5 5 5 1685 500 3.6 | 49 34
5e BF3¢Et,0 5 5 10 741 500 3.8 49 17
6f BF3¢Et20 5 0.1 5 n.a n.a na | na 0

7f BF3eEt,0 5 1 5 n.a n.a na | na 0

88 BF3¢Et,0 2 1 5 1793 700 6.3 40 72
98 BF3¢2H,0 2 1 5 1734 500 4.6 34 60
108 | BF3*2H.0 5 1 5 1081 500 3.1 52 50
118 | HBF4" 5 1 4.75 1316 1000 1.5 48 51
128 | HBF4h 2 1 4.75 903 800 2.2 44 65

General remarks: PO was added at 0.1 ml/min (0.25 eq. h'1). After PO addition was finished reactions were stirred for 1 hour.
aw.r.t. propylene oxide (PO). PDetermined by H-NMR after derivatization with trifluoro acetic acid anhydride (TFA).
¢Determined by GPC via calibration against polystyrene with DMF as eluent. disolated yield. ®eAddition of water, catalyst and
PO at 0°C. Quenching at RT. PO addition 0.4 eq. h'}; \Water and catalyst stirred for 1 hour at RT, PO was added at 0°C;
g8Everything added at RT. "'50 % w/w in water

Table S1 shows a screening of different boron based acidic catalysts. The reactions were carried out
according to procedure |l) described in section B.1. When the results are evaluated with the
polydispersity the Brgnsted acid HBF, performed best. However, the resulting PUR films had only poor
elongationvalues (See section 2.4 in the manuscript). This is an evidence for the presence of cyclicside
products or chains containing “blocked” OH-Groups. These side products are ethoxylated propylene
glycol and ethoxylated oligomers (from BF;*Et,0) and 3 or 4 membered cylcics as found via GC-MS
analysis see figures below.
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Figure S 8: GC-MS analysis of the sample of Table S1, entry 1 after derivatization with trimethylchlorosilane.
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Hence to further improve our oligomerization process the stronger Brgnsted acid H3PW;,040%*H,0
was investigated as catalyst. The results are shownin Table S2.

Table S2. Testing of H3PW12040*24 H20 under different conditions

PO Cat Mn(calc. Mn(NM Mn(GPC OH(Trit)  Mn MeTH Y
# 2 [eg [mo ) R)e[g )fl[gmol- PDIf 8&8[mgg (Trit.)e Fe [%
> 1%]° [gmol"]  mol’] '] g [gmol?]  [%] ]
1 BDO 20 0.33 1446 1201 1155 14 98 1145 43(45) 52
2 BDO 40 0.33 2888 1309 1469 1.6 99 1133 40(48) 60
3  BDO 40 0.2 2888 2225 871 35 nd nd 44(48) 52
4h  BDO 40 0.02 2888 1924 908 2.8 nd nd 48(48) 72
5i BDO 40 0.02 2888 2222 874 3.6 62 1810 39(48) 75
6 BDO 20 0.02 1446 1278 1158 2.0 74 1516 43(45) 69
7 PDO 20 0.02 1460 1720 1311 2.1 64 1753 37(45) 92
8 BDM 20 0.02 1494 1325 1012 1.9 94 1194 35(45) 77
9k BDO 16 0.02 1302 1288 1500 1.4 80 1408 43(43)
10' BDO 20 0.02 1446 90 n.d. n.d. n.d. n.d. 0(45) 2

General conditions: Oligomerization reactions were carried out at RT; PO and 2-MeTHF were fed to a solution of
initiator and catalyst in 2-MeTHF (50 mL) via HPLC pumps for 120 min. Flows (Q): Q(PO)=0.5 cm? min%; Q(2-
MeTHF)=1.0 cm3 min™. 2Initiator; BDO=1,4-butanediol, PDO=1,4-pentanediol, BDM=1,4-benzenedimethanol.
PW.r.t. initiator. ‘W.r.t. PO. “Predicted M. ¢Determined with *H-NMR after derivatization with triflouroacetic
anhydride.&Determined by GPC.éDetermined by titrationanalogous to DIN 53240."At50°Cin a sealed stainless

steel autoclave. ‘No aqueous workup. “Flow rate of PO according to Figure 5 in the manuscript. 'Anhydrous
H3PW 1,040 was used
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B.5)  ESI-MS characterization of the sample obtained in Figure 12d

C4H 2.2 eq. PANCO C,H
Q {\0)\/\/} \{\ 4Hg H\ﬂ/{o\{\oj\/\/}o\{\o 4Hg

M, (calc.)=1158 g/mol; Mn(NMR)=1288 g/mol
f(2-MeTHF)=42%;

Scheme S2: Derivatization reactions of the oligomers with phenylisocyanate

Prior to the measurments a polyether sample from Table S2, Entry 10 (500 mg) was heated in a 2 mL
vial to 80°C and kept under vaccum (0.2*10-3 bar) while being stirred for 2 hours to ensure removal of
water. After this, the vial was repressurized with an argon atmosphere and 2.2 eq. phenylisocyanate
with respect to the M, value (as measured by NMR or titration) was added via syringe. Subsequently
the contents were left to stirr for 3 hours. After this time, vacuum was applied for 30 min to get rid of
most of the excess of phenyl isocyanate left. The vial was repressurized and allowed to cool to room
temperature. The next day 'H NMR spectrum was acquired to ensure the full functionalization of the
sample. Figure S9 shows the tH-NMR spectrum prior to the phenylisocyanate derivatisation and Figure
S 10 after. The success of the derivatisation was judged by the fact that the integral of the terminal
CH,-O and CH-Odid not change with respect to the -CH; groups in the oligomer chain.

75 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 10 0.5 0.0 0.5
f1 (ppm)

Figure S 9:1H-NMR of poly-2-MeTHF-PO copolymer. End groups are marked with trifluoracetic acid esters.
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FigureS 10: The same sample as in Figure S8 but derivatized with phenyl isocyanate

In the next step a solution of the derivatized oligomer in methanol (1 mg mL-1) was prepared. To this
solution (1 mL) of distilled triethylamine (100 plL) was added. The solution was then immeditaly
transferred to a gold coated ESI-MS-capillary and subsequently measured. Figure S 11 shows the
overview spectra of the measured oligomer. Figures S14, S15, S16 and S17 contain different sections

of the full spectra.

190919_348_TEA_NCO_1 379 (7.136) Sm (SG, 10x5.00); Cm (265:411) TOF MS ES+
100 1180.70 691
123871
1324.76
138279
1094.68
1050.67
1440.82
102265 1526.89
1527.89
< 27926 58404
31449 1671.00
1730.06
90661 gy o1 1758.09
820.60...
B14.63 04.62 l
o AL AR A A AL LA ! iL lllll-l.l‘.l.hl Libadbatatoras : : | :
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

FigureS 11: Full ESI-MS spectra. Table S2, Entry 10, Manuscript:
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Figure S 12: Section from 100 to 500 m/z of spectrum shown in FigureS 11.
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FigureS 13: Section from 500-1000 m/z of spectrum shown in Figure S 11.
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FigureS 14: Section from 1000-1500 m/z of spectrum shown in Figure S 11.
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FigureS 15: Section from 1500 — 2000 m/z of spectrum shown in Figure S 11.
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1,4-BDO initiated chains

Table S3 contains the measured signals which could be assignedtolinear hydroxyl terminated chains,
which are now end capped with phenyl isocyanate and contain one molecule of 1,4-butane diol (1,4-
BDO). The molecular weight M of these chains was calculated using the following equation:

M = npgMpg + nyetrMmerr + M1,4-Bpo + 2Mpunco + Mune,

where n = number of molecules in the chain. Indices: PO = propylene oxide, MeTHF = 2-
methyltetrahydrofurane, PANCO = phenyl isocyanate, HNEt; = triethylammonium cation; M = the
corresponding exact molecular weights.

Table S3: Calculated and measured masses of 1,4-BDO initiated chains

n(PO) n(MeTHF)  M(Calculated)[m/z] M(Measured)[m/z] A [m/z]
5 2 892.62 892.60 0.02
4 3 920.65 920.61 0.04
6 2 950.66 950.56 0.10
5 3 978.69 978.61 0.08
6 3 1036.73 1036.66 0.07
7 3 1094.78 1094.66 0.12
6 4 1122.81 1122.67 0.14
8 3 1152.82 1152.68 0.14
7 4 1180.85 1180.7 0.15
9 3 1210.86 1210.7 0.16
8 4 1238.89 1238.71 0.18
7 5 1266.92 1266.73 0.19
9 4 1296.93 1296.74 0.19
8 5 1324.97 1324.75 0.22
10 4 1354.98 1354.77 0.21
9 5 1383.01 1382.79 0.22
8 6 1411.04 1410.81 0.23
8 6 1411.04 1410.81 0.23
10 5 1441.05 1440.81 0.24
9 6 1469.08 1468.86 0.22
8 7 1497.11 1496.87 0.24
11 5 1499.09 1498.86 0.23
10 6 1527.12 1526.89 0.23
9 7 1555.15 1554.9 0.25
11 6 1585.16 1584.92 0.24
10 7 1613.20 1612.95 0.25

105



12 6 1643.21 1642.96 0.25
11 7 1671.24 1670.98 0.26
10 8 1699.27 1701.01 -1.74
11 8 1757.31 1758.07 -0.76
11 8 1757.31 1758.07 -0.76
16 5 1789.30 1787.09 2.21
12 8 1815.35 1815.13 0.22
14 7 1845.36 1845.16 0.20
14 8 1931.44 1931.23 0.21

Water initiated chains

Table contains the measured signals which could be assigned to linear hydroxyl terminated chains,
which are now end capped with phenyl isocyanate and contain one molecule of water. The theoretical
molecular weight M of these chains was calculated using the following equation:

M = npoMpg + NvetnrMmetrr + Mu20 + 2Mpnnco + Munet,

where n = number of molecules in the chain. Indices: PO = propylene oxide, MeTHF = 2-
methyltetrahydrofurane, PhANCO = phenyl isocyanate, HNEt; = triethylammonium cation; M = the
corresponding exact molecular weights.

Table S4: Calculated and measured masses of water-initiated chains

n(PO) n(MeTHF) M(Calculated) [m/z] M(Measured) [m/z] A[m/z]
2 2 646.45 646.34 0.11
3 2 704.49 704.36 0.13
5 1 734.50 734.38 0.12
4 2 762.53 762.40 0.13
3 3 790.56 790.43 0.13
5 2 820.57 820.45 0.12
6 2 878.61 878.50 0.11
5 3 906.64 906.53 0.11
7 2 936.65 936.54 0.11
5 4 992.72 992.60 0.12
8 2 994.70 994.59 0.11
7 3 1022.73 1022.65 0.08
6 4 1050.76 1050.66 0.10
8 3 1080.77 1080.66 0.11
7 4 1108.80 1108.67 0.13
6 5 1136.83 1136.67 0.16
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1166.84
1194.88
1224.89
1252.92
1282.93
1310.96
1338.99
1369.00
1599.19
1397.03
1427.04
1455.07
1485.09
1571.16
1657.23
1629.20
1715.27

1166.68
1194.70
1224.70
1252.70
1282.73
1310.75
1338.78
1368.78
1598.93
1396.80
1426.80
1454.83
1484.84
1570.99
1656.99
1628.95
1714.91

0.16
0.18
0.19
0.22
0.20
0.21
0.21
0.22
0.26
0.23
0.24
0.24
0.25
0.17
0.24
0.25
0.36
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B.6) Triphenylphosphine trapping experiment

These experiments were based on the method published by Penczeket. al?3

A) An oven dried 10 mL Schlenk tube equipped with a magnetic stirrer was charged with
phosphotungstic acid hydrate (225 mg, 0.08 mmol). After that 1,4-BDO (220 ul, 2.4 mmol) was
added followed by the addition of a solution of triphenylphosphine (629 mg, 2.4 mmol) in dry
2-MeTHF (5.0 mL). During stirring propylene oxide (300 ul, 4 mmol) was added via a syringe.
The contents were left to stir for 60 minutes. After this time, a sample was taken, diluted with
CD,Cl, and measured by 31P-NMR spectroscopy. This revealed the presence of several signals
at &, = 23 ppm which can be attributed to the presence of phosphonium salts. Further
triphenylphosphine oxide could be identified (6=26.5 ppm) and residues of tungstic
phosphoric acid (6=-15.4 ppm) (Figure S15)
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Figure S15:31P NMR spectrum of the reaction mixture obtained according to method A.
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B) Same procedure as method A, but without the addition of propylene oxide. Only
triphenylphosphine could be identified in the 31P-NMR spectra

— -5.56

PPh,

T T T T T T T T T T T T T T T T T T T
5 0 -5 -10 -15 -20 -25 -30 -35 -4
f1 (ppm)

Figure S16:31P-NMR spectrum of the reaction mixture obtained according to method B.
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C) Same procedure as method A, but 2-MeTHF was replaced with dichloro methane. Besides
triphenyl phosphine one singlet at 23.4 ppm corresponding toa quaternary phosphonium salt
could be observed. Figure S17

+

-5.59

0
o
&

PPh3

0
f1 (ppm)

Figure S17:31P-NMR spectrum of the reaction mixture obtained according to method C.

110



B.7)  Oxidation of the oligomer end groups

The oligomer of 2-MeTHF/PO obtained with the procedure Il (Page 92) (M,(NMR)= 1376 g mol1) was
used. The oxidation of the terminal hydroxyl groups was carried out analogous to a previous published
procedure.* First Dess-Martin-Reagent (600 mg, 1.42 mmol) was weighed in a 25 mL Schlenk tube
equipped with a magenticalstirrerinside a glove box. Afterwards the tube was brought outside of the
glove box and kept under an argon atmosphere. Afterwards inhibitor free DCM (10 mL) was added,
followed by the addition of a solution oligomer (980 mg, 0.71 mmol) in DCM (6 mL). The contents were
then stirred at room-temperature for approximately 18 hours. Workup was achieved by first washing
the cloudy reaction mixture with a solution of Na,S,0s (1.3 g, 7 mmol) in saturated NaHCO; solution
(30 mL). The aqueous layer was extracted with MTBE (3x30 mL). The organic extracts were washed
with water (2x20 mL) and brine (10 mL). Drying over anhydrous MgSO, and removal of the volatiles
yielded the oxidized oligomer (883 mg, M,(NMR)=1384 g mol, 0.63 mmol, 88 %).

2%

oo

LHOW”O*“}:’{\O}SW | |
A

My(NMR)=1665 gimal
f(2-MeTHF)=42%;

T

o0 —
= @
c —
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|

50,37+

T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 3.0 25 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure S18: 1H-NMR spectrum of the oligomer after reaction with Dess-Martin reagent. Signals between 4.25 and 4.0 ppm and
the singlets between 2.3 and 2.1 ppm indicate termination with propylene glycol moieties. Absences of multiplets between
2.9and 2.4 ppm indicate no 2-MeTHF derived chain ends.

As evident from the H-NMR spectra (Figure S18) the hydroxyl groups have been converted to the
corresponding aldehydes or ketone. The signals at 4.25 —4.0 ppm are typical for the methylene groups
of alkoxy aceteones.> Between 2.3 and 2.1 singlets can be observed that based on their integral
correspond to the methyl groups of these ketones. This suggest that the oligomer is terminated with
propylene glycol units. Multiplets between 2.9 and 2.4 ppm would be indicative for a n-propyl ethyl
ketone moiety®-8 but are absent.

111



B.8)  Estimation of basicity of the different species

All DFT calculation were conducted using the Gaussian 09 package® employing the M05-2X functional
and the 6-311++G(d,p) basis set. This approach has been verified to be a reliable method for the
geometry optimization of protonated cyclic ethers.1? The difference in the free energies of the different
equilibria in gas phase can be found in Table S5.

Table S5: Changes in free in energyinrelevant equilibriain the reaction mixture.

AG,gg[kcal mol

Entry Equilibrium 1
(] g@
1 HO\/\/\gH2 & —_— HO\/\/\OH Qﬁ _15 2
o @ -
2 HO\/\/\C(JgH2 LX\ _ HO\/\/\OH <O<—| 3.6
H® @
o) o) o] HO
3 _ +11.6
- ) -
pre
4 s 0 0 +1.5
O~ )} — ~_O )}
P
5 Fs 0 0 4.2

\/O\/ I/\)7 —_— \/O\/

The optimized geometries (XYZ, cartesian coordinates) and the obtained free energies can be found
below:

2-MeTHF

C  -1.3595300000 -0.8324650000 -0.1816460000
0] 0.0162690000 -1.1350470000 0.0705920000
C 0.7342940000 0.0598270000 0.4018840000
C -1.5302180000 0.6640520000 0.0951600000
C -0.1187810000 1.1905830000 -0.1616790000
C 2.1338350000 -0.0376470000 -0.1632040000
H  -1.9853340000 -1.4546300000 0.4576610000
H -1.5781370000 -1.0706960000 -1.2245300000
H 0.7784270000 0.1478020000 1.4940640000

H -1.8060800000 0.8305000000 1.1371660000
112



-2.2885860000

0.0835970000

0.0677810000

2.6470410000

2.7073650000

2.0861720000

2-MeTHF+H

0.0318540000

1.4763600000

-0.8024530000

1.5154240000

0.0928040000

-2.1694710000

-0.1023610000

2.0875800000

1.6158800000

-0.8006210000

1.7604370000

2.2614480000

-0.0825050000

-0.1186840000

-2.6970220000

-2.7451720000

-2.1097970000

1.1196780000

2.1472470000

1.2856560000

-0.9069810000

0.8560860000

-0.1403900000

-1.1197720000

-0.7486650000

0.1290900000

0.7202150000

1.2103440000

-0.0336550000

-1.8946130000

-1.4049000000

-0.9448150000

0.1252300000

0.8451860000

1.2445260000

1.3203780000

2.1604730000

-0.8896230000

0.8612930000

-0.1289360000

-0.5383280000

0.3168240000

-1.2340470000

0.2448080000

0.0860830000

-1.2475190000

Sum of electronic and thermal Free Energies=-271,686

-0.0229150000

0.2357520000

-0.4075250000

-0.1341650000

0.1520550000

0.1875550000

-0.5866790000

-0.3747520000

1.2926800000

-1.4961780000

-1.1881400000

0.4578840000

1.2229860000

-0.3340620000

-0.2295600000

-0.0530700000

1.2701790000
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Sum of electronic and thermal Free Energies=-272,004571

1,4-BDO

C  -1.8643900000
C  -0.6504540000
C 0.6504540000
H -0.7022250000
H -0.7022250000
C 1.8643900000
H 0.7022260000
H 0.7022250000
0] 3.0236160000
H 1.8494520000
H 1.8494520000
H 3.8047650000
O -3.0236160000
H  -1.8494520000
H  -1.8494530000
H -3.8047650000

Sum of electronic and thermal Free Energies=-308,816236

1,4-BDO-H+

C 1.7136670000
C 0.5821240000
C -0.7316290000
H 0.6356540000
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0.5062320000

-0.3985700000

0.3985700000

-1.0444880000

-1.0444870000

-0.5062320000

1.0444870000

1.0444880000

0.3210610000

-1.1464470000

-1.1464490000

-0.2326280000

-0.3210610000

1.1464470000

1.1464480000

0.2326270000

-0.5789240000

0.4019140000

-0.3921390000

1.0037090000

0.0000000000

0.0000010000

0.0000010000

-0.8793250000

0.8793280000

0.0000000000

0.8793270000

-0.8793250000

0.0000000000

-0.8876050000

0.8876030000

-0.0000040000

0.0000000000

-0.8876050000

0.8876040000

-0.0000040000

0.0068350000

-0.0236320000

0.0124290000

-0.9317980000



Sum of electronic and thermal Free Energies=-309,110284

0.6282460000

-1.9401420000

-0.7947560000

-0.7910180000

-3.0653360000

-1.9320720000

-1.9123450000

-3.8729390000

3.0395180000

1.7872150000

1.7816750000

3.8626620000

3.0701000000

0.1507190000

-0.8189600000

-1.0354260000

-1.8661760000

-0.9291490000

1.4992720000

0.1450900000

1.3835600000

2.0657690000

2.0651950000

1.0643200000

0.5299250000

-0.9900710000

-1.0726790000

-0.3178720000

1.1108250000

1.2230860000

0.1947990000

0.2358930000

-1.1957200000

-1.1589770000

-0.2789300000

0.9908180000

-0.0456790000

-0.7807220000

0.6154530000

0.8634130000

1.2214130000

0.1018080000

-0.2800750000

0.3354320000

-0.8248700000

0.9009640000

0.8453320000

-0.0322170000

0.9229860000

-0.8382470000

0.0355230000

-0.9595070000

0.8147140000

-0.0289810000

-0.0583540000

-0.8822480000

0.9220540000

-0.0148840000

0.5527370000

0.4934220000

-0.2509260000

-0.0554060000

0.5932690000

-0.9476180000

-0.1478830000

1.5527640000

-1.2054210000

-0.0584320000

0.3320480000
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Sum of electronic and thermal Free Energies=-193,072106

PO+H
C  0.2262030000
O  -0.8616430000
C  -0.9235670000
H  -1.7480020000
H  -0.8237810000
C  1.5491630000
H  0.1675180000
H  1.4603780000
H  2.0442650000
H  2.1597640000
H  -1.4777960000

Sum of electronic and thermal Free Energies=-193,371864

BF3Et,0

C  2.3713190000
C  1.5386600000
O  0.1201100000
C -0.5161160000
C  -2.0118180000
B -0.3332770000
F -0.4657470000
F -1.5021940000
F 0.7130360000
H  3.4237610000
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0.0728240000

-0.7389590000

0.7533640000

1.0676500000

1.2259620000

0.0040940000

-0.1587410000

0.1431360000

-0.9393290000

0.8120950000

-1.2207970000

0.6765180000

0.6355810000

0.4392310000

1.5740940000

1.5227920000

-1.0599120000

-0.8869950000

-1.3204660000

-1.8637640000

0.7384730000

0.5070050000

-0.2571560000

-0.0811760000

0.5430980000

-1.0474330000

-0.1588490000

1.5633060000

-1.2342110000

0.0596490000

0.2514800000

0.3194800000

0.4829950000

-0.7796580000

-0.4967710000

0.1670370000

-0.0334230000

0.0481810000

1.4042620000

-0.6001760000

-0.3130160000

0.2062510000



Sum of electronic and thermal Free Energies=-558,240018

Et,0

2.1333530000

2.2169250000

1.8121310000

1.5992590000

-0.2483260000

-0.0848210000

-2.4425930000

-2.2552340000

-2.4470770000

-2.3835445426

-1.1798907524

-0.0000000749

1.1798906429

2.3835443868

-3.3143356890

-2.3701805700

-2.3701824859

-1.1967237764

-1.1967225856

1.1967231033

1.1967231034

3.3143355620

2.3701816523

2.3701810263

1.5418020000

-0.2316500000

-0.1994030000

1.5601200000

1.5359040000

2.4606250000

2.4327980000

1.4687220000

0.6654340000

-0.3972911007

0.5238777599

-0.2760762714

0.5238777005

-0.3972912206

0.1767578588

-1.0491925064

-1.0492164701

1.1585203912

1.1585455555

1.1585456394

1.1585201869

0.1767576921

-1.0492168205

-1.0491923945

1.0998060000

1.0619570000

-1.4132950000

-1.3512910000

1.2202310000

-0.2950080000

0.3846020000

-1.0926020000

0.4712830000

0.0000068668

0.0000207292

0.0000102386

0.0000216227

0.0000084116

0.0000136838

-0.8797388752

0.8797348768

0.8928336564

-0.8927743324

-0.8927733259

0.8928346629

0.0000160558

0.8797362405

-0.8797375115
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Sum of electronic and thermal Free Energies=-233,575743

2MeTHF+BF3

B

Sum of electronic and thermal Free Energies=-596.357335
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-1.4675920000

-2.2199320000

-1.3766670000

-1.7127850000

0.0417360000

1.0315250000

2.2538040000

1.6592860000

0.5558950000

1.2275330000

0.5901390000

2.8352070000

2.8894680000

2.3790120000

1.2275150000

-0.2793920000

0.9278110000

0.2926410000

1.9674700000

1.5903980000

0.0116030000

-0.5824020000

-0.7285830000

1.3400070000

-0.0121270000

0.7691970000

-0.1383100000

-1.5439490000

-1.3577100000

2.1075270000

0.8733710000

0.0316710000

0.0597280000

-2.2975550000

-1.8331510000

-2.0434880000

-1.3440190000

2.6613860000

2.6798950000

1.9694270000

-0.0976250000

0.8737700000

-1.2588150000

-0.3117860000

0.5007400000

-0.2875760000

-0.3264910000

-0.2470570000

0.7760440000

0.3786390000

-1.2770690000

-1.2299290000

0.5389330000

0.0646990000

-1.2043600000

0.6876940000

1.7979920000

0.3995450000

-0.1822640000

1.3970840000



PO+BF3

-1.0730010000

-2.0975330000

-0.9982390000

-0.8295370000

0.2586400000

1.1844600000

1.6421250000

1.8818010000

1.4000890000

0.9519630000

2.1580760000

2.9485020000

1.5906450000

1.3240720000

-0.1372090000

0.6774910000

-1.3285700000

-0.2141550000

0.6876870000

1.4056060000

0.2196270000

-1.0987580000

2.3966910000

1.2993000000

0.3892410000

-1.1802230000

-1.9135060000

-1.1786940000

0.0190790000

-0.3246030000

-0.6356700000

1.3690500000

-0.5896530000

0.2672760000

-0.4641570000

0.2030860000

-0.1023450000

1.3171770000

-1.3995680000

0.4143910000

-0.4559840000

1.1319360000

Sum of electronic and thermal Free Energies=-517,733932
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