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Abstract

Il. Abstract

A more sustainable isocyanide synthesis was established for non-sterically demanding aliphatic
isocyanides using p-toluenesulfonicacid chloride (p-TsCl) as dehydrating agent, which is, compared to
typical reagents like phosgene derivatives or phosphorous oxychloride, less toxic and easier to
handle. In addition, p-TsCl is a waste product of the saccharin synthesis. The synthesis protocol was
used to synthesize 11 isocyanides from the respective mono- and di-N-formamides in moderate to
excellent yields (up to 98%). The E-factor was strongly decreased by using simple extraction as sole
purification step after quenching. Considering the degree of sustainability of this procedure, the
burden of using isocyanide in synthesis routes can be strongly decreased.

Using the greener access to isocyanides, a multicomponent reaction (MCR) between isocyanides,
amines and elemental sulfur yielding thioureas was introduced as more sustainable approach for the
synthesis of thiourea-based organocatalysts. These compounds are typically formed using toxic
reagents like thiophosgene derivatives or carbon disulfide, which can be avoided employing the
reactivity of base activated sulfur with isocyanides. The use of elemental sulfur is further desired,
since it is a waste product from the petroleum industry and the storage of the annual generated
surplus leads to safety and environmental issues. A broad investigation of different activating motifs
to obtain catalytically active thiourea catalysts showed that typically used electron-poor aryl moieties
had to be introduced via the isocyanide component in the MCR. The use of the more sustainable
isocyanide approach introduced in this work for these compounds was proven to be inapplicable. In
addition, two novel activation motifs, i.e. isophthalicacid ester and p-(alkyl)sulfonyl phenyl, were
introduced exhibiting similar catalytic activities as the widely used bis-3,5(trifluoromethyl)phenyl
motif in an Ugi-reaction and a ring-opening of carbonates. Furthermore, the tailorability of the ester
and sulfonyl groups bore the potential to adjust the solubility of the thiourea organocatalysts, since
the often exhibit low solubilities in classic organic solvents.

The transfer of such catalytically active thiourea groups into polymers was further investigated to
obtain recyclable organocatalysts by step-growth (polycondensation and poly-Thiol-Ene reaction)
and living polymerization (ring-opening-metathesis polymerization (ROMP)). The ROMP approach
proved to be the most promising one, since nearly full conversion of a norbornene thiourea
compound was achieved in only two hours at 44 °C depicting the potential of a high tailorability to
adjust the solubility of the obtained polymers. Furthermore, by using a co-ROMP approach of the
thiourea norbornene with norbornene or cyclooctene, an additional parameter to alter the solubility
was introduced leading to a faster reaction rate of the thiourea monomer and full conversion after
one hour. Nevertheless, no sufficient purification procedure could be established that allowed the
isolation of the formed polymers. Still, the thorough evaluation of all three approaches showed that
a ROMP approach could lead to the formation of the desired polymeric organocatalysts by
addressing the solubility issues in the work-up.

Mechanistic studies of the above-mentioned MCR between isocyanides, amines and sulfur led to the
establishment of a more sustainable isothiocyanate synthesis, which is the key intermediate in this
reaction. By using tertiary amines, amidines or guanidines as amine component in the reaction,
elemental sulfur was sufficiently activated yielding isothiocyanates instead of thioureas. Using this
procedure, 20 mono- and diisothiocyanates were synthesized in moderate to excellent yields
(34-95%) bearing aliphatic, cyclic, benzylic and aromatic moieties, underlining the broad applicability
of this procedure. Comparison of the E-factors with typical synthesis procedures showed the
advantages of this method. In addition, substitution of solvents in this reaction like DMSO that are
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Abstract

needed to dissolve the base-activated sulfur with greener ones like Cyrene™ or GBL was achieved
and the purification method was optimized in terms of sustainability.

Further mechanistic investigation on the reaction of base-activated elemental sulfur with
carbene-like functional groups such as isocyanides led to the introduction of a novel synthesis of
tetra substituted aryl olefines using tosylhydrazones as starting material. The mechanistic pathway
was hypothesized to proceed via a carbene formation after nitrogen extrusion of the tosylhydrazone
and a subsequent Barton-Kellogg-like reaction. The optimized reaction procedure led to a feasible
protocol for tetraarylethylenes in excellent yields, exemplified on two compounds in a proof of
concept. In addition, test experiments for the evaluation of the reaction pathway were suggested
and thoroughly discussed.

Thiosemicarbazides were obtained using hydrazine as amine component in the MCR with isocyanides
and elemental sulfur, extending the scope of this MCR. Using a step-growth polycondensation
between dithiosemicarbazides and aryl dialdehydes, 13 novel (co-)poly(thiosemicarbazone)s were
obtained and fully characterized by NMR, IR; SEC, DSC and TGA analysis. High molecular weights up
to 38 kDa were obtained and the polymers reached their decomposition temperatures at roughly
200 °C. In general, the polymers exhibited no T, unless a certain amount of bulky thiosemicarbazide
moieties were introduced leading to high Tgs (162-182 °).

The application of these polymers as complexation ligand for metals was shown by formation of a
membrane in a non-solvent induced phase separation process (NIPS). Membranes with
permeabilities in the range of ultrafiltration (UF) to reverse osmosis (RO) were obtained
(32-0.3 Lm~hbar?) using DMSO and NMP as solvent in NIPS, while high molecular macromolecules
like bovine serum albumin (BSA) were completely retained. No salt rejection or removal of
micropollutants was observed, most likely due to defects in the membrane. Complexation of copper
and silver ions was shown in a batch removal experiment and a dead-end dynamic set-up was
performed in a proof of concept for the sufficient removal of silver ions from a water stream.

Vi



Zusammenfassung

lll. Zusammenfassung

Eine nachhaltigere Synthese fir nicht sterisch anspruchsvolle aliphatische Isocyanide, die
p-Toluolsulfonsaurechlorid (p-TsCl) als Dehydratisierungsreagenz verwendet, wurde eingefiihrt.
Dieses Reagenz ist im Vergleich zu klassischen Dehydratisierungsreagenzien, wie Phosphoroxychlorid,
weniger toxisch und leichter handhabbar. Zudem ist p-TsCl ein Abfallprodukt aus der industriellen
Saccharinsynthese. Dieses Syntheseprotokoll wurde verwendet, um 11 Isocyanide aus den jeweiligen
Mono-und Di-N-formamiden in moderater bis exzellenter Ausbeute (bis zu 98%) herzustellen. Durch
einfaches Extrahieren als einzigen Aufarbeitungsschritt wurde der E-Faktor im Vergleich zu géngigen
Syntheseprotokollen deutlich reduziert.

Mit dem optimierten Zugang zu Isocyaniden konnte die Multikomponentenreaktion (MCR) zur
Bildung von Thioharnstoffen aus Isocyaniden, Aminen und elementarem Schwefel fiir einen
nachhaltigeren Zugang zu Thioharnstoff-basierten Organokatalysatoren verwendet werden. Durch
die Reaktivitdit von mit Basen aktiviertem Schwefel konnen so Thioharnstoffe hergestellt werden,
wobei typischerweise verwendete, giftige Chemikalien, wie Thiophosgenderivate oder
Kohlenstoffdisulfid, vermieden werden. Des Weiteren ist die Verwendung von elementarem
Schwefel wiinschenswert, da er ein Abfallprodukt der Olindustrie ist und die Lagerung des jahrlichen
Uberschusses an Schwefel zu Sicherheits- und Umweltproblemen fiihrt. Eine weitreichende
Untersuchung der Aktivierungsmotive, die zu katalytisch aktiven Thioharnstoffen fiihren, zeigte, dass
haufig verwendete elektronenarme aromatische Reste lber die Isocyanidkomponente in der MCR
eingefihrt werden miussen. Zwei neuartige Aktivierungsmotive, genauer der
Isophthalsdureester- und der p-(Alkyl)sulfonylphenylrest, die eine dhnliche katalytische Aktivitat wie
der weitlaufig verwendete 3,5-Bis(trifluoromethyl)phenylrest in einer Ugi- und einer
Ringoffnungsreaktion von Carbonaten aufwiesen, wurde aufgezeigt. Die neuen Aktivierungsgruppen
haben des Weiteren das Potential die Loslichkeit der, in gdngigen organischen Lésemitteln oft
schwerldslichen, Thioharnstoffkatalysatoren anzupassen. Zusammenfassend bietet der in dieser
Arbeit vorgestellte Syntheseweg mittels MCR von elementarem Schwefel einen nachhaltigeren
Zugang zu katalytisch aktiven Thioharnstoffen.

Der Transfer solcher katalytisch aktiven Thioureagruppen in ein Polymergeriists mittels
Stufenwachstums- (Polykondensation und Poly-Thiol-En Reaktion) und lebender Polymerisation
(Ringoffnungsmetathese Polymerisation (ROMP)) wurde weiterfihrend untersucht, um recycelbare
Organokatalysatoren zu erhalten. Die ROMP erwies sich als der vielversprechendste Ansatz, da fast
vollstandiger Umsatz eines Thioharnstoffnorbornens nach nur zwei Stunden bei 44 °C erreicht wurde.
Dariiber hinaus zeigte der Ansatz das groRte Potential fiir eine Anpassung der Loslichkeit der
erhaltenen Polymere. Mittels eines co-ROMP-Ansatzes des Thioharnstoffnorbornens und Norbornen
oder Cycloocten konnte ein weiterer Paramater zur Steuerung der Loslichkeit eingefiihrt werden,
wobei zudem ein schneller Umsatz des Thioharnstoffmonomers erreicht wurde (vollstdndiger Umsatz
nach einer Stunde). Nichtsdestotrotz konnte kein adaquates Aufreinigungsprotokoll etabliert
werden, dass die Isolation der hergestellten Polymere erlaubte. Im Allgemeinen konnte durch die
Evaluierung aller drei Ansatze gezeigt werden, dass Uber den ROMP-Ansatz die gewilinschten
polymeren Organokatalysatoren erhalten werden konnten, wenn die Loslichkeitsproblematik in der
Aufarbeitung adressiert wird.

Vi



Zusammenfassung

Mechanistische Untersuchungen der oben erwdhnten MCR zwischen Isocyaniden, Aminen und
Schwefel fluhrten zu der Etablierung einer nachhaltigeren Isothiocyanatsynthese, welches das
Schliisselintermediat dieser Reaktion darstellte. Durch die Nutzung von tertidren Aminen, Amidinen
und Guanidinen als Aminkomponente wurde der aktivierte, elementare Schwefel mit dem Isocyanid
zum lIsothiocyanat statt dem Thioharnstoff umgesetzt. Mit diesem Protokoll konnten 20 Mono- und
Diisothiocyanate in moderater bis exzellenter Ausbeute (34-95%) hergestellt werden. Die breite
Anwendung des Syntheseprotokolls wurde durch die Umsetzung von aliphatischen, zyklischen,
benzylischen und aromatischen Isothiocyanaten unterstrichen. Ein Vergleich der E-Faktoren von
typischen Syntheserouten zeigte die Vorteile dieser Methode (Einfachheit, Minimierung von Abfall).
Zudem konnten Losungsmittel, wie DMSO, die fiir das Losen von Basen-aktiviertem Schwefel
unabdingbar sind, durch nachhaltigere Losungsmittel, wie Cyrene™ oder GBL, ersetz werden,
wahrend die Aufarbeitungsmethode im Sinne der Nachhaltigkeit optimiert wurde.

Weitere mechanistische Untersuchungen zu der basischen Aktivierung von Schwefel mit
carbenartigen funktionellen Gruppen, wie Isocyaniden, fiihrte zum Erhalt einer neuen Synthese von
tetrasubstituierten  Arylolefinen  startend von  Tosylhydrazonen. Der  hypothetische
Reaktionsmechanismus wurde postuliert, ausgehend von einer Carbenbildung unter
Stickstoffextrusion mit nachfolgendem Barton-Kellogg-dhnlichem Reaktionsverlauf. Die optimierte
Reaktion flhrte zu einem einfachen Syntheseprotokoll fir Tetraarylethylene in exzellenten
Ausbeuten, beispielhaft gezeigt an zwei Tosylhydrazonen. Dariber hinaus wurden weitere
Testexperimente  vorgeschlagen und  konkret diskutiert, die den vorgeschlagenen
Reaktionsmechanismus bestatigen konnten.

Durch die Verwendung von Hydrazin als Aminkomponente in der MCR mit Isocyaniden und
elementarem Schwefel konnte die Anwendungsbreite der Reaktion erweitert und Thiosemicarbazide
erhalten werden. Uber eine Polykondensation von Dithiosemicarbaziden und Aryldialdehyden
wurden 13 neuartige (co-)poly(thiosemicarbazon)e hergestellt und vollstindig Gber NMR, IR, SEC,
DSC und TGA Analysen charakterisiert. Die Polymere zeigten Molekulargewichte bis zu 38 kDa und
Zersetzungstemperatur ab ca. 200 °C. Generell zeigten sie keinen T, sofern nicht ein gewisser Anteil
an sterisch anspruchsvollen Thiosemicarbazidresten verwendet wurde, der wiederum zu hohen Tgs
flihrte (162-182 °C).

Die Anwendung dieser Polymere als komplexierender Ligand fir Metalle wurde anhand von
Membranen gezeigt, die Uber den Anti-Lésungsmittel induzierte Phasenseperationsprozess
(non-solvent induced phase separation, NIPS) hergestellt wurde. Fiir die Herstellung via NIPS wurden
DMSO und NMP als Losungsmittel verwendet und die Membranen zeigten Permeabilititen im
Bereich der Ultrafiltration bis zur Umkehrosmose (32-0.3 Lm>2h?bar?!). Hochmolekulare
Makromolekiile, wie Bovines Serumalbumin (BSA), wurden komplett zuriickgehalten. Salze oder
Mikroschadstoffe wurden nicht zurlickgehalten, vermutlich durch Defekte in den Membranen.
Komplexierung von Kupfer und Silber wurde in einem Batch-Absorptionsexperiment gezeigt und ein
dynamisches dead-end set-up wurde durchgefiihrt, um zu zeigen, dass Silberionen auch in einem
Wasserfluss zurlickgehalten werden kénnen.

VIl
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Introduction

1 Introduction

Nowadays, humanity still heavily relies on fossil resources, leading to several environmental issues
like the Green House effect. More recently, additional problems have arisen due to our high
consumption of these resources. For instance, elemental sulfur is accumulating in sulfur deposits in
tremendous amount, because it is mainly produced as a waste product by the reductive
desulfurization of crude oil in the petroleum industry.? Thus, over 80 million tons of sulfur were
produced in 2021.2 On the other side, there is currently only one main application for sulfur on
industrial scale, namely the synthesis of sulfuric acid, leaving a great annual surplus.»*® This might
sound harmless at first, considering that sulfur is a non-toxic, unreactive solid.* However, due to the
shear amount of sulfur being stored, issues such as the acidification of soil and water by oxidation of
sulfur, for instance by bacteria or the risk of a fire, which would ultimately release a high amount of
toxic sulfur dioxide, arose.” Therefore, more applications for elemental sulfur, especially on large
scale, are highly desired.

In the last decades, research was sparked in the field of elemental sulfur chemistry and several
methods were introduced to activate this unreactive compound, unlocking its versatile reactivity for
organic and polymer chemistry. For instance, one of the most common activation methods is based
on the activation by a base, which allows the use of sulfur not only as starting material in a reaction
but also as oxidant, reductant and as catalyst.® Due to its various reactivity, sulfur was also
introduced for several multicomponent reactions (MCR)s and the numbers of new reactions with
sulfur as key component are increasing annually. Among these MCRs, sulfur also shows a unique
reactivity towards carbene-like functional groups such as isocyanides forming C=S double bonds.®
Thus, thioureas can be obtained by an isocyanide and sulfur based-MCR in the presence of an amine
base.’®

One of the main applications of thioureas is the field of organocatalysis. This concept was already
established in the early 2000s and the importance of this idea, especially for asymmetric guided
reactions, was underlined in 2021, when the Nobel prize was awarded to David MacMillan and
Benjamin List for their groundbreaking work on this field. Nowadays, thiourea-based organocatalysis
is widely applied and various approaches for an increased catalytic activity of the functional group
were established.

Despite the long establishment of thiourea-based organocatalysis and its potential for many
applications, it is surprising that the incorporation of thiourea organocatalysis in the framework of
Sustainable Chemistry is still lagging in several points and most often only focus on the recyclability
of a catalyst. Still, the synthesis routes of these compounds rely heavily on noxious reagents like

isothiocyanates, thiophosgene its derivatives or carbon disulfide. 1>’
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2 Theoretical Background

2.1 Concept of Sustainable Chemistry

Due to the ongoing depletion of fossil resources and the growing awareness of the population
concerning the limits of our planet, sustainability is one of the most important topics of this century
and found its way irreversibly into all sectors of politics.

The first report of the term “sustainability” in the German language area can be dated back to 1713

18 where it was used as an economic term in forestry describing a

by Hans Carl von Carlowitz,
resource-protecting way of logging of trees. However, it took until the second half of the 20t century
to get global public attention for this subject. In 1972, Meadows et al. published their book “The
Limits to Growth-A Report for THE CLUB OF ROME's Project on the Predicament of Mankind”, in
which they concluded that if the growth trends at that time considering world population,
industrialization, depletion of resources, food production and pollution continued unchanged, the
limits of growth on earth would be reached within in the next one hundred years. In the following an
uncontrolled collapse would most likely appear.’® Having arrived at that severe prediction, they
asked to strive for a sustainable global equilibrium of not only economic but also ecological stability.
In 1987, the UN World Commission on Environment and Development published the Brundtland
Report (“Our Common Future”) defining the word “sustainability” as “meeting the needs of the
present generation without compromising the ability of future generations to meet their own

needs”.?°

During that time, political movements were sparked leading to the Rio Conference (Earth Summit), in
which the Agenda 21 for sustainable development was adopted as a means to mediate between
ecological and economic interests.?! In the following years, the interdisciplinary character of
sustainability was further extended to incorporate not only economic and ecological but also social
aspects. This was visualized by the introduction of the “3-column model of sustainable development”

).22 This model states that all three

by the Enquete-commission of the German Bundestag see Figure 1
aspects are equally balanced and can only be optimized mutually to secure sustainable progress. In
2015, the UN renewed and extended their goal for sustainable development in the universal Agenda
“Transforming our world: The 2030 Agenda for sustainable development” calling it “a plan of action

for people, planet and prosperity”.*

With the production from bulk to fine chemicals to pharmaceuticals, chemical industry contributes in
a large part to the worldwide emission of CO, and thus, to global warming, as well as waste.?*?* For
instance, 923 million tons CO, were produced due to the production of primary chemicals like
methanol, ammonia, ethylene, propylene, benzene, toluene and mixed xylene in 2020.2° Because of
this tremendous impact on our planet, the term sustainability was implemented in the following
years into chemistry giving birth to the subject “Sustainable Chemistry”, which represents the
subcategory for sustainability in the chemistry sector.?’” Therefore, it was urgent to adopt and
incorporate suitable guiding principles to address all aspects of Sustainable Chemistry. Consequently,
metrics were established that allowed to quantify the sustainability factor of synthesis and

processing. In 1991, Trost introduced the so-called atom efficiency (AE, also called atom economy),
3
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which describes the number of atoms of the starting materials incorporated in the final product and
can be directly obtained from the reaction equation.?® To obtain a minimal amount of waste the
value should be close to the ideal value of 100% (see chapter below for more details).

Figure 1: 3-column model of sustainable development.??

A milestone for Sustainable Chemistry was achieved in 1998, when Anastas and Warner introduced
their Twelve Principled of Green Chemistry depicted in Table 1.2° According to Anastas et al., the main
aim of these principles is to provide a cohesive framework for sustainable design.3® All stages of a
chemical life-cycle should be considered and adjusted towards a more sustainable one. Thereby,
hazards occurring due to the use of chemicals or processes should be reduced. This means that
prevention of waste and maintenance of safety in chemistry for people and the environment is the
highest goal.

The Twelve Principles were summarized as the acronym PRODUCTIVELY, as shown in Table 1.3! As
one important aspect of the Twelve Principles, the waste of a reaction should be minimized
(principles P and E). This includes the avoidance of by- and side products, i.e. a high degree of
selectivity of the reaction. Typically, catalytic reagents can help to achieve this demand (principle C).
To further reduce the production of waste, derivatizations and auxiliaries like
protection/deprotection, blocking groups and temporary modification of physical/chemical process
as well as the use of solvents should be avoided (principles O and V). Since high energy consumption
is another factor that contributes to the low sustainability of many chemical processes, overcoming
the need for harsh conditions (high and low temperatures and pressures) is another important
principle of Green Chemistry. This can at the same time reduce the potential hazard of chemical
processes (principle T). In addition, starting materials should be obtained from renewable feedstock
to avoid depletion of resources (principle R). The aspects of safety are addressed mainly be reducing

4
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the toxicity of chemical compounds, for instance by using less toxic, at best innocuous, chemicals
(principle Y).

Table 1: Twelve Principles of Green Chemistry listed with short explanations ordered to depict the acronym “PRODUCTIVELY”
as a straightforward mnemonic. Adopted from ref.?%:31

Principle Explanation

P | Prevent It is better to prevent waste than to treat or clean up waste.
waste

R | Renewable A raw material or feedstock should be renewable rather than depleting
materials whenever technically and economically practicable.

O | Omit Unnecessary derivatization should be minimized or avoided, if possible.
derivatization
steps

D | Degradable Chemical products should be designed so that at the end of their function they
chemical break down into innocuous degradation products and do not persist in the
products environment.

U | Use safe Substances and the form of a substance used in a chemical process should be
synthetic chosen to minimize the potential for chemical accidents, including releases,
methods explosions, and fires.

C | Catalytic Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents reagents.

Temperature, | Energy requirements of chemical processes should be recognized for their

pressure environmental and economic impacts and should be minimized. Synthetic

ambient methods should be conducted at ambient temperature and pressure.

In-Process Analytical methodologies need to be further developed to allow for real-time,

monitoring in-process monitoring and control prior to the formation of hazardous
substances.

Very few The use of auxiliary substances should be made unnecessary whenever

auxiliary possible and innocuous when used.

substances

E | E-factor Synthetic methods should be designed to maximize the incorporation of all
maximize used materials into the final product.
feed in
product

L | Low toxicity | Chemical products should be designed to preserve efficacy of the function
of chemical | while reducing toxicity.
products

Y | Yes, itissafe | Reagents and products should carry little or no toxicity for humans or the

environment.

It was further clarified that the reduction of toxicity should be considered for the whole life cycle of a
process, not only for the synthesis or the processing. Thus, a product should not be intrinsically toxic
or lead to the emission of noxious derivatives into the environment by degradation. Moreover, even
if non-toxic, chemicals should not be persistent in the environment (principles L and D). Besides the
toxicity of compounds, a major aspect of security is also addressed by the demand to use safe
synthetic methods, minimizing the potential for accidents like fire, explosions, or release of chemicals

5
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should (principle U). Ultimately, analytical monitoring should be employed to allow real-time control
of the whole process preventing the formation of hazards before they arise (principle I).

Over the years, these principles became the fundamental guidelines to optimize the sustainability of
a chemical synthesis or process.®? In addition, the term Green Chemistry became an integral part of
the field of Sustainable Chemistry, which was often misleadingly used since the excessive use of the
words “sustainable” and “green” in media eventually blurred their definitions.3*** Thus, Warner et al.
defined both terms more clearly: Sustainable Chemistry, as discussed above, can be seen as
subsystem of sustainability representing all kind of aspects involving materials and chemical
compounds in the artificial world like safety and risk policy, remediation technologies, water
purification, alternative energy, and Green Chemistry evaluating them in a cost-benefit analysis.?”%
In turn, Green Chemistry was defined as the part of Sustainable Chemistry which can be used as
application focusing on the transfer of starting materials to their final technology”.?”*>3¢ However, it
must be mentioned that achieving all twelve of these principles is idealistic and thus, the overall aim
for chemists should be to address as many of these principles as possible, understanding them more

as guidelines and consequently making their synthesis process holistically more sustainable.3”3®

As a result of the interplay between scientific research and political involvement, the field of Green
Chemistry experienced a tremendous growth starting from 1998.3% The establishment of a scientific
platform for the community, namely the journal Green Chemistry by the RSC, contributed majorly to
the growth by allowing to publish greener chemical investigations in a journal designed especially for
that purpose.3%383° The importance of social aspects as the third pillar of sustainability was also well
addressed in the latest twenty years, as nowadays, for instance, universities offer Green Chemistry
and Green Engineering classes, Green Chemistry research centers have been established and
government funding has been multiplied.3%4°
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2.1.1 Quantifying Sustainable Chemistry

As mentioned in the previous section, the need for a quantification of sustainability led to the
introduction of different metrics. However, since the term sustainability is a complex concept
involving several different aspects, no metric can assess sustainability completely. Instead, several
metrics were established over the years, highlighting and balancing different aspects of Green and
Sustainable Chemistry, which will be discussed in the following. As already mentioned above, Trost
introduced the atom efficiency (AE, also called atom economy) in 1991, which is depicted in
equation 1:%

_ M (product)
Y M(starting material)

AE (1)

It is defined as the ratio between the molecular masses of the atoms of starting material and those
incorporated in the final product and is ideally equal to one (100%). The AE is straightforward to
calculate and gives a first impression about the mass balance of a reaction. However, stoichiometric
amounts and quantitative yield are assumed, ignoring other aspects like excess of reagents and use
of auxiliaries that do not appear in the reaction equation as well as conversion. The purification
process is furthermore neglected completely. Another widely applied metric is the Environmental

impact factor (short E-factor), introduced by Sheldon in 1992 (see equation 2):*
£ for — m(waste) )
factor = m(product)

The E-factor is calculated dividing the obtained amount of waste by the amount of product obtained.
Ideally, when no waste is produced at all, the E-factor is zero. This metric allows to also consider the
yield of a reaction, since it is connected to the amount of product obtained. In addition, the recycling
of compounds like catalysts, non-reacted starting materials and solvent can be considered as well. It
must be mentioned that a theoretical E-factor only considering the reaction equation will deliver the
same information as the AE comparing reactions, which is depicted in Scheme 1.3

OH

0 AE=42%
3 +2CrO3 +3H,SO04 —— 3 + Cry(S0y4)3 + 6 H,O
Eiheo.=Ca.1.5

OH

catalyst i AE=87%
+050, — > +H,0
Etheo.=ca.0.1

Scheme 1: Comparison of AE with a theoretical E-factor, exhibiting the same information exemplarily shown on the

oxidation of 1-phenylethanol. Note that actual E-factor values will probably be considerably higher.

Stoichiometric oxidation of 1-phenylethanol to acetophenone with chromium oxide under treatment
with sulfuric acid leads to chromium sulfate and water as by-product, resulting in an AE of 42% and a
theoretical E-factor of ca. 1.5. In contrast, the aerobic oxidation of the alcohol leads to a higher AE of
87% of and a lower E-factor of ca. 0.1. In practice, the E-factor will probably be much higher since all
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the other forms of waste, as discussed above, are considered as well. Thus, an outstanding AE does
not automatically correlate to an excellent E-Factor.

Since the E-factor refers to the actual amount of waste and is easy to calculate, it is used also in the
chemical industry.3? Table 2 depicts typical E-factors of chemical industry segments and underpins
why a sustainable development in chemistry is an urgent matter. Some sectors, like the fine chemical
industry, generate high E-factors.

Table 2: Overview of chemical segments and their respective tonnage and E-factors. Adapted from ref.*2.

Industry segment Product tonnage E-factor
Oil refining 106-108 <0.1
Bulk chemicals 10%-10° <1-5
Fine chemicals 10%-10* 5-50
Pharmaceuticals 10-103 25->100

While oil refining and bulk chemicals are strongly optimized processes, the E-factors are low
(E-factor <5). The E-factors are considerably higher for more complex chemicals and pharmaceuticals
(up to 100 for drugs). When publishing the calculation of E-factors, Sheldon challenged the chemical
industry to change their solely economic ambitions towards more holistically sustainable concepts.*?

Still, several aspects of the Twelve Principles of Green Chemistry are not considered in the E-factor.
For instance, the toxicity of compounds, the energy consumption and the wastewater produced (not
to be confused with water produced by the reaction, which is included) also play a major
contribution to overall sustainability.3*® If the amount of wastewater is known though, it can add up
to the amount of waste and thereby be included in the E-factor as well.*

Several other metrics were introduced optimizing the idea of quantifying sustainability, sparked by
AE and E-factor. For instance, the reaction mass efficiency (RME) builds up from the AE but at the
same time considering the yield of the reaction.** Further, the actual applied ratio of compounds
(stoichiometric factor SF) is considered, i.e. excess of reagents, and also the recovery of compounds
that can be reused (solvents, catalysts, etc.), including all solvents and reagents used in the work-up
(mass recovered factor MRF, see equation 3).”

. MRF Y. masses excess of reagent
RME =Yield X AE X ——;SF =1+ :
SF Y. masses reagents without excess (3)

The Process Mass Intensity (PMI) is the most common metric used in pharmaceutical industry.*® It is
the ratio of total mass used in the process divided by the mass of product. Thus, it is closely related
to the E-factor as in fact the PMI is the respective E-factor plus one (see equation 4).

PMI = Y. total mass used in process _ m(product) + Y, mass of waste

m(product) m(product)
(4)

=E — factor +1

Reasons for using the PMI over the E-factor can be related to the fact that the focus in the PMI is set
on the input of the materials rather on the produced waste, the former of which is in general the
bigger contribution to the life cycle assessment (LCA, for explanation see below). In addition, waste

water is considered in the PMI.*®
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Reflecting on the fact that sometimes additional waste is considered inconsistently in the E-factor
with different estimations of recovery of wastewater or solvent making the metric less comparable,
Sheldon suggested subtypes of the metric, which are defined as follows: i) the simple E-Factor (sEF),
which does not consider solvent and water and is useful for an early stage evaluation of a synthesis
route, and ii) the complete E-factor(cEF), which takes solvent and water into account assuming no
recycling and is useful for evaluation of the total amount of generated waste.*>*° Recently, Hollmann
et al. introduced the E*-factor, which includes an energy term, demonstrating that energy waste like
greenhouse gases should not be neglected as they can bear a major contribution to the overall
sustainability.>!

As prevention of toxicity and hazards is the second major pillar of the Twelve Principles of Green
Chemistry besides the prevention of waste, metrics quantifying these parameters were needed as
well. This led to several interesting concepts, since toxicity and hazard could not simply be measured
by absolute or relative values.

A semi-quantitative analysis for sustainability was introduced by Van Aken et al. the so-called Eco
Scale.> This concept uses a score system rating the processes with a maximum of 100 points in the
categories yield, cost, safety, technical setup, temperature/time and ease of work-up and
purification. Thus, it also considers the properties of the compounds used and the toxicity and
hazards of the methods applied. Further, energy consumption is considered. The concept is clearly
defined and easy to apply. However, the drawbacks of Eco Scale are the missing evaluation of the use
of solvents and of the waste formation, both factors with tremendous impact, and the inherently
arbitrary character of the scoring system.** Nevertheless, the Eco Scale evaluation allows to add
further factors into its calculation and the scoring system can be adjusted freely and is therefore
potentially a good foundation for more holistic, qualitative metrics for sustainability.**>2

To account for the toxicity of the used chemicals, the E-factor can also be multiplied by an
unfriendliness quotient Q which takes the nature of the compounds into account taking the role of
an arbitrary weighing factor, resulting in the Environmental Index (EI).>® For instance, NaCl, a
nontoxic salt, can be assigned to the factor one, while heavy metal salts are assigned to factor 100-
1000 depending on their toxicity, their annual production and the location of their production site.>*
Several classification aspects, e.g. water and air pollution, toxicity, availability of raw materials,
complexity of synthesis, in which the raw materials are used, can be included in the determination of
Q by scoring them with certain values.>® EATOS (Environmental Assessment Tool for Organic

Syntheses), a free accessible software, was introduced to allow an easy calculation of the EI.%%7

The attempt to obtain a holistic evaluation of sustainability further led to the incorporation of life
cycle assessments (LCAs) in Sustainable Chemistry.*® Ideally, LCAs consider every step needed for and
caused by one product. Lancaster defined these steps as the production of raw materials,
manufacturing, the use and disposal and the distribution by transportation.***® While such a LCA
considering every step of a product would be called cradle-to-grave type, the scope of a LCA can be
chosen freely to look at a partial life cycle as well.* It is important to mention that the application of
Green Chemistry is connected inherently to a positive influence in all aspects of a LCA.> The use of
renewable raw materials reduces the impact of the starting materials, processing and manufacturing
benefits from the evaluation by sustainable metrics, the use of a catalyst and waste reduction as well
as biodegradable products and recycling can lower the burden of the disposed product in the
environment.®
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In addition, LCAs are able to expose the effects of the so-called burden-shifting, meaning that the
optimization of one life-cycle step of a product can lead to worsening of one or several other steps.®
For instance, the use of alternative, environmentally more friendly starting materials might include
toxic reagents for their synthesis, or a more efficient synthesis procedure decreasing waste might
consumes more energy.

Still, several drawbacks come with the use of LCA like expensiveness and time consumption of the
evaluation as well as the lacking availability of the needed data. In addition, LCAs often miss
transparency due to their complex nature. Thus, simplifications are needed to address one or several
of their downsides. Also, various software tools were developed to allow a faster and easier access to
LCAs like the Fast Life Cycle Assessment of Synthetic Chemistry (FLASC™) from GlaxoSmithKline
(GSK).® With increasing interest in LCAs, more and more user-friendly LCAs have been introduced
allowing a fast and understandable evaluation of one compound.

Such feasible LCAs are for instance represented by solvent selection guides as the impact of the used
solvent is tremendous.%>%2 Since the amount of solvent typically makes up 70-80% of the reaction
medium, it overshadows the effect of the use of more sustainable starting materials or reagents in a
synthesis.?*®* Moreover, the use of solvents is not limited to chemical reactions but contributes also
to a low sustainability of other processes, such as membrane formation in chemical engineering.®®
Thus, increasing the greenness of the solvent can already lead to an immense improvement of the
overall degree of sustainability of a synthesis process, which makes solvent selection guides an
essential tool for Sustainable Chemistry and Engineering.

Concluding, many useful metrics to determine the degree of sustainability of a process were
introduced over the last three decades and all of them have their own advantages and
disadvantages. In the end, it is crucial to be aware of their benefits and limitations to allow an
optimal evaluation of a process. Often more than one metric should be taken into account to
evaluate compromises between sustainability, expensiveness, efficiency, accuracy and transparency.
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2.1.2 Sustainable toolbox for chemists

With the introduction of Green Chemistry, reactions and methodologies were developed which are
intrinsically address several principles of Green Chemistry. Nowadays, chemists can rely on a broad
sustainability toolbox, which constantly keeps growing. In the following, some important
representatives of this repertoire are introduced briefly, accompanied by specific examples.
However, it has to be mentioned that, whereas all of this examples definitely exhibit inherent
potential for sustainable applications, their use will not automatically result in an overall greener
process but has to be implemented into the framework of Green Chemistry.

Sharpless et al. introduced the term Click Chemistry, which describes reactions known for their high
thermodynamic driving force (above 20 kcal mol?) in one direction, usually leading to hetero-bond
formation (C-X).®® Consequently, they will lead to very high yields, while being regio- and/or
stereospecific. Other criteria for click reactions are simple reaction conditions and readily available
starting materials and reagents. Further, this group of reactions is defined by its modularity, its wide
scope and generation of, if at all, only inoffensive by-products. Solvents should be avoided or at least
benign and a stable product should be isolated easily avoiding chromatographic purification
methods. Since these characteristics will unavoidably lead to reduction of waste, safer process
conditions and less hazardous and toxic products, click reactions are prone to be used in sustainable
chemical processes.

Multicomponent reactions (MCR), which convert three or more starting materials in an one-pot
procedure, attracted a lot of attention recently for being useful reactions in the toolbox of Green
Chemistry.5”¢8 Typically, high atom economies and high conversions are obtained.®® In addition, they
often show a synergetic effect with other green methodologies (e.g. green solvents, flow reactions).
Since MCRs embedded in a sustainable context are a major part in this thesis, they are discussed in
more detail in chapter 2.3. An example of the usefulness of MCRs in greener approaches is depicted
in Figure 2A. By using an Ugi-four-component reaction (see chapter 2.3.1), praziquantel, a drug for
treatment of parasitic worm infections, can be obtained in only two steps than in five steps as in the
commercial synthesis route.®® Further, the AEs of both steps are higher than the ones from the
commercial route and, like this, the overall yield was increased considerably to 74% (before 48%).

Besides reactions that are prone to be more sustainable, also reaction conditions that increase the
sustainability of reactions have been developed over the last decades. For instance, microwave
assisted reactions can lead to a reduction of waste and energy since they often show high yields and
selectivities in short reaction times and easier work-up.”’ Further, microwave irradiation can be
combined with other aspects of sustainability like performing reactions under flow conditions and
the use of green solvent or solvent-free conditions. Tran et al. introduced a Friedel-Crafts
benzoylation of several aryl compounds with bismuth triflate as catalyst under microwave heating.
This led to a considerable decrease in reaction time (from 6 hours to 15-40 minutes) and slightly
better yields and selectivities (see Figure 2B).”*

Similarly, the application of ultrasonic irradiation (sonochemistry) can lead to greener synthesis
procedures by reducing the reaction times and increasing yields and selectivities.”> Li et al.
underlined this by synthesizing bis(indolyl) methanes using dodecyl benzenesulfonic acid (ABS) as
catalyst in an aqueous medium at 25 kHz obtaining slightly increased yields after shorter reaction
times (see Figure 2C).”3
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Mechanochemistry, which includes for instance ball-milling and twin screw extrusion, is also closely
connected to Green Chemistry due to the use of solvent-free conditions.”* Also several other
principles of Green Chemistry are usually fulfilled when using mechanochemical activation, such as
the access of challenging products under benign reaction conditions, the simplification of synthetic
routes and the operational simplicity. The latter is complemented by the recent introduction of
real-time monitoring (Raman spectroscopy, synchrotron powder X-ray diffraction).”*”¢ Applying
ball-milling conditions on the four steps synthesis of the receptor antagonist PZ-1361, the product
was obtained in a yield of 64% after only 5.5 hours instead of 34% after 60 hours using classic
chemistry in solution (see Figure 2D).”” In addition, no flash column chromatography was needed.
The E-factor was lowered vastly from 1932 to 715, making it not a green synthesis per se, but
highlighting the positive effect of mechanochemical methods towards reduction of waste. In
addition, the overall toxicity and energy consumption was reduced.

In photochemistry, sunlight can be used as green energy source allowing access to different
reactivities of molecules under mild conditions. In the excited states, molecules show different
electronic distributions.”®® Light can therefore be seen as “traceless” reagent, thus increasing the
AE. Waste is also reduced, since ideally no reagent is employed compared to reactions using
stoichiometric or even catalytic amounts of reagents.”882 Using a photochemically approach with
sun light, Monnerie et al. were able to photooxidize citronellol in the presence of rose bengal
quantitatively (see Figure 2 E).® It is also worth noting that this reaction was performed on an eight
liter scale, showing that photochemistry can be applied also to bigger scales.

Biocatalysis uses enzymes to perform very regio- and stereoselective reactions yielding complex
molecules. Like this, synthetic routes are shortened and at the same time waste production is
reduced as stochiometric amounts of reagent are substituted with catalytical ones.®* In addition,
enzymes can be immobilized as to allow recycling and facilitate cascade reactions with different
enzymes, lowering the produced waste even further.® For instance, WeiB et al. established a greener
process for the synthesis of enantiomerically pure B-amino acids, which are key building blocks for
many pharmaceuticals. They used immobilized Candida Antarctica lipase B (CALB) in a two-step
one-pot reaction (see Figure 2F).8%%” Thus, they avoided column chromatography with organic
solvent as complete purification of only one intermediate was needed which resulted in a
considerable decrease of the E-factor to 41 from 359 (an E-factor of 41 is typical for pharmaceuticals,
compare Table 1 in chapter 2.1.1.).

Another possibility to achieve benign reaction conditions is by using electrochemistry obtaining high
AEs and reducing energy consumption.®8® The used electrodes can be considered as heterogenous
catalyst that can be regenerated electrochemically, therefore preventing the formation of heavy
metal redox reagent waste.®8%° Moreover, electrons flowing as current are often the only regents
added, resulting in low amount of waste. However, as typically different reactions take place at the
cathode and anode at the same time, it has to be ensured that both sides will yield desirable
products out of an economic and ecological point of view. In certain cases, the same product can also
be produced on both sides.*® Also, synergetic effects can be achieved by combining electrochemistry
with other green principles or approaches like the use of renewable feedstock or less toxic starting
materials.8%%

Further, Combinational Chemistry is a concept which can be adapted to greener processes.
Originally, it was introduced to produce large compound libraries and perform high-throughput
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screenings quickly using robotics and efficient methodologies, synthesis and work-up procedures like
the above-mentioned MCRs, solid-phase synthesis or immobilization techniques.?® Due to its ability
to perform a large number of processes efficiently, this approach leads to increased AE and energy
efficiency as well as to a reduction of waste.?? For instance, Wolf et al. established a deconvolution
strategy for discovering the most suitable catalyst for a reaction, in which they put together a
complex mixture of several precatalysts and ligands in a small number of reactions.®®* When
observing superior catalytic activity in one batch, it can be iteratively deconvoluted by successively
splitting the compounds contained in the batch into smaller batches. Thus, the actual catalyst is
identified, reducing not only time but also waste and energy.
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Figure 2: Collection of synthesis procedures in which the sustainability was improved using various methodologies (left side).
Improvements are summarized for each approach by suitable comparison with classic synthesis protocols (right side).

Concluding, several aspects of chemical synthesis have been a subject to development towards more
sustainability over the last decades. This involves the choice of reaction types, reaction conditions
and handling as well as analysis. Consequently, the number of greener processes is constantly
increasing, facilitating the interest of Green Chemistry and driving the frontier of sustainable
research further. This will probably lead to the establishment of new methodologies and reactions
that are greener in the future. Right now, the focus of Sustainable Chemistry should be set on the
transfer of as many of its concepts as possible to industrial scale since the positive trends are lagging
in this sector.”®’47° Ultimately, it needs to be highlighted that probably the most astonishing feature
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of all the mentioned concepts is the ability to yield synergetic effects when several concepts are
combined which reflects on the interdisciplinary character of sustainability.
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2.2 Elemental sulfur

Sulfur belongs to the group of chalcogens and is, with 0.035%, the 16" most abundant element in the
earth crust.®® It is benign and in general unreactive in elemental state at room temperature and has a
broad range of oxidation states from -Il to +VI1.*°> Further, it is the element with the highest number
of known allotropic forms, which come in cyclic S,(n=5-30) and chain like structures.*® However,
only the Sg ring yields stable modifications, while all other forms are meta stable and can be obtained
from the melted or gas phase as well as from solution or via chemical reactions.’® At room
temperature, sulfur is a yellow, brittle solid consisting of Ss rings in orthorhombic structure, called
a-sulfur.* Upon reaching 95.6 °C, it changes reversibly to B-sulfur, which is monocline containing only
Ss molecules. Starting from 100 °C, sulfur can be sublimed, while it reaches its melting point at
119.6 °C forming an inviscid, yellow solution. In this form, called A-sulfur, an equilibrium between
smaller sulfur rings is present, while the majority is still Sg rings (S7 and S¢ are formed with a ratio of
less than 5%). Increasing the temperature, several different S, cycles are formed (n=6-26), yielding
ri-sulfur. At the same time, p-sulfur is formed, which consists of polymeric S, chains (n=103%-10°),
which is the dominant species at increasing temperature. As a result, the viscosity of sulfur increases
suddenly at 159 °C and reaches a maximum at 187 °C due to most sulfur molecules being polymeric
chains. The color of sulfur changes from yellow to dark red. Further heating results in a decrease in
viscosity as polymeric sulfur is thermally cleaved more frequently. The boiling point is reached at
444.6 °C, at which it is a dark red, inviscid liquid. In the gas phase, a temperature-depending
equilibrium between Si.s molecules is present, whereas above 2200 °C sulfur is present in atomic
form. Cyclic sulfur molecules Ss3o are corrugated, while the polymeric chains come in several
conformations. The S; molecule is red and has a chain like structure, while S3 is blue and has an
angled structure analogous to ozone. S; is violet blue, paramagnetic and exhibits a double bond
analogous to O,. Targeted sulfur cycles S, (n=6, 7, 9, 10, 11, 12, 13, 15, 18, 20) can be obtained
synthetically by using bicyclopentadienyl titanpentasulfid and sulfur chlorides.?® The S-S bond has an
average length of 206 pm. However, this value varies by 10 pm, since several allotropic forms of
sulfur show different conformations leading to variations in the bond length because of
hyperconjugation and Pauli-repulsion like for instance in S;. The bond angle is in general between
101-110° and the torsion angle between 75-100°. Sulfur is naturally found in several oxidation
states:% Sulfide salts like pyrite (FeS), sphalerite (ZnS) and galena (PbS) as well as hydrogensuflide
(-I1), amino acids (-1), sulfur dioxide (+IV) and sulfates (+VI) like anhydrite (CaSOa), kieserite
(MgS04*H,0) and barite (BaS04).%>%” Sulfur in neutral form is also found due to reduction of bacteria

or originated from volcanic activity.?>*’

A straightforward process of harvesting elemental sulfur is the Frasch process.**® Hot water vapor is
pumped into the rocks containing elemental sulfur until it has melted. Then, air pressure is applied to
transport it to the surface, where it is obtained in high purity (99.5-99.9%).* However, the major part
of the annual production of elemental sulfur is obtained from hydrogen sulfide in the Claus process

(see Scheme 2).499:100
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(|) st + 3/2 02 —_— SOZ + H20

()2 HyS + SO, —> 3/2S, + 2 H,0

Scheme 2: The two reaction steps of the Claus-process. Both reactions take place in the same reactor vessel. The Claus
reaction (Il) is then again repeated at catalytical conditions in a cascade of reactors to remove residual hydrogen suflide.1%0

The needed hydrogen sulfide comes from acidic natural gas, of which it is washed off with aqueous
aminoalcohols or from the petroleum industry due to the reductive desulfurization of crude oil.>1®
First, sulfur dioxide is obtained by oxidizing parts of the hydrogen sulfide thermally at 950-1200 °C. In
a second step, sulfur dioxide and hydrogen sulfide comproportionate to elemental sulfur and water,
which takes place in the same reactor where the hydrogen sulfide is oxidized.**® Sulfur is obtained
as gaseous S; molecules by this reaction.!® Since the temperature is so high, thermal decomposition
of hydrogen sulfide to hydrogen and S, takes place as well as side-reaction. Subsequently, the
reaction mixture is cooled down by a heat exchanger and the liquid sulfur is removed at ca.
200-300 °C. The remaining gas mixture contains still a certain amount of hydrogen sulfide and is thus
transferred to a cascade of several reactors in which the same reaction sequences are repeated at
lower temperatures (170-350 °C) using heterogeneous catalysts. Since the reaction between
hydrogen sulfide and sulfur dioxide is highly exothermic, the catalytic synthesis of elemental sulfur
can only be performed with the residual gas mixture exhibiting lower hydrogen sulfide content and
therefore the thermally oxidation as first step is unavoidable.*%°

In 2021, 80 million tons of elemental sulfur were produced mainly as a by-product of the petroleum
industry (97% of produced elemental sulfur was accounted to petroleum by-product in 2003).%°
Compared to ten years ago, the amount of produced sulfur has more than doubled (35 million in
2011).4#%191 On the other hand, there is only one major application on industrial scale in which
elemental sulfur is applied, i.e. synthesis of sulfuric acid.* In 2021, 90% of the overall produced
elemental sulfur was consumed by sulfuric acid formation.'* Nevertheless, further application areas
are for instance vulcanization of rubber, gunpowder, polymeric materials, and Li-S-batteries.>1027105
However, the worldwide demand of sulfur is no longer on par with its annual production and thus,
sulfur deposits started to grow rapidly.X>® Considering that sulfur is a non-toxic and innocuous
compound, this did not lead to safety issues directly. However, nowadays, enormous amounts of
sulfur are stored in forms of powder or huge blocks, several hundred meters of length and width, and
above 20 meters high (see Figure 3 A).%? Such deposits achieve sizes which can be seen from outer
space (see Figure 3 B-C). Now, the actual accumulation of this tremendous quantities ultimately
resulted in several safety issues. For instance, aside the fact that sulfur is non-toxic, it is flammable
and thus, a fire of such a deposit would result in a massive release of noxious sulfur dioxide.!
However, the more likely issue related to storing tremendous amount of sulfur is its ability to being
oxidized under aerobic and moist conditions for instance by bacteria. This results in formation of
sulfuric acid, which ultimately leads to acidification of water and soil.” Therefore, more applications
for the use of elemental sulfur are highly desired on industrial scale decreasing the annual surplus of
elemental sulfur. In 2011, Rappold et al. suggested an environmentally friendly storage concept for
sulfur by mineralization, in which complete oxidation towards sulfuric acid is followed by sulfate
formation with abundant alkaline silicates.! The formed sulfate salts could be then simply discarded
on land or sea, while the vast amount of energy produced by the mineralization could add up to the
regional energy supply.
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Sulfur is inert at room temperature towards water or non-oxidizing acids like hydrogen chloride.*

Nevertheless, at elevated temperatures, it reacts with many metals and other elements. Among all
its known allotropes, S7 is the most reactive form due its high ring strain, whereas Sg depicts the
lowest reactivity. It is nearly insoluble in typical organic solvents or water but shows high solubility in
carbondisulfide.* Nevertheless, it shows some solubility in polar solvents like methanol or acetonitrile
in which S; and Se rings are formed in an equilibrium, however only in small amounts (about 1%).1%
Even though several important reactions revolving around elemental sulfur are now known for
several decades, like the Asinger or the Willgerodt-Kindler reaction (see chapter 2.3.2.), research

around elemental sulfur in organic chemistry was scarce for a long time.

Figure 3: Images of deposits of elemental sulfur. A) deposit with elemental sulfur in powder form (adapted with permission
from Nature Chemistry).2 B-C) Screenshots of satellite images on Google Earth of deposit of elemental sulfur in block form,
Canada, at 57°02'33 N, 111° 38°50 W.1 B) close-up. C) Zoom-Out, sulfur deposit is highlight by the green arrow. The images
B-C) have been edited to color the sulfur gray, probably since sulfur exhibits a high albedo.!

Recently, elemental sulfur has attracted increasing interest in organic chemistry, which can be seen
by the increasing numbers of papers published about this topic annually (see Figure 4). In 2021, the
number of publications (197) were nearly three times as high as they were two decades ago (71) and
the trend seems to continue (after ca. six months in 2022, already 126 papers have been published).
This is probably a result of the fact that, when activated, sulfur exhibits an astonishingly versatile
potential as a reagent in a reaction, which has finally come to the attention of many working groups.
It can participate in a reaction as oxidizing or reducing agent, catalyst or building block while at least
one sulfur atom is being incorporated into the final product.® Thereby, the reactivity is strongly
depending on the reaction conditions (temperature, irradiation, etc.) or external activation agents,
which are numerous in types as well, ranging from acid and bases to metal complexes to precursors
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of radicals. In addition, sulfur is, as discussed above, a highly abundant, cheap, non-toxic easy to
handle solid, which is a waste product of petroleum industry making its utilization in chemistry
favorable in terms of sustainability. In the following, an overview over the different kinds of roles
played by sulfur in a reaction is given on brief examples to highlight its versatility as reagent as well
as starting material. In addition, the different activation condition or reagent applied is mentioned.

No notes about the reaction mechanisms are made since they are, in all cases, still under discussion
and vary strongly by the role sulfur has in the respective reaction. Exception is the activation of
elemental sulfur by bases, which is discussed thoroughly in the following chapter, including current
opinions of tentative reaction pathways, due to its importance for the work of this thesis.

The use of elemental sulfur in multi component reactions, a group of reactions in the toolbox of
Green Chemistry (compare chapter 2.1.2.), is discussed separately in more detail as well (see
chapter 2.3.2) as this synergy can lead to an increased degree of sustainability, which was harvested
for this thesis as well.
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Figure 4: Scopus search of the fixed term “elemental sulfur” in the field of chemistry, extracted at the 23.06.2022.

Sulfur can be implemented in various ways as starting material, which is depicted in Scheme 3. For
instance, it can be used for thiiranes synthesis from alkenes or allenes by utilization of molybdenum
or rhodium catalysts at elevated temperature.'®’-1% More commonly, thiophenes can be obtained by
reacting alkylidyne aryl moieties or Glaser-coupling products by applying high temperatures with or
without basic activation.’%?2 Also sulfur-based MCRs (SMCRs), like the Gewald reaction, yield
thiophenes (see Scheme 16 C and Scheme 17 E). Besides thiophene, several other sulfur-containing
heterocycles can be accessed like thiazolines, thiazoles, oxathiolanes, thiazolidines, benzothiazoles
and aromatic thiolocarbamates (see Scheme 16 B and Scheme 17 B-D, F). Thioethers can be obtained
applying oxidative coupling conditions with aryl boronic acids or reductive coupling of carboxylic
acids with tetramethyldisiloxanes.''*11* Thioamides are obtained by Willgerodt-Kindler reactions and
its many modifications (see Scheme 16 A and Scheme 17 A). With carbenes or carbene-like
structures, for instance carbon monoxide, N-heterocyclic carbenes or isocyanides, sulfur forms C=S
double bonds in the presence of basic activation agents or metal catalysts already at room
temperature.>1>116 Moreover, sulfur can also act as multiple sulfur donor yielding disulfides or
polysulfur cycles like thiepins or dithiolans with various compounds using metal catalysts at basic
conditions, strong basic conditions, or elevated temperature, respectively.?’-2° Finally, sulfur can
form polymers by donating multiple sulfur atoms. For instance, in the inverse vulcanization, glassy
and dark red polysulfane co-polymers were obtained with divinyl compounds at 185 °C using

18



Theoretical Background

elemental sulfur as co-monomer and solvent at the same time in a radical polymerization since sulfur
chains are mainly present as liquid biradical at this temperature.? In the synthesis of a triazine
network at 400 °, elemental sulfur was used as cross linking agent and inserted forming a
polysulfane-triazine-co-polymer.?!

Further, sulfur can act as an oxidant. For instance, the reaction of benzaldehydes and
aryl-2-pyridiylmethylamines led first to an imine condensation, which is then followed by cyclization
due to the sulfur oxidizing the aldehyde carbon, yielding imidazo[1,5-a]pyridines in up to 83% (see
Scheme 4A).12 The oxidative property of sulfur was further confirmed as hydrogen sulfide was
verified to be formed in the reaction by a lead(ll) acetate test. The reaction was performed in DMSO
at 80 °C without any additional activating agent. However, as one of the starting materials was a
basic amine component which was employed in slight excess (1.10 eq.) this can probably be related
to a basic activation of the surplus of the amine (see also the following chapter).
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Scheme 3: Overview of the scope of different products and functional groups obtained by incorporation of one or more sulfur
atoms using elemental sulfur (Ss) as starting material. In the examples of sulfur incorporated in polymers, the organic
moieties are abbreviated with black balls and polysulfane chains of different length are obtained.

Moreover, benzyl chloride derivatives could be converted to 2-aryl benzoxazoles and benzothiazoles
by reacting it with o-amino phenols and thiophenols in the presence of sulfur (see Scheme 4A).13
Sulfur oxidizes the benzylic CH;, group under evolution of hydrogen sulfide and the formation of the
heterocycle. The reaction is performed in pyridine, acting as solvent and activating base, at 130 °C
obtaining yields up to 96%.
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On the other hand, sulfur can act as reductant. Nitroarenes can be reduced using three equivalents
of elemental sulfur (in this case three equivalents of Sg molecules) using various bases like K,COs,
NaOH, primary, secondary and tertiary amines (see Scheme 4B).12* Ultimately, NaHCO; as mild base
was used in the general synthesis protocol, while DMF was applied as solvent at 130 °C. The reaction
exhibited high selectivity and yields, which was underpinned by comparison of the application of the
reduction protocol with sulfur against Raney-nickel and hydrogen in the synthesis of a certain
thienopyrimidine. Reduction of the nitro group containing precursor with sulfur led to the targeted
compound in a yield of 93%, while Raney-nickel and hydrogen led to a yield of only 76% and
by-products due to unselective reduction of other functionalities. No comment was made about the
oxidized sulfur species, which was obtained in the report. However, gas formation was reported,
which could be related to carbon dioxide formation due to the use of NaHCO3; or formation of sulfur
dioxide, or similar.

Benzofuroxanes could be reduced selectively to benzofurazans using elemental sulfur in moderate
yields (28-58%, see scheme 4 B).1?> The reaction was performed at high temperatures (145-160 °C) in
ethylene glycol without any additional reagent. Nevertheless, morpholine was reported to accelerate
the reduction reaction. No comment on the oxidized sulfur species was made. Compared to typical
deoxygenation agents like trialkyl- and triarylphosphines, trialkyl phosphites, hydrazine,
hydroxylamine, and sodium azide, sulfur is the safer reagent in terms of toxicity and hazardousness.

Finally, elemental sulfur was reported to be a sole catalyst or assistant reagent for some
reactions.®126127 However, since at least one equivalent of sulfur was applied for the reactions and no
report of full recovery of the sulfur was made, sulfur probably deserves the labelling of “assistant
reagent” or “stoichiometric auxiliary reagent mediating the reaction without being consumed” rather
than “catalyst”. Nevertheless, symmetric and unsymmetric 1,3-disubstituted ureas could be obtained
by using 30 mol% of sulfur catalyzing carbonylation of carbon monoxide which was then reacted with
a nitroaryl and an aminoaryl (see Scheme 4C).1?® The reaction was performed at 150 °C at 30 bar
carbon monoxide pressure adding five equivalents of the base triethyl amine in an ionic liquid
obtaining yields up to 96%. As mentioned above, sulfur and carbon monoxide yield carbonyl sulfide
which was hypothesized to reduce the nitroaryl compound under release of elemental sulfur forming
an isocyanate which reacted to the final product with the arylamine.

Heteropropellanes were obtained using two equivalents o-amino phenol with cyclohexanones using
50 mol% of elemental sulfur (see Scheme 4C).1?° The reaction was performed in DMSO at 80 °C under
acidic conditions applying acetic acid with vyields up to 85% and complete regio- and
stereoselectivities. Sulfur probably took part in the reaction as an oxidant forming hydrogen sulfide,
which then reacts with DMSO yielding dimethyl sulfide and elemental sulfur making DMSO the
terminal oxidant of the reaction. Using these oxidative conditions of sulfur in DMSO, disulfides can
yield either thioamides or aza heterocycles as well while down to 5 mol% of elemental sulfur was
applied. 13°

Concluding, elemental sulfur is a highly versatile compound, which can be used either as starting
material or reagent yielding a multitude of different substance classes and even polymers. Sulfur is
nowadays mainly produced as a waste product especially in the petroleum sector. On the other
hand, a high annual surplus of sulfur is produced, since the main applications do by far not consume
the produced amount completely. As a result, sulfur depots are increasing in sizes, developing
threats for humans and environment like acidification of soil and water. Thus, sulfur can be
considered as an abundant, cheap and non-toxic feedstock and its utilization in chemistry exhibits a
high potential of sustainability. The recent increase in sulfur related research shows that working
group have finally realized the value of this compound. Nevertheless, sulfur related chemistry is still
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in its infancy, especially in terms of mechanistic understanding of the reaction pathways, and it can
be anticipated that this research field will keep growing in the next years.
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Scheme 4: Overview of the different roles of sulfur while participating in reactions as reagent.
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2.2.1 Activation of elemental sulfur under basic conditions

As discussed in the previous chapter, elemental sulfur is inherently inert towards the most
compounds at room temperature and thus, an activating agent or condition like metal-catalyst or
high temperature is usually required to unlock its versatile reactivity (see previous chapter).
Nowadays, the activation under basic conditions is one of the most common approaches for the
activation of sulfur. Since the key reaction of this work, i.e. the synthesis of thioureas by the use of a
sulfur and isocyanide based MCR (AM-3CR, see Scheme 5A), relies on the basic activation of sulfur
involving C-S formation, this chapter discusses the mechanistic aspects and reaction conditions in
detail.l® However, the mechanistic understanding of this type of sulfur reactivity is, like other sulfur
containing reactions, not fully understood yet and discussions are ongoing. Thus, the current most
accepted reaction pathway involving polysulfane anions is depicted and discussed thoroughly
providing information about credibility obtained by test experiments, analyses and calculations.
Other less reported pathways are discussed briefly as well. The chapter concludes with a qualitative
evaluation of the degree of sustainability in this kind of reactions. Therefore, typical reaction
parameters (like solvent, stoichiometry, temperature, concentration) were extracted from more than
forty synthesis protocols in literature using basic activation of sulfur and compared thoroughly.

All commonly applied pathways start by opening of the octasulfur ring forming an octasulfane chain |
(see Table 3, for references see Table 4). Thereby, the base acts as nucleophile attacking the sulfur
ring. The respective pathway is determined by the properties of the base used for activation. For
instance, nucleophilic bases like amines (primary, secondary and tertiary ones like morpholine,
N-methyl piperidine, TEA, PMDETA, DABCO),*131-135 amidines,'**'% guanidines,'®, thiolates,*?%4°
sodiumsulfide142 and hydrides'®* 1% are hypothesized to open the ring nucleophilically (see
Tables 3 and 4). In addition, reactions using basic starting materials like amines, enamines or
enhydrazines have no need for an additional activation agent, since a small excess of the starting
material can already activate sulfur sufficiently.10132147.148 Qn the other hand, the base can
deprotonate the starting material forming a more nucleophilic species like a carbanion. Thus, less
nucleophilic bases like carbonates, tert-butanolates, butyl lithium and hydroxides can be utilized as
well (e.g. deprotonation of a terminal alkyne or a benzyl CH, group).1#+149150 |t js noteworthy that,
even though nucleophilicity is increasing with degree of basicity, both properties are not inherently
depending on each other, for instance high nucleophilicity can arise from stereoelectronic effects like
the a-effect in hydrazones or other electron-donating effects like in DMAP or NMI.*>%!%2 However,
several examples are found in literature which show that a certain degree of basicity is crucial for the
reaction and has to be exhibited by the activation agent to obtain a successful activation.>>** No
investigation was reported so far, in which an overall comparison of the nucleophilicity and basicity
of the successfully applied bases for sulfur activation in several reactions is made to shed more light
on the actual importance of this properties. This is further underlined by the multitude of synthesis
protocols reported over the last decades using activation agents with a certain degree of basicity (see
comparison of 43 synthesis protocols in Table 4) while outliners are scarce (three publications were
found relying on less basic compounds, i.e. N-alkyl imidazoles, DMAP and HMPA).>>**7 Thus, this
works refers to this activation approach as “activation of elemental sulfur under basic conditions”.

In a next step, the octasulfane chain | attacks other sulfur molecules in an anionic ring-opening
polymerization like pattern, forming polysulfane chains Il (see Table 3). The intermediate octasulfane
chain I and the final polysulfane chain Il formed by nucleophilic attack exhibit a negatively charged
terminal sulfur atom, while the other chain end consists of the base moiety, which is now attached to
the sulfur chain by a covalent bond. Depending on the utilized base, the overall charge of the
octasulfane chain can be divalent negative (sodium sulfide),'*>*2 monovalent negative (thiolates,
hydrides, carbanion)!?0:140143,144146149.150 o neytral (amines, amidines and guanidines).0132134136
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139158 The neutral octasulfane chains are described as inner salts, since the base moiety bears a
positive charge besides the negative charge of the terminal sulfur atom.%° An additional equilibrium is
expected from tautomerism if a proton transfer between the base moiety and the terminal, anionic
sulfur atom is possible forming a non-charged octasulfane chain bearing a terminal thiol functional
group (compare primary and secondary amines against tertiary ones in Table 3). No reports were
made about the direct verification of these polymers so far. GPC analysis would be a reasonable
approach to obtain data about the molecular weight of this polymers, since typical eluents like DMF
or DMAc are able to dissolve activated polysufanes as discussed below.

Table 3: Currently most used reaction pathway to describe the activation of elemental sulfur (Sg) under basic conditions

forming polysulfane chains. Different kind of bases or basic starting materials (Nu) lead to a different overall charge of the
polysulfane which is depicted in the table providing examples as well,10:120,132,134,136-144,146,149,150,158
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In addition, a characteristic color change of the reaction mixture is obtained after activation of the
sulfur by base.®® The obtained reaction mixture is usually described to have a dark red to deep
brown color, which is typical for poylsulfanes (see previous chapter: i) color of p-sulfur, ii) color of
polymers obtained by inverse vulcanization, see also pictures in Table 4), at least indicating the
presence of these polymers. Furthermore, the color change of the reaction mixture is usually
accompanied by partial or complete dissolution of the, in general insoluble, elemental sulfur clearly
indicating its conversion (see pictures in Table 4).138153 However, even though this color change is
consistently reported, it can arise from other compounds and thus, the presence of this color should
not be considered as sole proof for the formation of polysulfane chains.

No review about the activation of elemental sulfur under basic conditions was published up to the
point when this chapter was written and thus, to obtain the general reaction parameters for this kind
of basic activation of sulfur, data from 40 publications was extracted. In all cases, the authors
reported reaction pathways via polysulfane chain formation (in addition, three publications were
considered applying similar reaction conditions but do these three did not report a more detailed
activation step of sulfur). The results are summarized in Table 4:
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Table 4: Overview of reaction parameters for the activation of elemental sulfur (Sg) under basic conditions. The data was
extracted out of 43 publications (from 2003 to 2021) reporting sulfur conversion under basic conditions referring mostly to
formation of polysulfane chains.10:120,131-150,153-173

Number in brackets show how often the compound was reported. In addition, the color change upon dissolution of sulfur by
polysulfane formation is depicted (left: insoluble Sg in DMSO at 100 °C and right: upon addition of K,COs solubilized
polysulfanes). Pictures were adapted from Journal of American Chemical Society ref.1>3 (SI-Figure S2).

. $ o+ xNu Nu/SesaS\SQ
S, /S solvent, c, T, t y
- S-S
base amines (16), tert-butanolate salts (6), carbonate salts (6), amidines (4),
hydride salts (4), sodium sulfide (2), hydroxide salts (2), thiols (2),
base equivalents 0.1-29
solvent DMF (11), DMSO (10), THF (5), water (5), bulk (5), dioxane (4), toluene
(4), DMACc (2)
S, tomar €Quivalents 1-24
c(S.tomar) 0.05 M - bulk
T room temparture-140 °C
t 0.5-72 h

Typical bases for the mentioned groups were already discussed above. Mostly amines were applied
as base for the activation, providing a vast scope of applicable basic reagents or starting material. The
equivalents of bases differ from 0.1 to 29 equivalents. 10120131-150153-173 Nost importantly, the
successful use of substoichiometric amounts of the base underlines the role as activation agent for
sulfur (substoichometric amounts are only applicable if the used base is no starting material at the
same time),135140-142,145,148,154165 Ag golvents, mainly polar aprotic solvents like DMSO and DMF were
used but less polar solvents like THF, dioxane or toluene were reported as well. 1%:120131-150,153-173 The
solubility of the (ionic) polysulfane chains in these solvents is depicted in the pictures in Table 4
compared to non-activated elemental sulfur.® In some cases, the use of no solvent was reported.
Nevertheless, at least a small excess of a liquid base or ionic liquid was used in these cases and it can
be assumed that the polysulfane were soluble in these compounds.1%148160.166 Qnly one report was
made using no excess of base or any other additive allowing the labelling as bulk reaction.’>> Thus,
the concentration of the sulfur (per atom) ranges in general from nearly bulk conditions (>20 M) to
0.05 M, 10120131-150153-173 The hasic activation of sulfur can be already performed at room
temperature, as several examples show.1%140159189 However, most of the synthesis protocols use
elevated temperatures up to 140 °C. 120131-139,141-150,153-158,160-168,170-173 g rely, it can be expected that
the certain reaction temperature initiating the activation of sulfur differs from the type of base and
solvent used but most likely the following reaction steps in the respective synthesis need more
energy than the sulfur activation. In addition, it has to be mentioned that the application of
temperatures above 120 °C will lead to A-sulfur, which consists in small portions of S;, the most
reactive modification of sulfur, which could enable a ring opening in cases where Sg proves to be
unreactive (see previous chapter). Ultimately, the time scales for the reaction ranges from half an
hour to 3 days. 10120131-150.153-173 Apqin, this parameter is a result of all reaction steps including follow
up reaction converting the polysulfane chains and it can be assumed that at least for some cases the
activation of sulfur is quite fast (for instance a suspension of elemental sulfur in DMSO will
immediately result in a dark brown solution upon addition of DBU at room temperature under
stirring (experiment was performed in the scope of this thesis).
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Nearly every reported mechanism relies on the formation of a polysulfane chain. The formed
poylsulfane is a strong nucleophile, since it consists of a thiolate like end-group attached to other
sulfur atoms resulting in an a-effect. Thus, it will react with a multitude of electrophiles resulting in
different reaction pathways, depending on the nature of the starting materials and the nucleophilic
attack. Therefore, typical reaction behavior of the polysuflane chain is discussed in the following on
chosen examples.

For instance, carbene like groups such as isocyanides can be attacked forming a C-S bond and
transferring the negative charge to the carbon.1%43145155 Ag 3 result, the sulfur chain is hypothesized
to act as a leaving group, whereby the former terminal sulfur atom, now attached to the former
carbon isocyanide, remains at the starting material under formation of a C=S double bond. This is
exemplified by the multicomponent reaction AM-3CR, since this reaction was crucial for the
investigation in this thesis (see Scheme 5A, also see chapter 2.3.1 and 2.3.3 for further
information).%®
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Scheme 5: Possible mechanistic pathways forming C=S double bonds. The steps involving polysulfane are depicted in detail.
The polysulfane attacks first in a nucleophilic addition step, followed by a subsequent elimination of the polysulfane with
one sulfur atom less which can start the sequence again (dashed lines). Ultimately, a C=S double bond is formed. Examples
are given for the starting material isocyanide (A) and enamine (B).10174175 The base is abbreviated with Nu when attached to
the polysulfane, sulfur is colored red.

Sulfur, amine as base and starting material, as well as isocyanide as carbene like functional group was
used forming thiourea as final product. In the case of an isocyanide, the C=S double bond formation
is assumed to yield an isothiocyanate, which was not detected in the scope of the reported work.
However, Abranyi-Balogh et al. reported a modification of this reaction with alcohols or thiols and
sodium hydride, instead of an amine component, and a test experiment yielded the respective
isothiocyanate.’® Thus, an indirect prove of isothiocyanate as intermediate was provided. Since
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isothiocyanates are prone to react with suitable nucleophiles, it is probably immediately consumed
after formation by the reaction with the amine component (or in the modification with the
alcoholate or thiolate), leading to the final product (thiourea, thionocarbamate or dithiocarbamate

respectively).1%143

Another example following a similar pathway leading to a C=S double bond formation is assumed in
the final reaction sequence for the Willgerodt-Kindler reaction (see Scheme 5B), forming a
thioamide.Y*7> First, sulfur mediated imine migration takes place yielding the terminal imine (see
also Scheme 16A for further information about the initial steps of this reaction). Finally, the enamine
is hypothesized to act as an electrophile and is attacked by the polsulfane chain under formation of a
C-S bond. Subsequent proton shift leads to a polysulfane carbanion, the same intermediate
hypothesized in the previous examples. Ultimately, a C=S double bond is formed under the extrusion
of a polysulfane consisting of one sulfur atom less.

Other electrophiles will lead to a completely different reaction path, for instance in the benzo
thiazole synthesis of Nguyen et al. (see Scheme 6).13* First, the poylsulfane is formed standardly by
the attack of a base, here N-methyl morpholine. In a second step, an aldehyde is attacked
nucleophilically in an addition-elimination reaction. A hydride is eliminated subsequently forming an
acylpoysulfane. The protonated base is released by the attack of the eliminated hydride yielding
again a polysulfane. This is assumed to attack a second electrophile in this case o-chloro
nitrobenzenes in a nucleophilic aromatic substitution reaction. The obtained aryl acyl polysulfane
reacts further in a cascade of base mediated redox reaction steps to reduce the nitro group, which is
not completely understood at this point. The final oxidized sulfur derivative is proposed to be SOs.
This assumption was strengthened by the isolation and XRD analysis of the sulfonated benzothiazoles
obtained as side product in this reaction. The respective regioisomer obtained can be typically
obtained by sulfonation of benzothiazoles with SO5.13*
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Scheme 6: Possible mechanistic pathway yielding benzothiazoles by use of sulfur (red) and a base (N-methyl morpholine
(NMM)). The steps involving polysulfane are depicted in detail. Polysulfanes react first in an addition-elimination step,
followed by a nucleophilic aromatic substitution. Subsequently, sulfur reduces the nitro group. Ultimately, a benzothiazole is
obtained after several redox reaction steps not clear to this point.13*

In cases where sulfur acts not as starting material but as oxidant, reductant or catalyst, similar
reaction steps were proposed. However, often the final reaction steps differ, since sulfur is ultimately
eliminated from the product compound. An example is the benzoxazole synthesis of Ngo and Nguyen
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using o-aminophenol, arylaldehydes and sulfur in the presence of catalytic amounts of sodium sulfide
(see Scheme 7).1*? Here, the polysulfane, formed after ring opening sulfur with sulfide, attacks the
formed imine of the aldehyde and the aminophenol nucleophilically. Hydride shift is assumed under
ring closing by the attack of the hydroxy groups releasing polysulfane with one sulfur atom less. A
thiolo benzthiazolidine is obtained forming the product in a final step by aromatization under release
of hydrogen sulfide. No gas formation was observed indicating hydrogen sulfide however, it is known
that hydrogen sulfide reacts with DMSO (the solvent in this reaction), yielding dimethyl sulfide and
elemental sulfur in return. The fact that dimethyl sulfide was found in the reaction mixture by
NMR-analysis strengthened the assumptions made for this mechanism.
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Scheme 7: Possible mechanistic pathway yielding benzoxazoles by use of sulfur (red) and sodium sulfide as base. The steps
involving polysulfane are depicted in detail. Polysulfanes reacts first in an addition-elimination like step yielding a thiol group
releasing a polysulfane with one sulfur atom less which can start the sequence again (dashed lines). Ultimately, the product
is obtained by release of hydrogen sulfide thus, sulfur acts as oxidant in this reaction.42

In turn, other mechanisms were proposed in cases were the formation of the polysulfane is
performed by attack of a starting material acting as base like a carbanion. For instance, the reaction
pathway of the Gewald reaction (see Scheme 8 and also Scheme 16C) was described by Tinsley to
form a poylsulfane chain with an anionic Michael adduct and then reacts further via ring closing to a
thiophene.! Interestingly, the five membered heterocycle is assumed to be formed by the attack of
the sulfur atom attached to the carbon, in contrast to the previous discussed approaches, in which
the terminal anionic sulfur is the nucleophilic species. In a second step, the remaining sulfane chain is
hypothesized to release the thiophene precursor under elimination of a sulfur ring consisting of one
sulfur atom less.

Due to several reasonable approaches present in literature leading to polysulfane intermediates,
exhibiting different follow-up reaction behavior, some recent syntheses are described with more
than one pathway. For instance, Yu and Zhang proposed three mechanisms for their reaction
between aryl amines, sulfur and carbon dioxide yielding benzothiolocarbamates (see Scheme 9).262 In
all cases, an aryl isocyanate is assumed to be formed as key intermediate underpinned by several
control experiments. In addition, several other control experiments indicated that indeed all three
pathways seem equally reasonable while a radical proceeding of the reaction could be ruled out in
test experiment using TEMPO. The first one proceeds via addition reaction of the polysulfane chain
to the isocyanate forming polysulfane carboxamide. As mentioned before, the polysulfane moiety
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can act as a leaving group and is released in an electrophilic aromatic substitution reaction forming

the final product.
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Scheme 8: Possible mechanistic pathway of the Gewald reaction. The steps involving polysulfane are depicted in detail.
Polysulfanes are formed by attack of sulfur (red) by a deprotonated Michael system. Subsequently, the sulfur atom attached
to starting material moiety reacts under cyclization. Ultimately, the 2-amino thiophene is obtained by release of Sy in this
reaction.1®1 The reaction is assumed with an octasulfane chain however, it seems reasonable that longer polysulfane chains
can be formed since the reaction conditions are similar to previously discussed reactions.

On the other hand, the second proposed pathway proceeds initially by the electrophilic aromatic
substitution of the aryl isocyanate opening the Ss ring. Subsequent elimination of a sulfur ring
consisting of one sulfur atom less yields the o-thiolo isocyanate which reacts to the product by
intramolecular cyclization. Finally, the third pathway, introduced the thiol functional group like the
second pathway but prior to the formation of the isocyanate by electrophilic aromatic substitution of
the aryl amine.

Ultimately, the polysulfane will act as a one sulfur donor or reagent (oxidant, reductant, or catalyst)
and is thereby reduced in its chain length by one atom in all proposed publications. Considering the
reaction parameters, especially the often stochiometric amount of sulfur applied, it can be assumed
that the smaller polysulfane chain can react again with several other starting materials stripping of
one sulfur atom of the chain at a time until the chain is fully consumed. On this explicit step,
literature does not provide any detailed hypothesis when a polysulfane chain is labelled as
“completely consumed”. Two options can be assumed: first, every sulfur atom can be transferred
resulting in the release of the base, which explain its substoichometric nature and ultimately allow
the assignment of the term catalyst to the base. The utilization of sulfur without any excess (one
equivalent) in several approaches is in accordance with this assumption. However, no recovery of the
base was reported so far for any reaction using this approach. Second, as the chain length decreases,
the reactivity of the polysulfane could lead to inactivity. The highest difference in reactivity would be
most likely a chain consisting of only one sulfur atom, since the a-effect of the polysulfane will be lost
decreasing, the nucleophilicity of the thiolate group. Furthermore, the nucleophilic attack could be
impeded at smaller chain lengths. Since the respective nucleophilic sulfur atoms would be in the
surrounding of the terminally attached base of the chain, this might lead to steric hindrance. At the
same time, it seems reasonable that longer polysulfane chains can be again obtained by the transfer
of sulfur atoms from one polysulfane chain to the other, thus decreasing the impact of this
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assumption unless high conversion of stochiometric amount of sulfur is reached. No side product was
reported so far indicating a remaining base-sulfur intermediate or by-product.
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Scheme 9: Three possible mechanistic pathways for the synthesis of benzothiolocarbamtes using sulfur (red) under basic
conditions.1%2 The steps involving polysulfane are depicted in detail. In path A the polysulfane is formed with sulfur and a
base attacking the formed isocyanate nucleophilically. Subsequently, electrophilic aromatic substitution releases S;
ultimately yielding the product. For path B, the sulfur is transferred to the polysulfane by electrophilic aromatic substitution
of the isocyanate. Under release of S; a thiolate is formed resulting in the product after cyclisation. Path C exhibits same
reaction steps as path B but in reverse order (first thiolate formation than isocyanate formation) yielding the product again
after cyclisation. The reaction is assumed with an octasulfane chain however, it seems reasonable that longer polysulfane
chains can be formed since the reaction conditions are similar to previously discussed reactions.

All discussed reactions were proposed with polysulfanes as key intermediate being accepted so far as
most likely compound for reactions involving activation of sulfur under basic conditions.
Nevertheless, some other mechanisms can be found, even though in small numbers. For instance,
Zhang and Zhang introduced a synthesis protocol for the formation of bisisothiazole-4-yl disulfides by
reacting two equivalents of alkynyl oxime ethers with sulfur under activation by DBU (see
Scheme 10A).17® In contrast to the discussed reactions, elemental sulfur acts not only as mono sulfur
atom donor yielding isothiazole moieties but also as di sulfur atom donor forming disulfides. For the
incorporation of the disulfide functional group, the authors assume that formation of divalent
disulfide anions taking place by oxidation of DBU (see Scheme 10A). This anion attacks both alkyne
functions with one anionic sulfur each in the following yielding the disulfide group. In case of the
isothiazole function, an attack of a carbanion intermediate is assumed which opens the Ss ring
leading to a thiolate group. Even though this step is not further described, it is in accordance with
typical mono sulfur atom transfer mediated by a polysulfane chain. A radical pathway was ruled out
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by control experiments with radical scavengers (TEMPO and BHT). No more detailed comment was
made about the reaction between DBU and sulfur for instance the stoichiometry (equivalents of
formed divalent disulfide anion per Ss ring) is unclear. Since the reaction applied a huge excess of
sulfur (16 equivalents of atomic sulfur or two equivalents of Sg molecules) the proposed mechanism
seems to be reasonable.

Polysulfanes are also known to dissociate in polar aprotic solvents like DMSO, DMF and HMPA
besides reacting to divalent disulfide anions.}’” An agreed mechanism starts from the Sg ring, which is
reduced in a two electron transfer to the Sg dianion (see reaction of Wang and Phan in Scheme 10B).
Under extrusion of diatomic sulfur, the divalent S¢ anion is formed. The spontaneous homolytic
scission of the chain results in the formation of the blue chromophore S; radical anion, which is for
instance responsible for the color of the pigment ultramarine blue. It is assumed that the Sg dianion
can also react with other sulfur molecules to polysulfane, which could dissociate to yield sulfur
radical anions with different chain length. The radical species can be detected using EPR-analysis.
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Scheme 10: Two examples of mechanisms of reactions using base-activated sulfur proceeding without a polysulfane as a key
intermediate. First, isothiazole disulfide synthesis with divalent disulfur anion as key compound.'’® Second, 8-aminoenones
formation by reaction with Ss radical anion.'””

In several synthesis approaches with sulfur and bases, the importance of these sulfur radicals was
ruled out by the fact that control experiments with radical scavengers did not affect the conversion
and yield considerably (see above). Thus, polysulfane seems to be the reasonable key intermediate in
this kind of reaction. However, some reports about a tremendous effect of radical scavengers in
reaction of elemental sulfur under basic conditions can be found. For instance, Wang and Phan found
that the B-C(sp?)-H amination of a Michael system with an amine and sulfur yielding B-aminoenones
was significantly influenced by radical scavengers.}’® Thus, no polysulfane-based mechanism was
assumed but the reaction of the double bond of the Michael system with a S3 radical anion forming a
thiirane (see Scheme 10B). This thiirane is subsequently opened by the amine and elimination of
hydrogen sulfide provides the final product. The mechanism was further underpinned, since the
thiirane was verified as intermediate by GC-MS and the characteristic adsorption peak of the Ss3
radical anion at 550-700 nm was found in the reaction mixture by UV/VIS-analysis. In addition, DFT
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calculations agreed with the proposed pathway. Lei et al. also reported the S; radical anion as key
reagent in the formation of thiophenes from sulfur, sodium tert-butanolate and 1,3-diynes.''° Radical
scavengers nearly completely inhibited the reaction and EPR-analysis proved the presence of the
radical anions under typical reaction conditions. Lan and Song reacted 1,3-enynes with sulfur and
potassium carbonate to disulfide thiophenes. In this reaction, one S; radical anion ultimately yielded
a mono and two sulfur transfer resulting in the thiophene and disulfide functional group respectively.
Verification as key intermediate was provided by UV/Vis and radical scavenger experiments as well as
DFT calculations.? In addition, a trapping experiment of the radical with norbornene was conducted
yielding exo-3,4,5-trithiatricyclo[5.2.1.02 |6]decane determined by ESI-MS further underlining that
the S; radical anion is not merely a side product of the reaction but a crucial intermediate.

Concluding, even though polysulfanes are the most accepted key intermediate in reactions of
activation of sulfur under basic conditions, other pathways were also reported. In case of the
pathway involving the S; radical anion, the importance of this compound as intermediate was further
underpinned by immersive control experiments, analyses like EPR and UV/VIS as well as DFT
calculations. Nevertheless, both discussed mechanisms (disulfur anion and S; radical anion approach)
proceed under typical conditions for the polysulfane formation and the assumption that polysulfanes
are also present in the reaction mixture seems to be reasonable. Thus, further investigations are
needed to completely validate that in these cases polysulfanes do not participate in the reaction
proceeding entirely.

Since this work was performed in the framework of sustainable chemistry, a brief evaluation of the
reaction conditions and parameters of a basic activation of sulfur seems to be appropriate: Often
high boiling and toxic solvents like DMSO and DMF are applied, since the polysulfane chain exhibit a
good solubility in these solvents. As already mentioned in chapter 2.1.2., the solvent can be a
considerable amount of the overall waste and is a major parameter for the E-factor. Thus, the
guestion arises: is the positive effect of the use of elemental sulfur as waste product in terms of
sustainability reduced or maybe even dwarfed by the use and amount of such solvents?

Many syntheses listed in Table 4 apply high concentration or nearly bulk conditions, allowing a
considerable decrease of the overall amount of solvent resulting in a lower E-factor. Ultimately, the
negative impact of waste and its energy consumption originating from solvents can be kept minimal.
Nevertheless, nontoxic substitutions, ideally obtained out of renewable feedstock, like GBL or
Cyrene™ would be desirable for the often-used polar aprotic solvents. Therefore, the stated question
can be answered by no, the solvent does not overrule the positive effects of elemental sulfur
qualitatively speaking. Further, the use of bases in substoichemtric amounts results only in low
amount of waste. The applied bases typically exhibit low molecular weights (like morpholine, sodium
carbonate or sodium hydride), decreasing the amount of waste further. The toxicity for some bases
that were applied for the activation of sulfur is also low, for instance sodium carbonate is labeled
with “warning” being only irritating to the eyes (H319).1¥° Considering several approaches use high
temperatures up to 140 °C, it might be beneficial for this, or subsequent reaction steps to apply a
more sustainable transfer of energy like microwave irradiation or sonochemical approaches (even
though several cases report that sulfur can be activated already at room temperature). Since the
presence of solvent is important, a mechanochemical reaction set-up seems to be unlikely to bear
beneficial impact in general. Nevertheless, in cases of nearly bulk conditions, where the amount of
base itself exhibits the ability to dissolve polysulfane chains to a sufficient degree (e.g. a reaction in
which excess of base is applied because it acts as activation agent and starting material), it might be
still a reasonable approach for increasing the sustainability.
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Concluding, the use of elemental sulfur under basic activation bears a potential to have a sufficient
degree of sustainability, which is mainly depending on the used solvent and its concentration. Many
different products can be obtained using this approach, which is straightforward and feasible
considering its typical reaction conditions and set-ups. The activation itself is postulated to proceed
via ring opening of sulfur forming polysulfanes, which can react as strong nucleophile subsequently in
various ways depending on the applied starting materials. Further studies are needed to shed more
light on the actual mechanism for this activation of sulfur to increase the understanding of the
reactivity of elemental sulfur as starting material and reagent. It is expected that sulfur bears still
unknown potential in chemistry and more research has to be conducted to pave the way for
multitude of novel applications.
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2.3 Multicomponent reactions (MCRs)

In multicomponent reactions (MCRs), three or more compounds react to form a product consisting of
most of the atoms of the used starting materials (typically high AEs, >80%, are obtained).58181,182
Thereby, the used compounds break and form more than one covalent bond yielding a complex
structure.’® MCRs are one-pot reactions, which have considerable advantages over multistep
synthesis, since no intermediate needs to be separated or purified, resulting in an overall more
efficient synthesis.'® Furthermore, the nature of these reactions are often modular, meaning a vast
scope of different moieties is allowed, leading to a broad variety of potential products, while the
starting materials are often easy to obtain or commercially available.’¥3'8 Due to their mentioned
properties, MCRs are often labelled as green reactions (see also chapter 2.1.2.), for instance due to
high AE and decreased waste, while renewable compounds can be employed as well.58185-187 By
exploiting MCRs, pharmaceuticals can be evaluated since large compound libraries are easily and
quickly accessible.'®1818 NCRs can also be used in polymerizations following a step-growth
mechanism, which will be discussed in more detail in chapter 2.3.3. due to the importance of this
topic for this work. Furthermore, high yields are often obtained making them ideal candidates in the
field of sequence-definition. Uniform macromolecules can be obtained for instance by iterative
synthesis.’®®1% |n general, MCRs can be divided in three subtypes, which are depicted in
scheme 11.182

Type | A+B C = e 0 P
Type Il | A+B C — P
Type lll | A+B ~ C - .. ——— P

Scheme 11: Subtypes of MCRs which differ in the number of irreversible steps. A, B are assigned as starting material, C as
one example of an intermediate and P stands for product. Note that in theory any number of intermediates can be obtained
as highlighted by “...”.182

Type | is a reaction in which every component, intermediate and product is in an equilibrium. As a
result, it is typically difficult to obtain high yields, since there is no driving force towards the product
side and the reaction mixture can contain considerable amounts of intermediates and starting
materials.

On the other hand, type Il reactions profit from their last reaction step, which is irreversible and
draws the equilibrium towards the product side, thus increasing the yield. Typical examples for
type Il reactions can be for instance strongly exothermic reactions like ring closing reaction as well as
aromatization.

Type lll reactions consist of only irreversible steps, which makes the type Il and IIl MCRs preferrable
over type |l. However, type lll reactions are very rare in synthetic chemistry but can be found in
biochemical processes in nature. The transition of these three subtypes of MCRs are often very
smooth and thus, the classification can be blurred. In the following, an overview of important MCRs
is given in which the order is chronologically, highlighting the impact of MCRs exemplarily (see
Scheme 12). The first MCR was reported in 1850 by Strecker, reacting an aldehyde, ammonia and
cyanic acid (see Scheme 12A).1** The formed a-aminonitrile could be hydrolyzed to obtain a-amino
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acids.'8%1%% |n 1882, Hantzsch was able to form dihydropyridines by the reaction of two equivalents of
B-ketoesters, ammonia and an aldehyde (see Scheme 12B).?% Nifedipin a drug of this compound
class, which is treated for high blood pressure, could thus be obtained in one step.}®® Further
oxidation of the dihydropyridines led to pyridines by aromatization. Several years later, Hantzsch was
able to obtain pyrroles using B-ketoester, amines and a-haloketone (see Scheme 12C).*" Biginelli
established the synthesis of dihydropyrimidone in 1891. Therefore, urea, B-ketoester and an
aldehyde (see Scheme 12D) were used.'®® Later, Mannich reacted enolizable carbonyl groups
(aldehyde or ketones) with amines and aldehydes to obtain a B-amination reaction (see
Scheme 12E).} This reaction found its way in Robinsons Tropinone synthesis and was the first
example of the application of MCRs in the synthesis of natural compounds.?®® In 1993, Petasis
published a modification of the Mannich reaction using boronic acids instead of enolizable carbonyl
groups as nucleophiles to alkylate, vinylate or arylate imines, which can be considered a distinct MCR
nowadays (see Scheme 12F).20%:202

So far, only three or four component reactions were mentioned but also five and up to seven
component reactions were investigated (e.g. an Ugi reaction with alcohol and carbon dioxide as acid
yielded a five-, the combination of an Asinger and an Ugi-reaction resulted in a seven component
reaction, respectively, both MCRs are described in the following chapters).203204
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Scheme 12: Chronological overview of important MCRs. The starting materials are colored to highlight their implementation
into the final product. Enolizable carbonyl groups are colored in black, aldehydes in red, amines and ammonia in green,
halogenaldehydes in orange, urea in purple, cyanic acid in turquois and boronic acids in brown.
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Thus, a variety of MCRs are well established in which several rely on the reactivities of the same
compounds. Therefore, subgroups for MCRs can be introduced like the metal-catalyzed as well as
isocyanide-and sulfur-base MCRs. In the metal-catalyzed MCRs, the key-step is mediated by a metal
atom, which forms an organometallic intermediate triggering a following reaction sequence. Finally,
the catalyst is released under formation of the product. Often transition metals like ruthenium or
palladium are exploited as catalyst due to their ability to catalyze several different reactions.?0>2%
Moreover, isocyanide- and sulfur-based MCRs rely on the inherent reactivities of the respective
compounds and due to their importance for this work, they are discussed in the following chapters
independently.
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2.3.1 Isocyanide-based Multicomponent reactions (IMCR)

Isocyanide-based Multicomponent reactions IMCRs rely on the inherent and unique reactivities of
isocyanide functional groups, like a-additions, a-acidity and carbene-like character (see chapter 4.1.).
In this chapter, an overview of important IMCRs is given based on three reaction pathways, which
can be only obtained by exploiting isocyanide groups. Finally, a brief evaluation of IMCRs is given in
the view of Green Chemistry, since this was the overall framework of this work.

Most commonly, IMCRs proceed with an a-addition as key reaction step (in the following labelled as
IMCR type-l). Thereby, the isocyanide group acts first as a nucleophile attacking a suitable
electrophile. As a result, the isocyanide group is transformed to a nitrilium ion, which is a strong
electrophile and thus react with an additional nucleophile (see Scheme 13), leading to the respective
product. This sequence can also proceed in a concerted manner, in which the bond formation
between the electrophile and the nucleophile proceeds simultaneously. This reaction step is
applicable to a variety of different electrophiles and nucleophiles and thus, several IMCRs of type |
have immerged over the last century. In the following, the most important ones are discussed
according to their mechanism and provided details about their compound variety. Moreover, some
examples of their application are given.

The first IMCR, discovered in 1921, is the so-called Passerini reaction.?®® A carboxylic acid and an
aldehyde react with the isocyanide under step wise a-additions. According to recent DFT
calculations, an acylimidate is formed that is not stable and undergoes an irreversible
Mumm-rearrangement, immediately forming an a-acyloxycarboxamide (see Scheme 13A).2*° The
overall driving force of the reaction was reported to be the oxidation of the isocyanide carbon from
(+11) to (+1V),*8 however it has to be noted that the isocyanide carbon is transformed to an amide
group with usually has an oxidation state of +IIl. One of the most astonishing features of the Passerini
reaction is the variety of compounds that can be used. For instance, instead of the aldehyde
component, other oxo-compounds like ketones, ketenes as well as acylcyanides and -isothiocyanates
can be employed.?®2117213 For the carboxylic acid, a broad scope of other acidic compounds is
applicable as well as hydrazoic acid, hydrogen chloride, hydroxylamines, phosphinic acids and
silanols.?**218 Electron-poor phenols can also participate in this reaction as acid component, leading
to the Passerini-Smiles reaction, since the irreversible rearrangement as last reaction step is a
Smile-rearrangement.?’® By using alcohol and carbon dioxide, forming carbonic acid, a
four-component Passerini reaction can be achieved.’®® Thus, a manifold of different substance
classes can be obtained by the Passerini reaction (e.g. a-acyloxycarboxamides, hydroxytetrazoles,
N,N-diacyloxamides, a-hydroxycarboxamides, a,y-oxocarboxamides, a-cyanoarboxamides,
a-aminoxycarboxamides, a-siloxycarboxamides). These products can be applied in several research
fields like sequence-definition, Medical, Green Chemistry as well as polymer chemistry, further
described in chapter 2.3.3,186-188193

Adding an amine to the Passerini reaction results in the four component Ugi reaction (see
Scheme 13B) that follows a similar reaction pathway compared to the Passerini reaction (see
Scheme 13A). Here, an imine condensation takes place prior to the a-addition, leading to an
a-acylaminocarboxamide.'®222° The a-addition can take place in concerted manner in non-polar or in
step wise manner in polar protic solvents, while again the overall driving force is the oxidation of the
carbon isocyanide.??! Like the Passerini reaction, the Ugi reaction allows a variety of different oxo and
acid components for instance ketones, carboxylic acid, water, hydrazoic acids, phenols, salts of
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secondary amines, cyanates, thiocyanates, hydrogen sulfide as Na,S;03 and hydrogen selenide.!82222-
226

o-addition reaction step
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Scheme 13 Mechanistic pathway of the IMCR type-l in which an a-addition of the isocyanide functional group with an
electrophile (E) and a nucleophile (Nu) is performed. The rection step can proceed step-wise or concertedly. In addition, an
overview of important IMCR type-I is given while the key intermediates after the a-addition reaction are depicted as well.
The starting materials are colored to highlight their implementation into the final product, isocyanides are red, aldehydes
green, acid components black, and amines purple.
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The Joullié-Ugi reaction is a three component modification of the Ugi reaction in which a cyclic imine
is used.??”22 Using a-amino acids in presence of an alcohol, a four-component five center Ugi
reaction can be achieved yielding a-aminoacylcarboxamid esters.??® By applying an alcohol and CO,,
COS or CS; as acid component a five component Ugi reaction is obtained.?”® Moreover, applying an
Asinger product as imine component, a seven component Ugi-reaction can be performed.?®* In
addition, the amine component holds further versatility, since besides primary and secondary amines
also hydroxylamines, hydrazines, hydrazides and urea derivates can be used.’® The application area
of the Ugi reaction is vast and reaches from sequence-definition, Medical Chemistry to synthesis of
organic compounds as well as polymer chemistry, further discussed in chapter 2.3.3.239-235

Grobke, Blackburn and Bienaymé discovered simultaneously the reaction of heterocyclic amidines
like 2-amino pyridine, pyrazines or pyrimidines with aldehydes and isocyanides, leading to 3-amino
imidazo[1,2-a]pyridines, pyrazines or pyrimidines (see Scheme 13C).2%523 The reaction can be
considered a derivation of the Ugi-reaction, in which the 2-amino N-heterocycle reacts as the amine
group and later on with its endocyclic nitrogen as nucleophile. The acid compound is not
incorporated in the final product and is typically a Lewis or Brgnsted acid catalyst.?** However, also
other catalysts were reported including bases, ionic liquids and the absence of catalysts.240243
Formally, the reaction is considered a [4+1] cycloaddition reaction between the imine, formed prior
by 2-amino heterocycles and the aldehyde component, and the isocyanide. Herein the oxo
compound must be an aldehyde, since after the cyclisation step an aromatization takes place by a
tautomerism of the former aldehyde proton. Compared to the Ugi and the Passerini reaction,
aromatization is the last step of this cycloaddition rather than oxidation of the isocyanide carbon.?®®
The imidazo-N-heterocyclic compounds have several applications, for instance there are widely used
in Medical Chemistry due to their broad pharmacological effects but they can be also applied for

Combinatorial Chemistry and formation of fluorescent compounds.23%243-245

In 2000, D6mling used a vinyl isocyanide bearing a tertiary amin and an ester group, which was
reacted with an aldehyde, amine and a thiolocarboxylic acid in an Ugi-like reaction (see
Scheme 13D).?*® However, due to the attached Michael system and its leaving group (tertiary amine
group), the product after Mumm-rearrangement, a-acylaminocarboxthionoamide (compare the oxo
analogue in Scheme 13A), further reacted in a 5-exo-trig cyclization reaction forming
a-acylaminothiazoles. The cyclization was possible, since the thionoamide is inherently nucleophilic
at the sulfur atom.

A second type of IMCR (in the following labelled as IMCR type-Il) uses the reactivity of the acidic
a-CH; group of the isocyanide group as well as the isocyanide carbon (see Scheme 14). The acidity of
the a-CH; group is thereby increased by additional electron-withdrawing groups (EWG) like tosylates
or esters that are attached to the group. In the presence of an imine, the carbanion is formed by
deprotonation and, subsequently reacts as a nucleophile attacking the imine in a Mannich reaction
like fashion. Subsequently, the formed amine attacks the isocyanide carbon in return,
nucleophilically. The final step is usually a proton transfer towards the negatively charged, former
isocyanide carbon. The overall reaction can be considered a formal [2+3] cycloaddition reaction.

The first reported reaction according to this mechanism is a derivation of the Van-LeuRRen oxazole
reaction, in which an aldehyde, amine and tosylmethyl isocyanide react forming imidazoles (see
Scheme 14A). It was first reported in 1977 by Van-LeuRen but as a two-component reaction using an
aldimine, which was prepared beforehand.?*’ Later on, the three-component reaction was
established as well.2*2° The reaction was performed in presence of an external base besides the
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imine.?*” After the formation of 2-imidazoline, an elimination reaction of the proton of the former
aldimine takes place, mediated by the base resulting in the extrusion of the tosylate group under
aromatization. Nowadays, this reaction is used for instance in Medical Chemistry due to the

importance of the imidazole moiety exhibiting pharmacological and biological activities.?#¥2%0
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Scheme 14: Mechanistic pathway of the IMCR type-ll, in which high a-acidity of the a-CH, group of the isocyanide functional
group is needed. In the presence of a good leaving group like toluenesulfonyl group (Tos) and an external base the
Van-Leufen reaction can be performed (A) while without an external base the Orru reaction can proceed (B). The starting
materials are colored to highlight their implementation into the final product, isocyanides are red, aldehydes green and
amines purple.

In 2003, Orru et al. used the same three components to form 2-imidazolines but this time no
additional base was employed. The isocyanides were in a-position to ester and 9-fluorene groups
instead of tosylate functionalities (see Scheme 14B).?*! Later, also ketones were successfully reacted
as substituents for the aldehydes.?®> Moreover, Zhu et al. reported that with isocyanides bearing
additional ester or amide groups, oxazoles rather than imidazolines can be obtained following an
a-addition pathway (IMCR type-l, see above). In the following year, reaction protocols were
established to selectively chose the final product by altering the catalysts and using amide groups

instead of ester groups.?%%3

Finally, IMCRs of type-lll procced by double bond formation of the isocyanide carbon with a
chalcogen like sulfur or selenium. This reaction type was first reported nearly a decade ago and the
mechanism is not fully understood yet, but it is usually assumed for sulfur that the chalcogen is
activated by a base beforehand and forms an oligo-or polymeric sulfur chain. This sulfur compound
attacks the isocyanide nucleophilically and subsequently, it is stripped of one of its atoms by
elimination due to the attack of the formed carbanion (see Scheme 15, for further detail of the
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activation of sulfur see also chapter 2.2.1.). Here, the product is an isoseleno- or isothiocyanate,
which is subsequently attacked by a third component that serves as additional nucleophile.

C=S double bond formation-reaction step
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Scheme 15: Mechanistic pathway of the IMCR type-Ill in which a C=S double bond is formed (top). The chalcogen (here

elemental sulfur, Ss) is activated by a base (Nu) forming a sulfur chain derivative which attacks the isocyanide carbon
nucleophilically. In the folowing it is stripped off of its terminal atom yielding the isothiocyanate as well as the polymeric
chain reduced by one atom, which can reacts again with another isocyanide and so on. In addition an overview of several
IMCR type Il reactions is given (bottom). The first reaction step is always the formation of the iosthio or isoselenocyanate
initiated by the external base (amine, NaH or HMPA). Starting materials are colored to hihghlight their implementation in

the final product, sulfur and selenium are black, isocyanides red, amines purple, alcohol and thiols blue, epoxides brown and
indols green.
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The first IMCR type lll was reported already by Lipp et al. in 1959 using isocyanide, sulfur and
aromatic amines forming thioureas.?®* Decades later, in 2014, Al-Mourabit et al. established the
conversion of primary and secondary amines for this MCR (in the following labelled as AM-3CR).1°
Since this reaction was crucial for this thesis, see chapter 2.2.1. for a detailed discussion about the
reaction mechanism. In 2021, Abranyi-Balogh et al. reported a modification of the AM-3CR, in which
2-bromoacetophenone is added after conversion of the isocyanide to react with the formed
thioureas to 2-imino and 2-aminothiazoles.’®® In the same year, the same group could show that if
DBU, DBN or TBD was used as amine component for this reaction in aqueous conditions, a ring
opening of the amidines and guanidines took place, resulting in thiourea bearing additional lactam or
cyclic urea groups. 138139

Furthermore, Abranyi-Balogh et al. reported that amines could be substitutes by either an alcohol or
a thiol yielding thiono- or dithiocarbamates if an external base like sodium hydride was used (see
chapter 2.2.1).1® Using isocyanides, sulfur and an epoxide mediated by HMPA Zamenraz et al. could
obtain 1,3-oxathiolane-2-imines.*’

Recently, Ji and Wang introduced a four component IMCR between isocyanides, selenium, secondary
amines and indoles under basic and oxidative conditions to form isoselenothiocyanate in situ, which
was reacted to the selenourea compound and finally to the isoselenourea product.?®®

To sum up, IMCRs are not only a small niche group of MCRs, they are rather a multitude of different
reactions offering a variety of different complex scaffolds as products, which can be easily obtained
in one-step. This variety originates directly from the diverse reactivity of the isocyanide functionality,
i.e. a-addition, a-acidity and carbene-like reactions (excluding the intrinsic variety of the Ugi and
Passerini reaction due to their long list of suitable acid, amine and oxo components). However, the
fact that MCRs have a positive impact of the degree of sustainability and are often used in Green
Chemistry as a toolbox reaction, as discussed in chapter 2.1.2., should still be briefly evaluated.
Principles of Green Chemistry should always be considered prior, meaning just because MCRs are
nowadays considered to be “in general” sustainable reactions, does not hold true for all of them or
that none of them can be further improved in terms of sustainability. This counts also for IMCRs.
While starting materials of MCRs are usually easily accessible, including commercially available
functional groups, which are also abundantly present in renewable feedstock, isocyanides are
not.%%2¢ They need to be prepared typically from the respective amines involving an excess of often
toxic reagents like phosphoryl chloride, thionyl chloride, phosgene or its derivate (for a more detailed
overview over the synthesis of isocyanides see chapter 4.1.).88%57.28 jystifiably, Ruijter and Orru
stated that “this is unequivocally the most valid argument holding down the expansion of isocyanide
multicomponent reactions as truly green methods”.%® Démling et al. established an in situ protocol in
which N-formamides were converted to isocyanides and then applied to an IMCR in the same pot,
reducing waste and time as well as obtaining similar or superior yields than usual procedures.?*®
More recently, the same group reported a superior synthesis protocol for isocyanide synthesis with
the toxic compound phosphoryl chloride.?®® Thereby, the work-up was minimized to a one-step short
silica plug/filter column filtration, reducing contact time with the toxic reagents and waste whereas
yields were increased. Furthermore, highly sensitive isocyanides, which could not be isolated with
other methods, were obtained with this method as well. The overall improvement was visible in the
strong decrease of the E-factor (e.g. E-factors for the synthesis of phenylethyl isocyanide ranged
from 60-83 while the optimized method led to an E-factor of 8.4). Concluding, a greener isocyanide
synthesis would probably allow the IMCRs to obtain the rank of a sustainable reaction, while this
labelling should never be taken for granted and a reevaluation according to the principles of Green
Chemistry is highly recommended. While highly efficient procedures are nowadays available allowing
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a considerable decrease in waste, a less toxic replacement for the dehydrating reagents like
phosphoryl chloride is highly desired.

Finally, if a more sustainable isocyanide synthesis approach is ensured, the combination of IMCRs
with the use of elemental sulfur as starting material exhibits a high potential for sustainable
chemistry. This is highlighted for instance by the thiourea synthesis starting from isocyanides, sulfur
and amines, for which several modifications are already established increasing its potential even
further.
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2.3.2 Sulfur-based multicomponent reaction (SMCR)

Elemental sulfur has the potential to mediate and undergo several different reaction steps, like
oxidation, reduction, sulfanylation or thionylation (see also chapter 2.2 and 2.2.1.). Therefore, it is
not surprising that several MCRs harvest this versatile reactivity by using sulfur as one of its starting
materials, like the IMCR using isocyanides (see previous chapter). Considering that sulfur is a highly
abundant waste product of the petrochemistry (80 million tons in 2021),'°* which keeps
accumulating since no large process on industrial scale rely on this compound apart from sulfuric acid
production, its utilization per se goes in hand with Green Chemistry (see also chapter 2.1).% In the
following, the most important sulfur-based MCRs (SMCRs) are discussed and complemented by more
recently discovered reactions, highlighting the increasing progress of this research area of sulfur
chemistry. Mechanistic investigations of the reactivity of elemental sulfur for several reaction steps
are still in their infancy. Thus, the mechanism of the following reactions is still under debate and
being only discussed briefly as far as it is reported (for the activation of sulfur by base, see
chapter 2.2.1. for a thorough discussion).

The first reported SMCR is the Willgerodt-Kindler reaction, in 1887. Willgerodt discovered the MCR
without the use of elemental sulfur, but ammonium sulfide, which was reacted with acetophenone
and ammonium hydroxide to form 2-phenyl acetamide.?? Later in 1923, Kindler established a
modification using elemental sulfur and ammonia together with acetophenone to obtain 2-phenyl
thioacetamide, decreasing the reaction temperature from 160 to 100 °C (see Scheme 16A).2%
Nowadays, the scope of the starting material for the Willgerodt-Kindler reaction has increased
immensely. Instead of ammonia, primary and secondary amines can be applied as well.263264
Substitution of the ketones can be obtained by using aldehydes, alkynes, acetals, alkenes, thiols,
imines, benzyl halides and cinnamic acids.?®*%%® The most astonishing feature of this SMCR is the
migration of the carbonyl function if a ketone is used towards the terminal alkyl chain like in a Zipper
reaction.’® However, with increasing chain lengths, the yield of the conversion decreases and it is
considered that reasonable yields can be obtained with alkyl chain consisting of two to three
carbons.?®*#2%% Furthermore, the obtained thioamides can be easily converted to the respective
thioesters and carboxylic acids, increasing the versatility of this SMCR even further.?’%?’! However,
today the reaction can be seen as underutilized compared to its potential.?®* It is still used in Medical

Chemistry, heterocycle synthesis and for crop protection products.?’27%7>

Since the scope of the starting materials in the Willgerodt-Kindler reaction is so large, it is hard to
evaluate one mechanism for all of them. Nowadays, the mechanism of Carmack et al. is widely
accepted for the case of ketones.!’#'7> The first reaction step is an imine condensation with the
amine component, followed by tautomerization to the enamine. Due to the mediation of an in situ
formed aminopolysulfane compound, regioisomerism towards the terminal alky group takes place,
reducing the formed carbonyl carbon. After the terminal enamine compound is formed, an oxidation
of the terminal carbon is performed by attack of an aminopolysulfane species followed by a
[1,2]H-shift forming the thioamide (see chapter 2.2.1. for more details). Substitution of sulfur with
selenium was also reported, yielding the respective selenothioamide.?’®

The probably most known SMCR is the Asinger reaction, which was discovered in 1956.%”7 It consists
of elemental sulfur, ammonia and two equivalents of a ketone, which makes it a four-component
reaction (see Scheme 16B). Thereby, 3-thiazolines are usually obtained as the main product, which

277-

are an important substance class exhibiting pharmacological and biological activity.?’-2”° Compared
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to other SCMRs, the reaction is conducted at room temperature.?’® One of the major applications of
the Asinger reaction is the synthesis of D-penicillamine a non-proteinogenic amino acid, which is used
for instance against rheumatoid arthritis, Wilson’s disease and heavy metal poisoning.?’8280-28 The
reaction mechanism is not fully understood yet, but a reasonable pathway is considered to start with
an imine formation of the ketone and ammonia.?’”® Then, tautomerization to the enamine allows the
sulfanylation of the former a-CH, group, followed by the cyclization with the second ketone, which
has formed its respective imine, under extrusion of ammonia. Different ketones can be used for this
reaction, however if both are enolizable, a mixture of products is obtained.?’® Aldehydes are in
general not applicable, besides isobutyraldehyde that is used for the synthesis of D-penicillamine.
Ammonia can be replaced with aziridine to react with a ketone, such as pentan-3-one to obtain
5,6-dihydro-1,4-thiazines. In this case also the substitution of sulfur with selenium was reported.
Besides, a modified three-component Asinger reaction called “resynthesis” can be performed
without elemental sulfur using an a-sulfanylketone, ammonia and a second oxo component.?”®

In 1966, Gewald reported a reaction between nitriles bearing a second EWG in a-position like ester,
amide or nitrile reacting with an oxo compound (aldehydes, ketones, 1,3-dicarbonyl compounds) and
sulfur using a secondary amine obtaining 2-aminothiophenes (see Scheme 16C).2%
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Scheme 16: Overview of classic SMCRs. Important intermediates are depicted while the starting materials are colored to
highlight their implementation in the final product. Carbonyl compounds are black, amine purple, 1,3 carbonyl derivatives
are green and sulfur red.

In this reaction, a Knoevenagel condensation is believed to be the first reaction step.?>2% The
following reaction steps are not yet identified, hence discussed differently in literature. Gewald
proposed sulfanylation of the obtained Michael system in y-position (a-CHR group of the former oxo
compound), comparable with the pathway of the Asinger reaction.?®* Subsequently, the thiol attacks
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the nitrile in a 5-exo-dig ring closing reaction. Tinsley assumed that instead of the formation of a thiol
functional group, a polysulfide chain is formed, which ultimately results in ring closing upon extrusion
of a one atom smaller sulfur ring.?®! In both pathways the final thiophene is obtained after
tautomerization.'®%2* Application of this reaction is found in Combinatorial and Medical chemistry,

for instance as low molecular weight inhibitors.?8

Since recently the reactivity of elemental sulfur has gained more interest, several new SMCR have
been reported. In the following, no reaction mechanism is discussed since no pathway could be fully
proven so far. Nevertheless, all reports propose mechanisms following the reaction pathway of the
formation of a polysulfane chain intermediate by the ring opening of the octasulfur ring using a base
as nucleophile (detailed examples of this mechanism are given in chapter 2.2.1.). Several
modifications of the Willgerodt-Kindler reactions were reported, as listed in the following: the
reaction between i) sulfur, primary/secondary amine and a benzylic amine, ii) sulfur,
primary/secondary amine and terminal alkyne, iii) sulfur, aryl/alkyl chlorides and formamide and iv)
sulfur, benzylic/cinnamic acids and primary/secondary amines. 132150160186 The |atter reaction
protocol is special in the sense that a decarboxylation of the benzyl and cinnamic carboxylic acid
takes place, resulting in an aryl and benzylthioamide, respectively, meaning the carbonyl compound
is migrating towards the phenyl ring (see Scheme 17A, compare Scheme 16A).1%® Moreover, Peng and
Fu established a Willgerodt-Kindler modification with sulfur, acetophenones and cyanamide as amine
component resulting in heterocycle formation yielding 2-amino-4-arlythiazoles (see Scheme 17B).2%

Not only new modifications of already known SMCRs were reported. In 2015, Samzadeh-Kermani
studied reactions of terminal alkynes with sulfur and epoxides or tosyl aziridines to obtain
1,3-oxathiolane- and 1,3-thioazolidin-2-alkylidenes. Here, sodium hydride was present, while
performing the reaction at elevated temperature leading to yields of 67-92% (see Scheme 17C).2* In
2017, Nguyen et al. was able to obtain 2-aryl benzothiazoles by reacting o-nitro halobenzenes with
aryl aldehydes and elemental sulfur in the presence of morpholine in a redox cyclization (see
Scheme 17D)."** Electron-rich and poor moieties were tolerated for either the aldehyde or the
halobenzene, yielding 61-80% of the products at a reaction temperature of 130 °C. To obtain the
thiazole, the nitro group was reduced by oxidation of one sulfur atom to SO; which was proven by
the isolation of the sulfonated thiazole product as side product. Further, two equivalents of
acetophenones and sulfur can form 2,4-diaryl thiophenes under the mediation of aniline and
p-toluoenesulfonic acid with yields up to 88% at temperatures above 100 °C (see Scheme 17E).?8
Also tetrasubstituted tricyclic thiophenes could be obtained with non-aromatic ketones, such as
cyclopentanone, while other aliphatic ketones resulted in complex mixtures. By C-H bond
functionalization of anilines with sulfur and carbon dioxide using sodium tert-butanolate, Zhang and
Yu were able to obtain thiazolidine-2-ones in moderate to good yields (up to 87%) at 140 °C (see
Scheme 17F).%2 By using naphthalene-1-amines, it was further possible to obtain thiazinan-2-ones as
well.

Recently, also the combination of isocyanides and sulfur have yielded new MCRs by the in situ
formation of isothiocyanates. Three important examples of this sulfur and isocyanide-based MCR
type were already discussed in the previous chapter and are depicted in Scheme 15A-C.
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Nowadays, more and more new SMCR are reported, as sulfur is a highly versatile reagent of
increasing interest, broadening the scope of the already well applied long known reactions (Asinger,
Gewald, Willgerodt-Kindler). Moreover, the more frequent utilization of sulfur, an abundant and
non-toxic waste product, is desired from a sustainability point of view. Thus, research in SMCR is
expected to further grow in the following years.
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2.3.3 IMCRs and SMCRs in Polymer Chemistry

Only a decade ago, the manifold opportunities of MCRs were realized in the field of polymer
chemistry.?32%1 Today, many different MCRs are frequently applied in polymer chemistry, including,
for instance, the Biginelli reaction?*2?% or the Hantzsch reaction.?®* The most efficient and versatile
MCR for polymer chemistry, and especially for step-growth polymerizations, are IMCRs. Considering
these IMCRs, especially the Passerini three- (see Scheme 13A) as well as the Ugi four
component-reaction (see Scheme 13B) are now frequently used tools in polymer science and can be
applied for monomer synthesis, grafting reactions, as well as step-growth polymerizations.?®® To
provide an overview, the most relevant developments in IMCR-based polymerizations will be
described in this chapter. Furthermore, suitable examples of SMCRs are given as well.

In 2011, Meier et al. introduced a polymerization protocol using the Passerini three-component
reaction. For the first time it was shown that MCRs are not only suitable for monomer synthesis but
also for highly efficient and structurally versatile step-growth polymerizations as well as grafting-onto
approaches.?®® Carboxylic diacids (AA-type monomers) and dialdehydes (BB-type monomers) were
reacted with various isocyanides to yield a-amide substituted polyesters with molecular weights up
to 56 kDa (see Scheme 18A). In the following, Li et al. reported the Passerini polymerization of a
carboxylic diacid and a diisocyanide with different aldehydes on the one hand, and the reaction of a
dialdehyde and a diisocyanide with various carboxylic acids on the other hand.?®”2% Poly(ester
amide)s with molecular weights up to 15 kDa and polyamides with ester side chains with molecular
weights up to 17 kDa were obtained, respectively. Both groups also contributed to the development
of Passerini polymerizations employing AB-type monomers containing an aldehyde or ketone and a
carboxylic acid moiety.?3%"  Similar early developments were achieved using the Ugi
four-component reaction for polycondensation reactions to yield diversely substituted polyamides
under mild reaction conditions.

Initially, Meier et al. investigated optimized polymerization conditions for the combination of two
bifunctional and two monofunctional components (six combinations are possible: diisocyanide +
dialdehyde, diamine + diisocyanide, dialdehyde + diamine, diamine + carboxylic diacid, dialdehyde +
carboxylic diacid and diisocyanide + carboxylic diacid, see Scheme 18B).3%? Precipitated polymers with
molecular weights above 10 kDa were obtained for all six combinations, while operating under mild
polymerization conditions. Subsequently, the same group demonstrated that the acid component
can be replaced by CO; and an alcohol, leading to non-isocyanate polyurethanes via the Ugi
five-component reaction.?® Luxenhofer et al. also investigated the six above-mentioned possible
component combinations of the Ugi reaction bearing aromatic moieties in the backbone and side
chain of the polymers, revealing that in nearly all cases the polymer backbone is formed during the
Mumm rearrangement.3%* After these initial trend-setting reports on Ugi- and Passerini-based
step-growth polymerizations, both polymerizations are nowadays broadly applied for the synthesis
of structurally diverse polymers offering different application possibilities.

For instance, Li et al. demonstrated photo or redox degradable Passerini type polymers bearing an
o-nitro benzylic moiety (cleavable by irradiation with UV light), a disulfide group (cleavable by
reduction with DTT), or a pinacol boron ester benzylic moiety (cleavable by oxidation with hydrogen
peroxide).3%>3% Sych degradable Passerini-derived polymers bearing disulfide groups were later
applied in the field of drug delivery.3®” Furthermore, the group of Li demonstrated the synthesis of
Passerini polymers with tertiary ester linkages with M, of up to 30.6 kDa and promising material
properties by applying several electron deficient ketones as reactants.3%® Recently, Barner-Kowollik et
al. introduced the visible light-induced formation of poly(amide thioester)s, prepared by the in situ
generation of thioaldehydes, which were subsequently applied as oxo components in a Passerini
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polymerization. These polymers were shown to be cleavable by aminolysis as well as chain-extended
by insertion of thiiranes due to the reactivity of the thioester group.3® In 2016, Becer et al. used the
renewable platform compound levulinic acid in an Ugi polymerization with several diamines and
diisocyanides to prepare polyamide lactams with M,s of up to 12.3 kDa.3'° In the same year, Wang et
al. synthesized polypeptoids via an Ugi polymerization using amino acids as starting materials and
demonstrated their biocompatibility, antibacterial activity as well as their application possibility in
the field of drug delivery.3!! Further examples are countless, as a new research direction in polymer
synthesis was established. This new field ranges from polypeptoids and other functional
bio(medical)-materials via self-healing hydrogels to various macrocyclic systems, clearly
demonstrating the synthetic versatility of IMCRs, which translates into designed application
possibilities, 3127316

Compared to the multitude of applications of IMCRs for polymer synthesis, examples for SMCRs for
the synthesis of sulfur-containing polymers are scarce in literature, especially in which the MCR itself
is the step-growth reaction. An example is the Willgerodt-Kindler reaction of sulfur, dialdehydes and
diamines, which was applied for the synthesis of polythioamides in yields up to 96% and molecular
weights up 38 kDa (see Scheme 18C).3Y Another variation using sulfur, dialkynes and diamines was
also reported for the synthesis of polythioamides emitting fluorescence under UV irradiation.3!®

Finally, the most relevant development of MCR chemistry for polymer science for this thesis is the
recent report of Tang et al. on the one-step conversion of elemental sulfur with primary or secondary
diamines and diisocyanides to yield polythioureas (see Scheme 18D).1°
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Scheme 18: Overview of IMCR and SMCR based step-growth polymerizations. The starting materials are colored to highlight
their implementation in the final polymer. Carboxylic acids and sulfur are black, isocyanides red, aldehydes green and
amines purple.

This polymerization approach used the AM-3CR (see Scheme 15A).1° For the polymerization
approach, aliphatic primary and secondary diamines were combined with aliphatic and aromatic
diisocyanides to yield high molecular weight polymers that were suitable for Hg* binding and
removal from water.2®® Some very basic material properties were described, while sustainability was,
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apart from using elemental sulfur and potentially renewable diamines, not addressed. For instance,
unfavorable DMF/toluene mixtures were used for polymerizations and the overall strategy related to
large amounts of generated waste (for instance during monomer synthesis). Catalytic activity of
either the poly(thiourea)s or defined low molecular weight organic compounds were not reported.
The modification of this MCR by Abranyi-Balogh et al. was later also transferred to polymer chemistry
obtaining poly(thionocarbamate)s exhibiting a high refraction index and could be used as mercury
sensor, 43146

Concluding, IMCRs show a broad spectrum of applications in polymerization reactions for the
synthesis of a variety of useful materials. On the other side, SMCRs are rarely applied for the
preparation of polymeric materials. Considering the straightforwardness of implementing
sulfur-atoms into polymers, more research on this area should be expected as the interest in
elemental sulfur is constantly growing. In addition, it must be mentioned that optimization in terms
of Green Chemistry often stops with the use of a MCR for the polymerization. Seldomly, the typically
used toxic solvent like DMF are tested for possible substitution by more benign alternatives, nor the
amount of waste is further decreased in additional optimizations of the reaction or the work-up.
Nevertheless, renewable feedstocks are frequently applied as starting material which facilitates the
overall degree of sustainability of the MCR polymerization.
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2.4 Thioureas

The thio analogues of urea are called thioureas, while additionally lending its name to the respective
functional group and the group of substituted thioureas. this chapter focuses on substituted
thioureas (TUs), which can be generally divided into four subtypes with respect to their degree of
substitution of both nitrogen atoms, namely mono-, 1,1- and 1,3-di-, tri- and tetra substituted TUs
(see Scheme 19).

TUs can be found in many applications due to their intrinsic properties and reactivities. For instance,
TUs are known to exhibit a broad spectrum of biological activities and can thus be used in agriculture
(e.g. antifungicidal,®® herbicidal agent,?® or rodenticide)®?! or in medicine (e.g. anti-thyroid,3??
anti-tumor,!! anti-epileptic,3?® anti-hypertonic agent,3?* or antioxidant).!* Furthermore, they are used
in dyes, photographic films, textiles or in plastics.’®> More recently, corrosion inhibition properties

were reported as well.3?® In chemistry, TUs are widely used as intermediates for heterocycle,3?6-3%0

31 327334 or as ligands in the formation of metal complexes.33573% |n

amidine3®! or guanidine synthesis,?
addition, TUs are prone to form hydrogen bonding with many electron-donating substrates,
especially the 1,3-disubstitued TU derivatives.334! Due to these supramolecular interactions, they
have emerged as a strong tool in the field of organocatalysis in the last decades, which is discussed
more thoroughly in the following chapter. The ability to work as a receptor for anions by host-guest

342-345 ;

complexation is also used frequently.

Due to the excessive use of these compounds, several routes for the synthesis of TUs were reported
over the last century. However, typically toxic compounds like isothiocyanates (ITCs) and carbon
disulfide are exploited for their syntheses, while other more sustainable and less toxic synthesis
protocols seem to be rather scarce. In the following, typical procedures for TU synthesis are
discussed, while sustainable progress and synthesis are emphasized.

Typically, a one-step procedure is applied by using an amine and an ITC to obtain TUs (see
Scheme 19A). This addition reaction is straightforward, since usually the compounds are simply
stirred in solution at elevated or room temperature, while tolerating a broad scope of moieties. Even
less reactive arylamines can be converted under these conditions by addition of a base® or applying
increased pressure (0.6 GPa).3*® Thus, mono,** 1,3-di'3%3% and tri substituted!*3°%35! TUs can be
obtained easily, while 1,1-di and tetra substituted ones can intrinsically not be formed. In 2000,
Kaupp and co-workers established a more sustainable modification of this synthesis route by
applying gas-solid reactions using volatile amine components like (methyl) ammonia or solid-solid
reactions applying a ball-mill or grinding with a mortar.3>? Thus, no solvent had to be applied and
several TUs were obtained in quantitative yield, reducing the waste drastically. The advantages of
mechanochemical techniques was then further elaborated by Fris¢i¢ and co-workers who synthesized
49 symmetric and unsymmetric 1,3-aryl/aryl and aryl/alkyl TUs in a rapid fashion.®

On the other hand, carbon disulfide is often exploited, converting one or two amines to the desired
TU. This reaction proceeds via the formation of a dithiocarbamate salt, which is further transformed

13,353 or the use of a base.*35%3% The latter proceeds vig addition

to the respective TU under heating
of a second amine component under the elimination of hydrogen sulfide or its salt (see Scheme 19B).
In contrast to the before mentioned approach via ITCs, 1,1-di**” and tetra®>® substituted TUs can be
obtained as well. Zhang and co-workers reported that ball-milling under basic conditions was found

to facilitate the reaction in a more sustainable fashion, resulting in several 1,3-disubstituted
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unsymmetric TUs.3*® However, an increased excess of carbon disulfide (5.00 eq) had to be applied. In
contrast, symmetric TUs were obtained using only one equivalent of carbon disulfide. Another
environmentally more benign procedure was reported by Dalal and co-workers, who obtained
1,3-TUs bearing aryl or benzylic moieties performing the reaction in water without stirring while
exposing the mixture to sunlight.3*® After simple filtration and recrystallization, the products were
obtained avoiding additional waste.

The wuse of other thionylation reagents, ie. thiophosgene®® or its derivatives (e.g.

)Y is common as well (see

bis(1-benzotriazolyl) methanethion,* phenyl chlorothionoformate
Scheme 19B). Symmetric 1,3-TUs can be obtained in one step by two consecutive addition
elimination reactions of two amine molecules.® Converting only one equivalent of the amine
component with the respective thionylation reagent usually yields the respective ITC but in some
cases a different intermediate is present. For instance, converting secondary amines permits the
formation of an ITC.3>® Stable thiocarbamyl derivatives can be isolated in these cases, which can be
further reacted to an unsymmetric TU in a second step (see Scheme 19B).2%'7 With this approach,
mono,3°® 1,1-3> and 1,3-di,’® and tetra3®3%? substituted TUs can be obtained as well. In 2016,
mechanochemical and gas-solid reaction techniques were reported for this approach as well by
Strukil and co-workers using bis(benzotriazolyl) methanethione.3® Thus, several mono TUs could be
obtained in excellent yields (87-99%), while aqueous work-up was performed decreasing additional
formation of waste.

363

The use of inorganic thiocyanate salts was reported to yield mono>*° and symmetric 1,3-disubsituted

TUs upon heating with an amine (see Scheme 19C).3%*

Recently, Sharma and co-worker converted isocyanides with ditertbutyldisulfide in a radical pathway
to dithiocarbamates via ITC formation, which could be reacted to the corresponding TU by addition
of an amine (see Scheme 19D).3%> This reaction yielded 1,3 and tri substituted TUs in high yields in
one step avoiding the use of solvent or catalysts.

Al-Mourabit and co-workers established a multicomponent reaction between an isocyanide,
elemental sulfur and an amine towards 1,3 and tri substituted TUs in a more sustainable fashion
(AM-3CR) using sulfur as sulfurization reagent, while only a minimum of solvent or no solvent at all
had to be used (for further discussion of this reactions see chapter 2.2.1 and 2.3.1).%°

Further, TU derivatives can be obtained by derivatization of easily accessible or commercially
available TUs (see Scheme 19E). Thus, unsymmetric TUs can also be obtained by transamidation of a
symmetric TU, like the commercially available diphenylthiourea with aliphatic amine or ammonia.3%®

All so far discussed approaches rely on amines, which is certainly an abundantly present functional
group but it can be anticipated that in several synthesis routes its access might be not possible. Thus,
Ciszewski and co-workers reported a synthesis protocol, in which mono or 1,3 di substituted TUs
could be obtained by reacting thiourea or mono TUs with an aldehyde and trimethyl chlorosilane,
forming an imine adduct which was subsequently reduced with sodium borhydride.?®” Recently,
Wang, Yu and co-workers extended this reductive alkylation approach by using ketones, reducing
them in the same step with trichlorsilane catalyzed by HMPA.3®8 In this context, the Biginelli reaction
has to be mentioned as well, since this reaction allows the easy formation of complex cyclic
thioureas, i.e. 3,4-dihydro pyrimidine-2-thiones. This multicomponent reaction can be conducted in
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one-pot using thiourea or mono substituted TUs, B-ketoester and an aldehyde under acidic catalysis
(see Scheme 12D).36%370
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Scheme 19: Overview of typical and more recently reported syntheses of TUs yielding the product in one or two steps. Key
intermediates and reaction conditions are depicted. Starting materials are colored to highlight their incorporation in the TU
motif: amines are green, isocyanides red and aldehydes or ketones blue. If a second amine is used in the synthesis, it is
colored in pink to underline the formation of an unsymmetric TU. LG=Leaving group

In conclusion, TUs are a versatile functional group with applications in laboratory and industry.
Several well-established procedures are known for their synthesis. Most of them rely on amines at
some point, which is in general an easily accessible reactant (compare number of amines used as
components in Scheme 19). Furthermore, amines can be accessed from renewable feedstock via
sustainable routes like using reductive amination.3” However, often toxic compound like
thiophosgene, its derivatives or carbon disulfide must be applied, making the thiourea synthesis a
highly unsustainable process. Still, several improvements were achieved more recently to establish
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more sustainable synthesis protocols, like in situ formation of toxic ITCs or solvent-less methods. The
use of waste products like elemental sulfur and multicomponent reactions complements the pursuit
of greener syntheses for TUs, which should be applied more vastly.
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2.4.1 Application of thioureas as organocatalysts

Organocatalysts are known for more than 100 years, yet they have only received increased attention
over the last three decades. In 2021, the Nobel prize was awarded to Benjamin List and David
MacMillen for their contribution to the establishment of asymmetric organocatalysis, further
highlighting the importance of this research field.

Organocatalysts were originally defined as “a small organic molecule having no metal as part of the
“active principle’” ,thereby catalyzing chemical reactions via the formation of covalent or non-
covalent bonds.3”2374 Compared to metal-containing catalysts and enzymes, organocatalysts possess
advantages regarding stability, comparably low cost, low sensitivity to oxygen and moisture as well
as straightforward preparation in several cases.’’>3’> Typically, these catalysts act via their lone
electron-pairs as nucleophiles or Lewis bases (i.e. nitrogen- or phosphorous-based catalysts)*’#37 or
via hydrogen bonding (ie. urea derivatives, bisphenols, bisamidines, squaramides, or
croconamides).?’7-382 Bjfunctional catalysts combining Lewis base activity and hydrogen bonding are
particularly attractive.3”* Generally, organocatalysts offer broad application possibilities, including
numerous aldol type reactions (e.g. Morita-Baylis-Hillmann reaction, Michael addition, Henry
reaction, Pictet-Spengler reaction)333° agnd MCRs (e.g. Strecker, Biginelli and Mannich reaction),®%
32 among others (e.g. Claisen rearrangement, polycyclization, acetalization, ring-opening
polymerization).1>393-3%

In the following chapter, the application of thioureas as organocatalysts will be discussed more
thoroughly. Since this research area has grown incredibly, the focus was set on the mechanistic
explanation of the catalytic activity (mostly relying on the 3,5-bis(trifluoromethyl) phenyl moiety) by
a chronological introduction of successful types of thiourea catalysts. Having obtained an overview of
the vast scope of different catalysts, more specialized ones are being discussed introducing several
entirely different activation modes. Again, the thiourea group is fascinatingly versatile in its
application and thus, the aim of the second part of this chapter was not to give a holistic sequence of
all majorly used catalysts. This was simply not possible in the scope of a thesis and thus, the focus
was set to highlight the versatility of this catalytically active group by suitable examples (historical
and recently relevant ones). In a third part, the privilege of the 3,5-bis(trifluoromethyl) phenyl moiety
as activation motif is discussed, presenting thiourea catalysts exhibiting catalytic activity due to
different activator groups.

Urea derivatives are one of the most common structural motifs in organocatalysis (see
Scheme 20).37#37> This development started in 1988 by Etter, who investigated the hydrogen bonding
(HB) of ureas by cocrystallizing them with different guest acceptors,*® as well as 1994 by Curran,
who, for the first time, applied a urea derivative to activate sulfoxides in a radical allylation and later

on also in a Claisen rearrangement.?%’
NO, NO, CF4 CF4
X X
N N n-OctO,C N N CO,n-Oct
H H H H
1988 Etter 1994 Curran

Scheme 20: First two described urea derivatives that were investigated in terms of hydrogen-boning and catalytic activity.
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Another milestone in the development of these catalysts was their introduction to the field of
asymmetric catalysis in 1998 by Jacobsen, who described the first chiral bifunctional thiourea catalyst
bearing an imine functionality (see Scheme 21).3%® Thus, catalysis of several imine-based MCRs, such
as the Strecker or Mannich reactions, were reported to proceed asymmetrically.3°¥3%2 Attachment of
this catalyst to a solid support offered the possibility of catalyst recycling (up to ten times) in an
asymmetric Strecker synthesis.3* Later on, Jacobsen introduced chiral organocatalysts that were able
to provide excellent enantioselectivities by combining covalent with non-covalent interactions
between catalyst and substrates (see Scheme 21).38% Here, the urea group activates the electrophile,
as typical for such catalysts, and, at the same time, the nucleophile is activated in an imine-enamine
tautomerism, resulting in up to quantitative yields and ee values of up to 92%.
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Scheme 21: First thiourea motif exploited in asymmetric catalysis and its later modification to be used on a solid support as
well as the modification to achieve synergy of covalent and non-covalent catalysis due to an additional primary amine

group.

In 2002, thioureas were investigated for the first time as organocatalysts in a crucial study by
Schreiner, explaining the activation mechanism of the thiourea moiety thoroughly. Moreover, the
highly active 3,5-bis(trifluoromethyl) phenyl moiety was introduced to urea catalysis, marking the
beginning of a long-lasting era of the development of (thio)urea catalysts bearing this moiety (see
Scheme 22).37

First, a urea or thiourea group acts as dual HB donor with its two N-H bonds (if available) and thereby
is in general able to bind HB acceptors, like carbonyl, carboxylic acid, sulfuric acid and nitrate groups
supramolecularily.3”> Due to this binding the electron density of the HB acceptor is shifted to the
direction of the thiourea protons, resulting in a higher partial positive charge at the acceptor.*® For
instance, considering an aldehyde as HB acceptor, the electron density shift results in a higher
electrophilicity of the carbonyl carbon as the partial positive charged is increased and thus, the
aldehyde will be more reactive towards suitable nucleophiles.’”> Therefore, the activation
mechanism of thiourea can be labeled as Lewis-acid like.3”>%%° However, typically this HB is not strong
enough to already facilitate a vast scope of different reactions (for instance the complexation of a
carbonyl compound with a thiourea is only modestly strong with ca. 7 kcal mol?! at room
temperature in dichloromethane) and entropic effects could outnumber the binding
exothermicities.?””4% Thus, Schreiner made use of several other beneficial enthalpic and entropic
effects by attachment of aryl moieties adjacent to the thiourea functional group, which are visualized
in Scheme 22. First, the use of electron-withdrawing groups (EWGs) like fluoro or trifluoromethyl-
groups attached to the aryl moieties were investigated.*® Particularly, their -M and -l-effect,
respectively, led to a further decrease of the electron-density of the N-H bond, thus leaving the
protons with a higher partially positive charge and the HB strength increased. Schreiner could show
that the EWG effects of the aryl moieties in meta positions with respect to the urea group led to the
strongest HB abilities and thus, to the strongest catalytic activity of the respective thiourea.*® This
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constitution was beneficial as i) less sterically hindrance with the thiourea group will arise compared
to the ortho position and ii) two EWG can be employed compared to only one at the para position,
while the difference in steric hindrance of meta and para position are of minor magnitude. Second,
an additional electron-withdrawing effect was achieved by exploiting thioureas that show higher
polarizability compared to the urea homologues (negative charge can be better accommodated at a
sulfur atom than in an oxygen atom intrinsically due to the decrease in lone pair-lone pair interaction
in the larger sulfur anion). In addition, the lower electronegativity of sulfur decreases the self-
association.*%4! Thuys, the N-H bond of the thiourea group was strongly polarized, leading to an
increase of the HB donor activity. To this enthalpic driving force, an entropic effect is added lowering
the Gibbs free energy of the catalyst substrate complex during complexation of the HB acceptor:
Since aromatic hydrogens in ortho position to the thiourea functionality are more polarized due to
the EWG effect of for instance the trifluoromethyl groups, stronger intramolecular HBs are formed
with the sulfur atom. The rotational barrier for the aryl moieties is increased and the favored
conformation of this thiourea compound is planar. Due to this preorganization effect, the entropic
penalty for the complexation of a substrate was decreased.
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Scheme 22: Enthalpic and entropic effects observed in the Schreiner catalyst, leading to activation of the thiourea as HB
donor (enthalpic effects enhancing the polarization of the N-H bond by electron-withdrawal are colored in red, while the red
arrows qualitatively indicate the polarization showing the direction in which the electrons are withdrawn; entropic effects
lowering the entropic penalty, which occur during substrate complexation, are colored in blue).

Application examples of this catalyst include Diels-Alder reactions of dienophiles that act as a HB
acceptors.*® However, compared to conventional Lewis acids like AICIs or TiCls, the catalytic activity
was clearly weaker. On the other hand, a typical benefit using organocatalysis, i.e. no product
inhibition was indicated as catalytic activity was still present after 80% conversion.3”>4% |t has to be
mentioned that the catalytic effect is also strongly dependent on the solvent, as polar protic solvents
like methanol can compete in the complexation due to their ability to also form HB with the starting
materials. Nevertheless, application of strong HB donor solvents like water can still lead to high
catalytic activities, since also hydrophobic effects have to be considered as well.*®° In the following
years, a manifold of optimization possibilities were described. Most of them still relied on the
activation of the thiourea catalyst by the 3,5-bis(trifluoromethyl) phenyl motif. A collection of several
important catalysts of this class is shown in Scheme 23.

In 2003, Takemoto investigated Michael-Addition reactions of malonates with nitro-olefins using a
chiral TU catalyst bearing an additional tertiary amine for dual activation. Thus, he demonstrated the
advantageous activation and pre-coordination of malonates and nitro-olefins to the amine base and
the thiourea moiety, respectively, leading to high yields and enantioselectivities (up to 95% yield and
up to 93% ee).®® Only one year later, Nagasawa demonstrated asymmetric Morita-Baylis-Hillman
reactions of cyclohexanone with various aldehydes, also using a chiral dithiourea catalyst that
provided, in combination with DMAP, a significant rate enhancement and up to 90% ee.3®’
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Scheme 23: Collection of several important thiourea catalysts listed in chronologic order. The Schreiner motif is partially
present in every catalyst (see red colored inset).

In 2005, Sodés demonstrated the catalytic activity of quinine-based thiourea derivatives as
organocatalysts for an enantioselective Michael-Addition of nitromethane to chalcones, providing
yields up to 94% and ee values of up to 98%.3% In the same year, Berkessel extended the potential
uses of bifunctional urea derivatives for asymmetric catalysis by demonstrating the dynamic kinetic
resolution of azlactones with allylic alcohol.*%? Ricci was able to perform, for the first time, an
enantioselective Friedel-Crafts alkylation of indoles with nitroalkenes by attaching an
(1R,2S)-cis-1-amino-2-indanol moiety onto a thiourea. It was proposed that the reaction was
mediated by additional hydrogen bonding interaction of the hydroxyl group of the indole motif in
addition to the typical thiourea activation.?®® More recently, Pittelkow demonstrated the catalytic
activity of thiosemicarbazone derivatives, which are closely related to thioureas, for instance for
tetrahydropyranylation reactions.** Herrera and Gimeno used Au(l) salts to coordinate to the sulfur
atoms of chiral thioureas, thus activating the HB donor ability via intermolecular Lewis pair
formation.*® Further, diversity of applications for thiourea catalysts contains more recent reports in

rotaxane catalysis, dearomatization reactions, electro- and photochemistry.?06-411

With the increasing structural variety of different thiourea catalysts, their application in different
organic transformations increased as well and this eventually led to the development of catalysts
showing substrate activation differing entirely from the conventional ones. A small collection of this
types of catalysts is shown in Scheme 24. So far, the thiourea functionality was used as a HB donor,
thus activating the substrate in a Lewis acid-like fashion directly. However, in 2008, Jacobsen took
advantage of the ability of thiourea catalysts to bind anionic species, like chlorides. He then applied a
chiral thiourea catalyst for enantioselective nucleophilic addition reactions to 1-chloroisochroman.*!2
The substrate was activated indirectly by abstraction of the chlorine anion, leading to the formation
of a highly reactive oxocarbenium ion that underwent asymmetric substitution with a silyl ketene
acetal. In 2021, Tao and Wang highlighted the efficiency of anion abstraction by thiourea catalysts by
performing a ring-opening polymerization of O-carboxyanhydrides, obtaining high molecular weights
of 150 kDa while maintaining high selectivities and suppressing side-reactions like back-biting,
chain-transfer and epimerization.*®® In 2011, Schreiner introduced his catalyst as a chelating ligand

for silicon halides to form weak silicon-based Lewis acids, which are able to catalyze the
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rearrangement of epoxides to aldehydes or ketones.** In the same year, Herrera used this
anion-binding mechanism to increase the Brgnsted acidity of different carboxylic acids by stabilizing
the carboxylate anion with a thiourea compound, achieving yields up to 96% and ee values up to 89%
in a Friedel-Crafts alkylation of indoles with nitroolefins.**
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Scheme 24: Collection of four (thio)urea catalysts showing different activation modes compared to conventional Schreiner or
Jacobsen catalysts. Jacobsen showed the application of indirect activation by anion abstraction, Herrera the use as co-
catalyst to activate Brgnsted acids, Schreiner the application as ligand for activation of Lewis acids, while Waymouth used
the urea anion as bifunctional catalyst.

In the latter case, the thiourea compound should be labelled as co-catalyst, since the cooperative
catalytic complex is formed in situ with the carboxylic acid, while the asymmetric behavior of the
reaction can be tuned by the application of either a chiral thiourea or a chiral acid or both. Later on,
Varga and Pdapai. could show by computational-experimental studies that the Schreiner catalyst
exhibits sufficient Brgnsted acidity itself to catalyze the protection of an alcohol with
3,4-dihydro-2H-pyran.*®* The moderate Brgnsted acidity of Schreiner’s catalyst (pKs of 10.7) was also
shown to be disadvantageous when Lewis-acid like activation conditions were applied in a

ring-opening reaction of cyclic carbonates with amines.*!’

In 2020, Seidel et al. introduced a bifunctional thiourea catalyst bearing a benzoic carboxylic acid
group which can be considered the first use of thiourea catalysts as sole Brgnsted acid catalyst for
formation of oxa-Pictet-Spengler products.*®® In the same year, the same group established Brgnsted
catalysis activity also by applying a selenourea-thiourea catalyst in a Michael addition reaction.”

So far, all the discussed catalysts rely on the Schreiner’s motif and it remained important for these
developments due to its outstanding performance in all different activation modes. However, in 2017
Waymouth et al. reported a catalyst not relying on the 3,5-bis(trifluoromethyl)phenyl moiety by
using deprotonated urea catalysts as bifunctional catalysts.**® Due to this Umpolung reaction, they
were able to activate the electrophile as well as the nucleophile simultaneously, showing similar
activation behavior as the organic superbase TBD (1,5,7-triazabicyclo[4.4.0]dec-5-en). Applying them
in a ring opening polymerization of different lactones full conversions was obtained within seconds
reaching molecular weights of up to 39.8 kDa.
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As it can be clearly seen from the broad overview given so far, the 3,5-bis(trifluoromethyl) phenyl
moiety seems to be a highly versatile moiety when it comes to the activation of thiourea catalysts
and is not only overemphasized by poor choice of herein given examples. In 2012, Schreiner could
show that “the privileged 3,5-bis(trifluoromethyl)phenyl group” also interacts with its ortho C-H bond

besides its two N-H bonds with Lewis-basic binding sites via HB facilitating the complexation.*?

Nevertheless, over the decades other catalysts were developed without exploiting Schreiner’s motif
while relying on the classic activation by Lewis-acid like activity (see Scheme 25). In 2007, Ellman was
able to introduce tert-butyl sulfonamide as moiety for thioureas to activate them by
electron-withdrawing, while simultaneously bearing a stereocenter for chiral induction, leading to
high yields of up to 92% and excellent selectivities with ee values of up to 96% and diastereomeric
ratios of up to 93:7 in aza-Henry reactions of nitroalkanes with Boc-protected imines.*”* One year
later, Seidel used cationic aryl motifs to activate the thiourea by ionic interactions.*?? This concept
was further modified by Kass by exploiting ionic interactions of N-methylated pyridinium moieties.*?
In 2009, Smith showed that thioureas can also be activated by using a second urea functionality,
reaching yields of up to 97% and ee values higher than 99% in a Mukayama-Mannich reaction.*** In
2017, Papai and Pihko described similar urea-thiourea catalysts with excellent yields and selectivities,
ascribed not to urea-thiourea activation but to the formation of a foldamer catalyst bearing an active
site pocket adjusted for the substrate, while suppressing undesired side reactions.*?
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Scheme 25: Four types of thiourea catalysts that do not rely on the 3,5-bis(trifluoromethyl) phenyl EWG group. Ellmann used
a chiral sulfonamide moiety for electron-withdrawing, while Seidel and Kass exploited ionic interactions. Smith was able to
activate the thiourea with a second urea group. EWG are marked in red.

Concluding, thioureas can be used as organocatalysts in an astonishingly versatile fashion, mainly
because of their ability to catalyze reactions via several different activation modes. The reactivity
originates in all cases from the fact that the N-H bond has an increased partially positive charge,
which is usually achieved by attaching EWG like the often exploited 3,5-bis(trifluoromethyl) phenyl
moiety to the adjacent thiourea group. Since there is a manifold of applications for such catalysts, it
would be of great interest to create a more sustainable synthesis route for its kind as typically toxic
compounds are being used (compare previous chapter). This topic was a major point of this thesis
and is discussed in the following chapter.
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2.4.2 Organocatalysis, an approach for the sustainable toolbox?

Thioureas are often applied as organocatalysts, as discussed in the previous chapter, and since this
thesis was written in the context of Sustainable Chemistry the question might arise: Are thiourea
catalysts sustainable? It has to be mentioned that sustainability issues related to thiourea catalysis
are far less frequently discussed compared to investigation about their mechanistic pathways or the
scope of reactions, which they are able to be catalyzed. Thus, a thorough overview about this topic is
presented in the following.

Looking carefully at the discussed advantages of organocatalysis (see previous chapter), several
principles of Green Chemistry are fulfilled when using organocatalysts as they are insensitive to
moisture and oxygen, avoid the use of transition metals and are relatively inexpensive.?”> Moreover,
typical reactions are performed at room temperature and the moieties for potentially enantiomeric
reaction pathways can be obtained from natural resources like amino acids (e.g. proline).

Still, organocatalytic approaches using thioureas are in general not considered as typical examples
for greener synthesis procedures and thus, they were not listed in chapter 2.1.2. summarizing
important reactions and their conditions for a greener synthesis. The reason for that is the synthesis
of the thiourea organocatalyst, which is in general connected to several elaborate reaction steps.3”®
This expense is generally needed for the introduction of complex, chiral moieties to achieve the
desired stereoselectivities. In addition, for catalysts relying on supramolecular bonding mechanism
like thioureas, low concentrations are often applied to hamper self-aggregation of the catalysts. Due
to the amount of reaction steps needed for thiourea synthesis as well as the often-applied high

amount of solvent for the catalysis reaction, a tremendous amount of waste is generated.

Historically, organocatalysis started growing rapidly in the same decade as Sustainable Chemistry but
there were no mutual roots connecting both subjects and therefore, little focus was usually set on
the reduction of waste or toxicity in the synthesis of organocatalysis.*?®*%?” This is again an example
that displays the complex nature of sustainability evaluation: the application of an organocatalyst
fulfilling several green principals may result in an overall non-green synthesis route, as the potentially
small E-factor and low overall toxicity of the reaction is outnumbered by the immense E-factor of the
synthesis of the catalyst.

Another drawback of organocatalysis is the fact that, compared to metal catalysts, often higher
catalyst-loadings (up to 20-30 mol%) are applied to reach sufficient catalytic activities.3#428429 This
leads ultimately to more waste.

In the following, typical effects of the synthesis of organocatalysts on the E-factors of the reaction in
which they are applied are underlined using two examples of a complex organocatalyst on the one
hand and a simple-structured one on the other hand. A brief overview of the impact of the catalysts’
moiety in the context of sustainability is given. In addition, the focus is also set on the application of
the thiourea organocatalyst in the framework of Green Chemistry. Subsequently, thiourea catalysts
are discussed in terms of their potential as sustainable catalyst considering the effect of recyclability
as well.

The problem of organocatalyst synthesis was well displayed by Antenucci and Renzi in the synthesis
of the second generation Maruoka catalyst, which is used as chiral phase transfer catalyst (see
Scheme 26).3734% The synthesis route starts from 1,1’-bi-2-naphthol (BINOL) and consists of twelve
steps, all with excellent yields resulting in a very good overall yield of 49%. However, several
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principles of Green Chemistry are clearly disregarded. Acetal (methoxymethyl, MOM) and ether
groups were introduced as protecting groups and a combination of extraction and column
chromatography was needed in seven steps. This led to an enormous amount of waste, depicted in
the overall E-factor of 2872. It has to be noted that the herein discussed E-factors are in the typical
order of magnitudes of organocatalysts and are not purposely chosen to overemphasize their
negative effect (E-factor ranges roughly between 10 and 10% however also E-factors of up to 12500
are reported for e.g. chiral sulfoneimides).3”>%3%42 The second, sixth and ninth step of the synthesis
involve a lithiation with n-butyl lithium and acylation with triflate anhydride, respectively, which have
a high energy demand due to very low reaction temperatures.
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Scheme 26: Overview of the synthesis of the 2"d generation Maruoka catalyst starting from BINOL. Yields are given for the
purified intermediates as well as the overall yield and the E-factor. Work-up and purification of a reaction step by extraction
and/ or column chromatography is labelled with the respective images of the used glassware.373.430

Several reagents that are used are carcinogenic, reprotoxic or noxious, i.e. chloromethyl methyl
ether, nickel chloride, methyl iodide, boron tribromide, triphenylphosphine and dibutylamine. Also,
the used solvents include several volatile organic compounds (VOCs), i.e. THF, diethyl ether, DCM,
acetone, and even carcinogenic benzene. Since solvents contribute usually to a considerable amount
to the generated waste, the use of toxic or VOCs should be avoided (see chapter 2.1.1.).
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This example shows that by applying an organocatalyst an overall negative effect on sustainability
can arise, which clearly originates from the need of a complex, often chiral, scaffold. Due to the
performance of several reaction steps a large amount of waste is generated and often several toxic
compounds are used. The reduction of the reaction steps of an organocatalyst would most likely
reduce the amount of waste thereby formed, which will ultimately lead to a decrease in the E-factor.
However, this holds true only when talking about the exact same catalyst. A decrease of the E-factor
is not automatically granted by using a catalyst produced by less steps than another catalyst, since
obviously the applied reaction conditions and yields for each catalyst must be compared. This was
highlighted by Antenucci and Renzi comparing an unmodified L-proline catalyst compared to
L-proline derivatives which needed to be synthesized first on the example of the aldol addition
reaction of cyclohexanone and 4-nitrobenzaldehyde (see Table 5).37

Three different reaction protocols using L-proline on the one hand and two different derivatives of
L-proline on the other hand are compared. Approach A uses ball-milling conditions, which is
generally considered a green methodology (see chapter 2.1.2.) without solvent as well as 10 mol% of
the available proline catalyst, obtaining nearly quantitative vyield (99%) and excellent
stereoselectivities (95%ee, 89:11 d.r.).*33434 Approach B uses water as a solvent, applying 4 mol% of a
silylether derivative of proline and a four-fold excess of the ketone. In this case, a lower yield of 80%
and a higher ee of 99% were obtained, while the d.r. remained lower (20:1).**> Approach C uses two
equivalents of the ketone and no solvent as well as 5 mol% of a thioamide derivative of proline to
obtain the product in 99% vyield and the best overall selectivity (96%ee, 98:2 d.r).**® All reactions
were performed at room temperature and an overview of the three approaches with the overall
E-factors is depicted in Table 5.

Comparing the catalyst-loading, approach A was with 10 mol% higher than for B and C, which were 4
and 5 mol%, respectively. Nevertheless, approach B and C should exhibit the negative impact of the
catalysts synthesis as it is not present in approach A. In addition, approach A uses the lowest excess
of cyclohexanone and no solvent, yet the E-factor is with 227 the highest.?”® The reason cannot be
extracted from the given data, but reveals itself upon evaluating the amount of waste created due to
the work-up. Interestingly, the amount of solvent for removing the product from the ball-milling
apparatus is considerably higher than the amount of solvent used in the work-ups of the other
approaches and completely overturned the before-mentioned positive effect on the E-factor.
Compared to that, approach C shows a lower E-factor of 95, even though the synthesis of the catalyst
needed three steps. This is due to the low waste production during the work-up of the catalyst as it
does not need a purification by column chromatography.3>4% The possibility to recover the catalyst
by acid/base extraction followed by crystallization after the aldol reaction decreased the E-factor
further. The best E-factor of 10 is obtained surprisingly by approach B, which showed the lowest yield
while using solvent conditions and a high excess of cyclohexanone.3” This is a result of the minimal
impact of the synthesis of the catalyst compared to approach C as it is a one-pot, two step procedure
with good yield (80%).4*”

Concluding, when comparing different organocatalysts synthesized via a different number of reaction
steps, the catalysts with the least number of steps will not necessarily exhibit a superior E-factor.
Since the reaction protocols (reaction conditions, work-up, yield, selectivity) will differ depending on
the used catalysts, the lowest E-factor and thus, the superior catalyst can only be determined by a
thorough evaluation of the generated waste.
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Table 5: Comparison of three different proline-based catalysts for the stereoselective organocatalytic aldol reaction of
cyclohexanone A and 4-nitro benzaldehyde B.373

o) O OH
H
NO,

0]
é +
O,N
A B P
Approach A Approach B Approach C
catalyst (cat.-loading)
0 TBDPSO 0 ms
m m N HNi
N OH N OH :
10 mol% 4 mol% 5 mol%
stochiometry (A:B) 1:1.1 1:5 1:2
reaction conditions r.t., ball-milling, 24 h rt.,5h rt.,5h
solvent none water none
yield/% 99 80 99
selectivities 95%ee (89:11 d.r.) 99%ee (20:1 d.r.)) 96%ee (98:2 d.r.)
reaction steps - 2 (one-pot) 3
work-up washing with huge washing with solvent no column
amount of solvent chromatography
E-factor 227 10 95

The synthesis of thiourea catalysts also often suffers from high E-factors. In addition, as already
mentioned in chapter 2.4., thioureas are mainly synthesized from isothiocyanates, which are usually
toxic themselves and are formed using toxic, flammable and volatile reagents like thiophosgene, its
derivatives, as well carbon disulfide and a stochiometric amount of desulfurization agent. An
evaluation of a sufficiently precise E-factor starts from the respective amine that is converted to the
isothiocyanate first and then to the thiourea in a second step. For instance, the introduction of the
majorly employed 3,5-bis(trifluoromethyl) phenyl moiety, increasing the hydrogen bonding activity of
the catalyst as discussed in the previous chapter. The respective isothiocyanate is typically obtained
from the corresponding amine and thiophosgene with nearly quantitative yield. However, due to
purification by flash column chromatography the E-factor is 364.%7 Recently, Schoenebeck et al.
introduced an that generated the
tetramethylammonium trifluoromethanethiolate, resulting in an E-factor of 83.%3® For asymmetric

procedure less waste using bench-stable solid
thiourea catalysts amino acids are often used as precursors for the chiral moiety as seen in the
Jacobsen catalysts (see Scheme 21), which usually involves the use of protecting group, thus
increasing the synthesis steps and the E-factor.3”® Subsequently, the thiourea is formed by a simple
addition reaction with a second amine, this reaction is typically performed at room temperature and
the product is purified by column chromatography. This is exemplified by the synthesis of the

Takemoto’s and the Sods’ catalyst in Scheme 27.
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Scheme 27: Synthesis routes of the Takemoto (upper part) and the Sods (lower part) thiourea catalyst starting from the
respective amine. E-Factors are given for all synthesis steps.373

Takemoto’s catalyst can be obtained by reacting the isothiocyanate and the 1,2-diamine with a yield
of 65% and an E-factor of 637.3> The diamine is obtained from trans-1,2-diaminocyclohexane by
reductive amination. During this, the second amine group is maintained by attaching protecting
groups. This increased the overall E-factor additionally, although similar derivatives of this
bifunctional thiourea bearing a primary amine group instead of the ternary one still have E-factors
above 400.439441

The cinchona alkaloid moiety implemented in Sods catalyst is inexpensive and obtained from
renewable feedstock, both of which beneficial for the overall degree of sustainability of syntheses
using this catalyst. To obtain the desired quinine bearing a primary amine group, from the respective
feedstock an E-factor of 150 is assumed.3”3442443 Ultimately, a good yield of 81% was obtained for the
thiourea synthesis but the overall E-factor was still high (544) due to unavoidable purification by
column chromatography.

Concluding, even though thiourea synthesis often involves only two straightforward steps if
commercially available amines are used, the obtained E-factors are high, for instance due to
purification by column chromatography or use of protecting groups to introduce chiral scaffolds
(E-factors are typically higher than 500).3”3 In addition, toxic compounds used for their synthesis have
further negative impact in terms of sustainability. Less hazardous chemicals like Schoenebeck’s
reagent still yield moderate E-factors. Another factor that should also be considered in the
calculation of the E-factor for thiourea catalysts is the synthesis of the widely used
3,5-bis(trifluoromethyl) phenyl group. The introduction of the CFs-groups for moieties and reagents
further decreases the degree of sustainability. For instance, a commercial process for the preparation
of the trifluoromethyl aryl moiety is the halogen-fluor exchange with a chlorinated methylaryl
compound and toxic hydrogen fluoride.***

Thiourea catalysts have also been synthesized from renewable feedstock, for instance the Sods
motif. However, reported literature of this subject is scarce. Ma et al. used saccharides as renewable
building blocks for the synthesis of chiral thiourea catalysts bearing additional primary amine
moieties. Michael additions to nitro olefins showed yields of up to 99% and ee values of up to 98%.44
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The catalyst could be obtained in three steps from B-D-glucopyranose, while elaborate purification
methods like column chromatography could not be avoided.

To summarize, the synthesis of organocatalysts often comes with several synthesis steps due to the
need of specific and partly very complex moieties. The impact of the catalyst synthesis will increase
the E-factor for the overall synthesis it is used for. This is also the reason why industrial applications
for organocatalysts are currently still considered to be inconvenient.*®*7 For future investigations,
not only applying (organo)catalysts, but also keeping its synthesis route straightforward and short is a
crucial point to obtain synthesis protocols with overall lower E-factor of a synthesis protocol.3”® But
as it was shown, also the reaction conditions in which the catalyst will ultimately be used have to be
considered as well. Sustainability always has to be evaluated in a holistic manner to avoid potential
negative burden-shifting.

To develop new strategies, it is not possible to only rely on commercially available and easily
accessible organocatalysts, since they will not always meet the desired yields or selectivities. Finally,
elaborately synthesized tailored catalysts come back into consideration when recyclability of the
catalyst is applicable, since the negative effect of the catalyst synthesis on the sustainability will be
decreased.??7448452 Ag the aspect of recyclability of organocatalysts was an important part of the
investigations performed in this thesis, a more detailed overview of thiourea-based, recyclable
organocatalysts is given in the following.

Thiourea catalysts were reported to be recyclable using column chromatography but this is an
approach related with high waste production, thus contributing strongly to a higher E-factor.*>
Another approach uses the attachment of tags that alter the solubility parameters of the catalyst,
enabling post-reaction extraction and filtration of the catalysts. For instance, in 2006, Takemoto et al.
described recyclable chiral PEG-functionalized dithioureas as homogeneous catalysts that showed
better catalytic activity in Michael reactions than TentaGel- or polystyrene-bound analogues (see
Scheme 28A).%** The catalysts could be easily recovered by precipitation in diethyl ether, showing the

same activity and selectivity in subsequent catalytic reactions.

In a second example, Zhang et al. introduced a Sods type thiourea catalysts bearing a quinine and a
p-(perfluorooctyl) aryl moiety. These catalysts were used in an asymmetric one-pot Michael/aldol
cyclization for the formation of spirooxindoles obtaining 99%ee for the major diastereomer and
yields of up to 82%. After the reaction, the catalyst could be recovered by fluorous solid-phase
extraction due to a fluorous tag with a yield of 93% and 98% purity (see Scheme 28A).** The same
perfluorinated tag was used for a bifunctional thiourea catalyst exhibiting a primary amine group
which was applied in a Michael reaction of aldehydes and maleimides.**® Recovery was performed
three times by a simple precipitation-filtration process. Yields and selectivities were maintained
(yield 86-91%, 99%ee) while the recovery rate was moderate to good with 60-100%.

Moreover, also hydrophobic tags could be applied for thiourea catalysis (see Scheme 28A). For
instance, Otaka et al. used alkylated gallic acid moieties attached to a Takemoto type bifunctional
thiourea catalyst.**” The catalyst could be recovered at least four times after an aza-Henry reaction
with nitromethane and N-Boc benzaldimine, maintaining a recovery rate of 99% and constant yields
and selectivities by adding acetonitrile to the mixture after the reaction was finished.

65



Theoretical Background

Furthermore, other tags could be applied as well. Pedrosa et al. used a [60]Fulleren tag for a
bifunctional thiourea catalyst. This led to the fivefold recovery of the catalyst with only a slight

decrease in yield (from 99 to 87%) while maintaining selectivity.**®

The second common approach to regain organocatalysts efficiently is the immobilization onto
existing supports, such as soluble polymers or cross-linked resins (see Scheme 28B). This
immobilization allows the filtration of the catalyst after the reaction. Heterogenous thiourea
catalysts immobilized on a resin support like polystyrene, PVC or on Merrifield and Wang resins were
reported in several cases.*®™% The approach of polymer-supported immobilization was already
interwoven with thiourea catalysis by Jacobsen et al. in 2000, as already mentioned in the previous
chapter (recycling of a thiourea catalysts for Strecker reaction up to 10 times).>® Later on, Pedrosa et
al. applied a bifunctional thiourea catalyst bound on a polystyrene resin in an aza-Henry reaction
with N-Boc aldimines and nitroalkanes. The catalysts could be recycled at least five times,
maintaining high yields (71-80%) and high selectivities (80-82% ee).*®> Besides, less common supports
for immobilization were also reported. Poly(methylhydrosiloxane)-supported Takemoto-type
catalysts were able to catalyze a nitro-aldol reaction of diethyl malonate and nitrostyrene, while
modest recyclability was described.*6®

A combination of renewable feedstock and recyclability was reported in one example by Pedrosa et
al. using a chitosan support for a bifunctional thiourea catalyst.*®” The catalyst could be recycled five
times by filtration in an aza-Henry reaction of N-Boc benzaldimine and nitromethane maintaining
yield and selectivity (yield 64-74%, 84-86%ee).

Further, also metal-organic frameworks were reported to be a suitable support to bind thiourea
catalysts (see Scheme 28B). Wang et al. performed acetalization and Morita-Baylis-Hillman reactions
using this type of immobilized thiourea catalyst, achieving good to excellent yields (up to 98% and
81%, respectively).*®® In the acetalization reaction, the catalysts could be reused five times efficiently
without loss of activity.

So far, there is only one report for a poly(thiourea) structure used as a catalyst, which does not rely
on a support. Li et al. used tris(4-aminophenyl) amine and 1,4-phenylene diisothiocyanate to form a
porous heterogenous catalyst for the Michael addition of nitrostyrene and diethylmalonate (see
Scheme 28C).%®° The catalyst showed high turnover numbers (TON) up to 2700 and could be recycled
at least four times with a negligible loss in yield of 2%.

All approaches can lead to a high degree of recyclability of the catalyst. Nevertheless, to attach the
catalytic active thiourea group to a tag moiety or to immobilize it, usually exploits classic synthesis
procedures that rely on toxic compounds and generate large amounts of waste. The approaches that
were shown in this chapter are important steps towards more sustainability in thiourea
orgnaocatalysis. Still improved synthesis protocols, straightforward catalyst design and catalyst
recycling need to be developed further in order to set a framework for a possible sustainable toolbox
based on thiourea organocatalysts.
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Scheme 28: Schematic overview of different approaches for the recycling of homogeneous and heterogeneous thiourea
catalysts. The respective recycling step is given. Moiety R stands either for an activation group of the thiourea function or for
a chiral scaffold for application in asymmetric catalysis. Black balls and ellipsoids stand for moieties in the polymer.
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3 Aims

The aim of this work is the synthesis of recyclable organocatalysts and novel sulfur-containing
polymers using the activation of elemental sulfur by a base. Therefore, the MCR introduced by
Al-Mourabit et al. between isocyanides, amines and elemental sulfur (in the following AM-3CR) is
used as key reaction to obtain thiourea or other sulfur containing functional groups (see Scheme 5A
and Scheme 15A for detailed reaction scheme).'® In addition, this investigation is conducted in the
framework of sustainability and principles of Green Chemistry are addressed as far as possible.

This work is divided into four work packages:

First, an approach towards recyclable thiourea organocatalysts is addressed. A schematic overview of
the project is given in Figure 5, highlighting the factors contributing to a more sustainable approach.

waste product
I CR catalyst recovery

oil refining ﬁ ; Q Q

reaction

r
mixture product

sustainable

synthesis (polymeric)

N. o
) organocatalyst

Figure 5: Schematic summary of the aimed project — the most important factors contributing to sustainability are
highlighted in green: sulfur is a waste product of the oil refining industry, storing of which gets increasingly problematic,* the
use of renewable platform chemicals fosters the required transition away from depleting fossil reserves,*%471 MCRs are
highly atom economic;®8 recycling, sustainable synthesis as well as catalysis contribute to waste reduction.

o & P

Initially, the degree of sustainability of the concept was a focus. A main downside of the MCR is the
isocyanide-based nature, since these compounds were typically synthesized in an unsustainable
fashion. Thus, a more sustainable synthesis for the isocyanide starting material is needed.

Second, potential catalytic active thiourea motifs need to be determined and their synthesis
established via the mentioned MCR. In terms of recyclability, their solubility properties are important
as well.

Third, the obtained catalytically active TU bearing the established or further modified activating
motifs is transferred and incorporated into a polymer. In a proof of concept, the recyclability of the
obtained novel poly(thiourea)s is investigated.

Finally, mechanistic studies of the AM-3CR are conducted to elucidate its reaction pathway by the
activation of elemental sulfur with a base. Thus, the obtained understanding is envisioned to improve
the overall sustainability of this work and further lead to establishment of other reaction yielding
sulfur-containing molecules and polymers.
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4 Results and Discussion

4.1 More sustainable synthesis of isocyanides

The first part of this work focused on the improvement of the sustainability of the starting materials
of the AM-3CR forming thioureas (see chapter 2.3.1. for reaction equation), i.e. isocyanide synthesis.
Thus, an overview of the typical synthesis protocols for isocyanides is given as mostly toxic
compounds like phosgene and its derivatives or phosphorus oxychloride are applied, while
generating a considerable amount of waste (several extraction steps followed by flash column
chromatography, see below). Thus, it was assumed that the high degree of sustainability of the
AM-3CR resulting from the low amount of solvent, low overall toxicity of the components, ambient
temperature, and the use of non-toxic elemental sulfur, a waste product of petroleum, could be
reduced or even dwarfed by the preceding synthesis of isocyanide.

Parts of this chapter and the associated parts in the experimental part have been published before:
“A more sustainable and highly practicable synthesis of aliphatic isocyanides”-
K. A. Waibel, R. Nickisch, N. M6hl, R. Seim, M. A. R. Meier, Green Chem. 2020, 22, 933-941.

(The author contributed to the writing (introduction and supporting information of the publication)
co-supervised N. Seul, a “Vertieferstudent”, who was also involved in the synthesis of the
compounds. In addition, the author contributed to planning and evaluation of the experiments in a
minor extent. K. Waibel conducted the planning and evaluation of the experiments and contributed
to the writing (results and discussion part, abstract, conclusion of the publication). C. Rieker
conducted first experiments (Bachelor thesis under the co-supervision of K. Waibel),*’? N. M&hl
carried out the GC screening (Bachelor thesis under the co-supervision of K. Waibel),*’® whereas R.
Seim applied the improved conditions to synthesize an isocyanide library under the co-supervision of
the author and K. Waibel.)

Abstract

Three different dehydration reagents (typically used phosphoroxy chloride (POCls), the combination of
triphenylphosphane (PPhs) and iodine as well as p-toluenesulfonyl chloride (p-TsCl) were evaluated in
their performance transferring N-formamides into isocyanides. Following the Principles of Green
Chemistry, more sustainable solvents were tested for all candidates while p-TsCl was optimized more
thoroughly (base, stoichiometry, reaction time). After comparison of yields and E-factors the
optimized reaction protocols, the approach using p-TsCl seemed to be superior for converting
aliphatic non sterically demanding mono or di-N-formamides (yields up to 98% and lowest E-factor
6.45). In addition to the reduction of the E-factor, the application of p-TsCl is recommended since it is
less toxic than other dehydration reagents while the synthesis protocol and work-up is more feasible.
Ultimately, a greener approach for aliphatic isocyanide functional groups was established using
p-TsCl.

Isocyanides represent a unique type of functional group due to their a-acidity and their ability to
perform a-addition as well as radical reactions.'® Except for a few examples, most derivatives exhibit
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low toxicity and interestingly, many natural isocyanides show antibiotic, fungicidal, antineoplastic, or
antifouling effects.’®%% Most commonly, they are used in isocyanide-based multicomponent
reactions (IMCRs),%8182475476 \which have manifold applications ranging from organic synthesis!® to

185,477 and polymer science.?°%478%80 Multicomponent reactions (MCRs) are generally

drug discovery
considered as a sustainable synthesis tools, as they fulfil many of the Twelve Principles of Green
Chemistry,® it is important to further consider the synthesis of their starting materials in the scope of
green chemistry. Since the first known isocyanide synthesis by Lieke in 1859, many synthesis routes
starting from different precursors were described. While Lieke and Meyer were able to obtain
isocyanides by reacting allyl or sugar halides with silver cyanide, Hoffmann obtained them by
converting amines with in situ formed carbenes of chloroform and potassium hydroxide, or by
heating isothiocyanates with PPhs.*8¥48 Gassman and Kitano introduced trimethylsilyl cyanide as
cyanide transfer reagent, which forms isocyanides with alcohols and epoxides in the presence of zinc
salts.*®4%7 However, these procedures suffer from major drawbacks, for instance low to moderate
yields and the lack of general applicability, since they are restricted to specific moieties. Nowadays,
N-formamides are most often used as starting materials to form isocyanides by addition of a
dehydration reagent under basic conditions. Ugi first described this procedure using phosgene and
later its surrogates (di- and triphosgene) as dehydration reagents.*748492 Afterwards, other
reagents were introduced, for instance the Burgess reagent, Appel reagent, trifluoromethyl sulfonic
acid anhydride, or p-TsCl.*3%% Nowadays, the commonly used reagent is POCls due to its suitability
for different structural motifs.193230497-49% Generally, isocyanide synthesis still heavily relies on
laboratory preparation, since the number of commercially available isocyanides is limited to a few
examples, and even small amounts are relatively expensive.?*® Bienaymé, Bossio and Armstrong
focused their isocyanide synthesis work on feasible derivatization routes, which eventually led to
more easily accessible isocyanides.*%°%501 However, most of the dehydration reagents, which are
used for converting the formamides into the targeted isocyanide, are either highly toxic or were
synthesized by employing toxic precursors (see Figure 6). In addition, large amounts of waste are
produced during the synthesis and thus, typical isocyanide syntheses cannot be considered as
sustainable. Recently, Wang et al. introduced a less toxic dehydration reagent using PPhs and iodine
obtaining good yields of up to 90% for mainly aromatic formamides.>* Porcheddu et al. were able to
improve the approach initially reported by Hoffmann to a more sustainable procedure by applying
mechanochemical activation via ball-milling, reducing the required amount of chloroform to a
stoichiometric amount. Thus, they were able to obtain isocyanides with a broad spectrum of
aliphatic, benzylic and aromatic moieties in yields up to 71%.%%

In this work, we investigated various synthesis procedures in order to develop a more sustainable
and generally applicable route to convert aliphatic N-formamides into isocyanides. Therefore, we
optimized the isocyanide syntheses employing POCIs, p-TsCl, and the combination of PPh; with iodine
and compared not only the yields but also the E-factors as well as several other parameters such as
waste in purification steps and energy consumption.

Results and discussion

Considering the discussed syntheses of isocyanides, this work aimed to improve the sustainability of
the dehydration of N-formamides. Thus, three commonly used dehydration reagents, i.e. POCls, PPhs
in combination with iodine, and p-TsCl were investigated.*?®°°%5% Fyrthermore, the focus was set on
the introduction of more sustainable solvents since often DCM is used for this kind of reaction which
is hazardous like many other halogenated solvents. Following solvent selection guides, suitable
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candidates were determined.?°%>5% Typically, highly reactive reagents like POCl;, phosgene,
phosgene surrogates, or p-TsCl are employed for the synthesis of isocyanides.

[0}
R
A
H
+ base
Appel + dehydration Lieke & Meyer

reagent
+ KOH R—Hal

+ AgCN

Isocyanide

+ TMSCN
+ PPhg + ZnHal,
A

o]
R—NCS or R—OH
<
Gassman & Kitano

Figure 6: Summary of described isocyanide synthesis procedures. The most widely applied procedure employs N-formamides
as starting materials and various dehydration reagents in combination with a base (highlighted in blue). Adapted from
re _258

Therefore, the solvent has to be inert towards these reagents excluding alcohols, water, amines and
ketones. Nevertheless, several suitable sustainable solvents fitted the conditions applied and could
be used in the optimization study (see Table 6-8). N-octadecyl formamide 1 was chosen as model
compound for the solvent evaluations due to its easy handling and the absence of other
functionalities which could interfere in the reaction proceeding (see Table 6-9). To compare the
sustainability of the different approaches, E-factors were calculated according to Sheldon®”’
considering all reactants, the solvent used for the reaction as well as waste generated through
quenching (reagents and solutions). Waste obtained during work-up of the crude product (i.e.
solvent used for extraction and washing or column chromatography) was not considered for the
herein reported E-factors. For the comparison a synthesis E-factor was calculated exclusively.

Formamide dehydration utilizing p-TsCl

In 1979, Schuster et al. reported a procedure to synthesize isocyanides employing quinoline and
p-TsCl as dehydrating reagent.**® The protocol was superior to the Ugi-approach for small isocyanides
like methyl or ethyl isocyanides. Since these compounds exhibit decent solubility in water excluding
an aqueous work-up the reaction was performed under simultaneous distillation. Main advantages of
the use of p-TsCl are, compared for instance with POCIs, the easier operation and significantly lower
toxicity. Furthermore, p-TsCl is a waste product obtained in the industrial saccharine synthesis by the
Remsen-Fahlberg procedure increasing its sustainable potential and economical benefit.>%850

In a first attempt to optimize the isocyanide synthesis using p-TsCl, the Ugi-approach reaction
parameters were applied.’® Since p-TsCl exhibited the highest potential in terms of sustainability,
the conditions for this reaction were optimized by GC-screening.
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GC-screening for optimized conditions utilizing p-TsCl

In general, the dehydration consists of two reaction steps, first an adduct between formamide and
dehydration agent is formed which is followed by an elimination. Thus, at least two equivalents of a
base are needed to obtain full conversion since both reaction steps require basic mediation.

In a first series of test experiments, different bases were tested. According to the globally
harmonized system, amine bases are typically listed as toxic with the exception of pyridine which is
listed as only health hazardous. This was underpinned by further toxicity and sustainability studies
validating this classification.>° As a result, we chose diisopropylamine (DIPA), diisopropyl ethylamine
(DIPEA), triethylamine (TEA) and pyridine (Py) since they can be obtained sustainably and are
commercially available (see Table 6).511516

Table 6: Optimization of the dehydration of formamide 1 using p-TsCl and a base to obtain isocyanide 2. In addition to the
yield, the E-factor of the respective conditions are given.

p-TsClI
H o base "
W \f solvent, r.t. 16
1 2

entry solvent base c/M t/h yield/%? E-factor
1 DCMm? DIPA 0.33 21 35 54.3

2 DCM? DIPEA 0.33 7.8 14° 132

3 DCM? TEA 0.33 1.5 25" 72.2

4 DCM? Py 0.33 2 66° 26.4

5 Me-THF? Py 0.33 2 129 106

6 DMC? Py 0.33 2/18 7/859 217/31.8
7 ACN? Py 1.0 4/18 70/569 8.20/10.5
8 Cyrene™? | Py 1.0 1/2 10/2.49 80.2/324
9 GBL? Py 1.0 1/2 28/229 26.5/34.8
10 DCM Py 1.0 2 969 7.76

11 DMC Py 1.0 18 89k d 7.41

a) Yields determined by GC applying a calibration curve of isocyanide 2. b) The respective solvent, 5.00 mmol formamide
(1.00 eq.), p-TsCl (1.30 eq.) and the base (2.60 eq.) were used. c) The respective solvent, 5.00 mmol formamide (1.00 eq.),
p-TsCl (1.50 eq.) and the base (3.00 eq.) were used. d) Values are yield after work-up and isolation.

With 14% and 25%, tertiary amines (DIPEA and TEA) led to the lowest yields (see Table 6, entries 2
and 3). DIPA showed an increase yield of 35% (see Table 6, entry 3) while the highest yield could be
obtained using pyridine (66%, see Table 6, entry 4) in two hours reaction time. Not the degree of
basicity but the steric influence of the base seemed to be the main factor leading to a successful
transformation towards isocyanide 2 since the vyield increased with utilization of less demanding
bases. Next, solvents were investigated while conventional and sustainable ones were considered. In
addition, the stoichiometry of the starting materials was altered increasing the amount of applied
dehydration reagent and base to 1.50 and 3.00 equivalents, respectively. The concentration was also
increased in the course of the screening to 1 M to decrease the amount of waste and increase the
reaction rate. The excess amount of p-TsCl had to be applied to compensate partial hydrolysis to
p-toluenesulfonic acid (PTSA) by water during the reaction. Since isocyanides are sensitive to acidic
milieus, the amount of base was increased as well to maintain the alkaline conditions as the reaction
proceeded. y-Butyro lactone (GBL) and dihydrolevoglucosenone (Cyrene™) resulted in low yields
after two hours (22% and 2.4%, respectively, see Table 6, entries 8 and 9). Side reactions were
indicated since yields started to decrease after one hour. In case of 2-methyltetrahydrofuran
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(Me-THF) the respective ammonium salt precipitated shifting the equilibrium to the product side.
Nevertheless, a yield of only 12% was obtained after two hours (see Table 6, entry 5). Utilization of
acetonitrile (ACN) resulted in a good initial yield of 70% after four hours which started to decrease
afterwards leading ultimately to a yield of 56% after 18 hours (see Table 6, entry 5). The least toxic
solvent of this series, dimethyl carbonate (DMC) led to a good vyield of 85% after 18 hours (see
Table 6, entry 6) which consistently gave the lowest E-factor of 31.8. Reevaluation of DMC at 1 M and
comparison with DCM, the conventionally used solvent for this reaction, revealed that DMC led to a
very good yield of 89% which was nearly as high as the one obtained using DCM (96%, see Table 6,
entry 10 and 11). While the reaction in DMC is slower and provided a slightly lower vyield its
advantages were clearly the non-toxicity of the solvent and the slightly lower E-factor. Furthermore,
DMC can be synthesized from renewable sources.*”>!® Subsequently, different purification methods
(washing and column chromatography) were evaluated. We remained to use the initially applied
work-up procedure, i.e. quenching with sodium carbonate solution and aqueous work-up, being the
most promising one. Moreover, DMC proved to be superior in the work-up steps as DCM formed
often stable emulsions which were time-consuming in their separation. The obtained results seemed
very promising as p-TsCl was the least toxic dehydration reagent investigated in this work and
further, it depicted the lowest exothermy in the dehydration reaction. Thus, a safer and easier
reaction handling could be applied while intense water cooling was only needed for large reaction
scales (isocyanide 6 was synthesized in batch sized up to 100 mmol).

Ugi-approach utilizing (POCIs)

The procedure of Ugi employing POCl; as dehydration reagents is a well-established synthesis
procedure which is reported to yield consistently good yields.23%479519-521 Thys, the yield of the initial
reaction in DCM led to an excellent yield (96%, see Table 7, entry 1). Substitution of the solvent by
ethyl acetate (EA) or Me-THF resulted in lower yields of 90% and 94%, respectively (see Table 7,
entries 2 and 3). DMC showed again good but lower yields compared to DCM which was similar to
the other tested, sustainable solvents (see Table 7, entry 4). It has to be mentioned that the reaction
needed constant cooling due to the high reactivity of POCI; making the reaction set-up more
elaborate and more unsustainable since cooling consumes energy. E-factors of the reaction ranged
from 12.6 to 17.8. Nevertheless, this value does not include the hazardousness of POCl; due to its
toxicity, high reactivity and corrosive properties and thus, its use should in general be avoided with
high priority.

Table 7: Dehydration of formamide 1 with POCl3 and DIPA in different solvents. Yields as well as the E-factors are given.

POCI,
H o DIPA NG
1 0°Cort, 2
2h

Entry Solvent Yield/%? E-factor

1 DCM 96 17.8

2 EA 90 13.9

3 Me-THF 94 12.6

4 DMC 90 15.9

a) he respective solvent, formamide 1 (3.00 mmol, 1.00 eq., 0.33 M in solvent,), POCl; (1.30 eq.) and DIPA (2.60 eq.) were
mixed under ice-bath cooling and subsequently, the reaction was stirred for two hours at room temperature.
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Wang procedure utilizing (PPhs) and iodine (I,)

More recently, in 2015 Wang et al. reported a dehydration protocol for formamides using PPhs and
iodine similar to the Appel reagent.>%? Their work was sparked initially due to the fact that POCls is
not easily available in China. Compared to POCI; both reagents (PPh; and iodine) are less toxic and in
addition, PPhs is an easy to handle bench stable solid. On the other hand, iodine sublimes at room
temperature and is skin irritating as well as hazardous when inhaled.

Like for the other two dehydration reagents, a solvent screening was conducted for the dehydration
reaction following the protocol of Wang et al. adapted for formamide 1 (see Table 8). While DCM, EA
and DMC only yielded moderate yields (33-42%, see Table 8, entries 1,2 and 4), Me-THF resulted in a
very high yield of 93%. The E-factors were thus consistently higher with the lowest value of 18.4 for
Me-THF.

Table 8: Dehydration of formamide 1 with PPhs, iodine and TEA in different solvents. Yields as well as the E-factors are given.

PPh3I |2,
H o TEA
[ NC
W \f solvent, 16
1 r.t., 2
2h
Entry Solvent Yield/%? E-factor

1 DCM 42 54.3
2 EA 37 49.2
3 Me-THF 93 18.4
4 DMC 33 60.8

a) The respective solvent, formamide (3.00 mmol, 1.00 eq., 0.33 M in solvent), PPh; (1.50 eq.), iodine (1.50 eq.) and TEA
(3.00 eq.) were used and stirred for two hours at room temperature.

Comparison of the three approaches

In a next step, the three approaches were compared in their effectiveness (yield) and sustainability
(E-factor, see Table 9).

Table 9: Overview of the dehydration of formamide 1 using POCl3, PPhs and iodine as well as p-TsCl in the optimized solvent
and reaction conditions. Yields and E-factors are given to allow comparison.

dehydration reagent

WH base

N (0] NC

16 \f solvent W

1 2

Entry method Solvent Yield/%? E-factor
1 Ugi® Me-THF 94 12.6
2 Wang® Me-THF 93 18.4
3 p-TsCl9 DMC 89 7.41

a) see table 7. b) see table 8. c) see table 6.

The most toxic reagent is clearly POCl; being toxic, highly reactive and thus, needed constant cooling
as well as being corrosive. On the other hand, the least hazardous dehydration reagent, p-TsCl,
allows an easier reaction set-up (cooling only in large scale, see Figure 7) and the use of less solvent
(higher concentration of 1 M) ultimately generating less waste.
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Figure 7: Left top side: transformation of tert-butyl formamide (11.6 mmol in 35 mL DCM, (0.33 M)) to the respective
isocyanide. To add POCI; the dissolved formamide has to be cooled by an ice-water bath. Left bottom side: The same
reaction mixture after POCl; was added (internal temperature was 0 °C). Nevertheless, the evolution of HCI vapor is visible.
Right top side: transformation of tert-butyl formamide (35 mmol in 35 mL DCM, 1.00 M) to the respective isocyanide. To add
p-TsCl a water bath was applied for cooling. Right bottom side: The same reaction mixture after p-TsCl was added. An
exothermic reaction could not be detected by visible indicators but in some dehydration reactions, a slightly increased
temperature was observed. Adapted from ref.2>8

Using PPhs and iodine higher E-factors were obtained compared to the other approaches (18.4 kg
waste per kilogram isocyanide, see Table 9, entry 2). Thus, the use of the less toxic reagents,
compared to POCI; is dwarfed by the additional 5.07 kg of waste per kg of isocyanide 2. Moreover,
avoiding column chromatography as purification method was one of the main aims of this work since
it contributes to a considerably part to the overall generated waste (silica gel as well as solvent used
as eluent). After simple extraction, the isocyanide can be obtained in sufficient purity by applying
POCI; because all by-products are water soluble. However, this was not possible for Wang's
procedure since triphenylphosphine oxide was formed exhibiting a poor solubility in water and thus
column chromatography had to be performed adding to the E-factor. By using p-TsCl and pyridine
the purification of the isocyanides could be conducted easily by extraction and washing since the
pyridinium salt is soluble in water (vide infra).

In addition, the investigation of the solvent screening showed that non-toxic, renewable DMC is an
ideal solvent for the dehydration of formamides with p-TsCl. Further Me-THF was found to led to
good yields however, compared to DMC it is also renewable but health hazardous. Applying DMC and
less toxic dehydration reagent p-TsCl for formamide 1 resulted in a low E-factor of 7.41 and a high
yield of 89%. Concluding, this approach was the most promising one considering degree of
sustainability as well as practicability and thus, was applied in the following investigations.
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Isocyanide syntheses with optimized reaction conditions

In a next step, the scope of the synthesis protocol using p-TsCl (see Scheme 29) was evaluated by
synthesizing a library of twelve isocyanides 2-13 (see Table 10).

p-TsCl

(e} pyridine
NC

R. —_—
N Hopewm,rt, 2h
or
DMC, r.t., 0. n.

Scheme 29: Isocyanide synthesis starting from N-formamide applying p-TsCl and pyridine at optimized conditions (room
temperature in DCM for two hours or in DMC overnight (o0.n.)).

Since DMC led to high yields comparable to the ones obtained by the typical solvent DCM, but
showed longer reaction times (DMC reaction were performed overnight, while DCM reaction took
only two hours) the syntheses were performed with both solvents. For a good comparison of the
synthesis protocol with a conventional one, isocyanides were chosen that were already reported to
be synthesized by the Ugi-approach or were commercially available (isocyanide 10-12).

Formamides bearing long alkyl chains as moieties, i.e. isocyanides 2-4, were obtained in both solvent
in high yields (DCM (96/90/97%) and DMC (89/94/98%), respectively) comparable to reported ones
in literature (87/94/no literature (n. 1.)%).>* However, comparing the E-factors the herein reported
method resulted in a 75 and 80% lower value for compound 2 and 3, respectively highlighting the
improvement towards a more sustainable isocyanide synthesis using p-TsCl. Furthermore,
diisocyanides 8, 9 as well as benzylated isocyanide 5 were obtained in better yields using the more
sustainable approach.?303%92522 |t 3lso has to be mentioned that isocyanides 4, 8 and 9 have an
increased degree of sustainability as they are all obtained from renewable feedstock, whereas
isocyanide 5 was chosen, since it can be employed for sequence-defined macromolecule synthesis.!%
In the case of isocyanide 5 the three-step synthesis was optimized in terms of sustainability leading
to an overall E-factor of 16.8 and a yield of 94% clearly improving its synthesis since the former
procedure resulted in a yield of 63% and an E-factor of 33.2.2° A conversion of a formamide group
was possible while simultaneously tosylating a free hydroxyl obtaining moderate yield and enabling
post-functionalization, which is depicted on the example of isocyanide 6. Nevertheless, synthesizing
commercially available isocyanides (10-12), the limits of the more sustainable approach for
isocyanides was determined as only moderate yields were obtained (44-79%). The yields seem to be
affected by water solubility and steric hindrance. The latter reason could also explain the lower yield
obtained for benzylic and aromatic formamides (11 and 13). On the other hand, a decreased
nucleophilicity of the deprotonated formamide adjacent to an aromatic system seemed also a
reasonable explanation for lower yields. Still, in case of isocyanide 10 and 12 the new procedure led
to decreased E-factors compared to literature (28.8-14.7 instead of 62.0-24.9).5%35%* |socyanide 11
could be obtained with comparable yields but the E-factor was higher 25.6 instead of 22.2 in
literature.*”® Kim et al. reported a convenient isocyanide synthesis in 2013 using a continuous-flow
microreactor obtaining excellent yields for 10 and 11.>' However, the general access to such
reactors is not given and toxic POCl; was used, which was substituted by p-TsCl due to above
mentioned reasons. Ultimately, aromatic isocyanide 13 underlined the restriction of the more
sustainable protocol as it was obtained in a poor yield of 13% and an E-factor of 109. Concluding, the
dehydration of formamides with p-TsCl is a promising method to obtain non-sterically hindered
isocyanides in a greener fashion.

Column chromatography was used in all cases to determine the yields, but it has to be mentioned
that a simple flash column chromatography was already sufficient to obtain pure products.
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Furthermore, increasing the washing steps, many isocyanides could also be obtained in satisfying
purity avoiding column chromatography completely, which is depicted on the example of the
!H-NMR-spectrum of isocyanide 9after purification by either washing or column chromatography in
Figure 8.

Table 10: Library of isocyanides 2-13 obtained by dehydration of N-formamides applying p-TsCl and pyridine in either DCM
or DMC at optimized reaction conditions (see above).

o

\
o 2

substrate procedure | E-factor procedure B- | E-factor | literature | E-factor-
A- A yield/%" B -yield/% | literature®
yield/%?
H/NC 96 7.76 89 7.40 87% 36.9
16
2
/%%\/NC 90 11.9 94 9.93 945 48.8
10
3
NCc| 97 7.73 98 6.68 n.|l. -
M;\W
4
o 97 7.11 97 6.45 66 22.3
Bn. WNC
© 8
5
Ts/ov@v'“c 53 15.0 68 11.0 n. | -
6
CN NC 48 49.0 82 25.7 n. | -
q&sv
7
CN NC 93 15.8 89 15.0 71%° 33.6
\HB\/
8
CN NC 87 14.8 97 12.0 75% 33.6
s
O/NC 67 28.8 68 24.9 7651 62.
10
©/\NC 44 41.5 62 25.6 64° 22.2
1"
NC 79 16.5 78 14.7 9362 28.9
NC 139 109 - - 96°7 12.9

n. l. = no literature available. a) Formamide (5.00 mmol, 1.00 eq.) in DCM (1 M), 1.50/3.00 eq. p-TsCl/pyridine at r.t. for 2 h.
b) Formamide (5.00 mmol, 1.00 eq.) in DMC (1 M), 1.50/3.00 eq. p-TsCl/pyridine at r.t. overnight. The doubled amount of
reagents was used for diformamides (3.00/6.00 eq. for p-TsCl/pyridine respectively). c) E-factors were calculated using the
values in the respective literature. d) Adjusted equivalents: Formamide (5.00 mmol, 1.00 eq.) in DCM (1M), 1.70/3.40 eq. p-
TsCl/pyridine at r.t. for 2 h.
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Passerini-three-component polymerization reaction (P-3CPR)

To prove that the herein obtained isocyanides exhibited a high purity and could be reacted without
further purification by column chromatography, a step-growth polymerization via P-3CR was

7.26
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Figure 8: Overlay of two 1H-NMR spectra both depicting diisocyanides 9 in CDCls;. The red line shows the spectrum after
several washing step, the blue line after purification by flash column chromatography. Adapted from ref.258

performed. Since a step-growth polymerization will only yield high molecular weights if equimolar
stoichiometry of the respective monomers is applied, even small impurities will alter yield and
conversion of the polymerization greatly (see Scheme 30). Sebacic acid 14 and heptanal 15 were thus
converted with 1,12-diisocyanododecane 9 to Passerini-polymer 16 without using solvent. This
reaction was performed twice, once with the isocyanide 9 purified by flash column chromatography
and one with the respective isocyanide purified by washing septs. Comparison of the purified
polymers 16 after precipitation was conducted by SEC (see Scheme 30).

Using isocyanide 9 purified by column chromatography, polymer 16 was obtained exhibiting a
number average molecular weight (M,) of 10.5 kDa. Compared to that, polymer 16 was obtained
with an M, of 8.4 kDa applying isocyanide 9 after purification by washing steps. This result was
sufficiently proving that the simplified and more sustainable work-up procedure was superior. While
both polymers were obtained as waxy solids, the polymer obtained from the isocyanide purified by
washing showed a darker coloration.

Conclusions

Evaluation of the degree of sustainability for the utilization of POCls, PPh; in combination with iodine,
and p-TsCl for the dehydration of N-formamides was performed. p-TsCl led to the highest yields (up
to 98%) and on the same time to the lowest E-factors (down to 6.45) for non-sterically demanding
aliphatic N-formamides. Furthermore, DCM was shown to be substituted sufficiently using the more
sustainable solvent DMC by the synthesis of ten different aliphatic isocyanides. All products were
obtained in high yield and excellent purity. In addition, the E-factors obtained were lower compared
to already established synthesis procedures. Using only extraction as purification step, isocyanides in
sufficient purity were obtained as underlined by their utilization in a P-3CPR yielding adequate
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molecular weights. Restrictions of this more sustainable approach were shown as well since only low
conversion were obtained for sterically demanding and aromatic formamides.® Still, this new
procedure depicts a significant improvement in terms of sustainability for aliphatic isocyanide
syntheses providing an easier access to more sustainable isocyanide-based chemistry like IMCRs.

CNWNC HO OH
8 6

9 le] le]
+ 14

15 —— P-3CPR - Crude IC
— P-3CPR - Purified IC

r.t. 1,0 1 ]
24 h

IR\D
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Scheme 30:Left: Solventless P-3CPR of diisocyanide 9 (red), sebacic acid 14 (black) and heptanal 15 (green). To proof that the
isocyanides (ICs) were obtained in sufficient purity after several washing steps, the polymer 16 was synthesized twice. One
time with diisocyanide 9 purified by column chromatography and another time purified by several washing step. Right:
SEC-curves of the two polymers 16. Higher molecular weight was obtained with the column chromatography purified
diisocyanide (polymer 16a) while the crude isocyanide led still to sufficient molecular weight (polymer 16b). Adapted from
ref.258

11t was hypothesized that aromatic formamides bear lower nucleophilicity compared to their aliphatic
analogous and thus, the electrophilicity of p-TsCl is too low to yield reasonable conversions while more reactive
dehydration reagents like POCls lead to high yields. It can be envisioned that the use of more reactive
surrogates of p-TsCl like its anhydride or p-Tsl would result in high yields as well, however the degree of
sustainability would probably be decreased due to an additional use of reagents or even an additional reaction
step.
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4.2 Synthesis of thioureas via AM-3CR and evaluation of their
catalytic activities depending on their moieties

Having obtained a more sustainable synthesis protocol for aliphatic isocyanides the overall
sustainability of the AM-3CR could be considerably improved. As a next step of this work, the
catalytical activities of thioureas were investigated. As thoroughly discussed in chapter 2.4.1 the
catalytic activity of thioureas arises from the attachment to an electron-withdrawing group, mostly
bound to an electron-poor aryl motif. For this purpose, the vast majority of thiourea catalysts bear
the privileged 3,5-bis(trifluoromethyl) phenyl group. However, this motif was insufficient for the
concept of this work, since its synthesis is highly unsustainable (vide infra). In addition, the solubility
of the final catalysts should be considered as well and the 3,5-bis(trifluoromethyl) phenyl group
usually does not lead to compounds which are easily soluble in a vast range of organic solvents (for
instance the Schreiner catalyst sometimes only dissolved upon addition of the starting material that
is a hydrogen bond acceptor). Thus, the focus of this section was to establish a more sustainable
activating motif for thiourea catalysis by altering the electron-withdrawing group and improving the
reaction conditions in terms of sustainability. Furthermore, the newly introduced group should also
yield better solubility in general for organic solvents.

Parts of this chapter and the associated parts in the experimental part have been published before:
“Novel Access to Known and Unknown Thiourea Catalyst via a Multicomponent-Reaction Approach”-
R. Nickisch, S. M Gabrielsen, M. A. R. Meier, ChemistrySelect 2020, 5, 11915-11920.

(The author planned and evaluated the experiments as well as wrote the publication. Furthermore,
he established the optimized synthesis protocol, 3'P-NMR-analysis and GC-screening method. In
addition, the author co-supervised L. Wildersinn together with M. Frélich, who was involved in the
investigation of the catalysis of an Ugi reaction by thiourea compounds (Bachelor thesis).’*® M.
Gabrielsen carried out the synthesis of the library of thiourea compounds (under supervision of the
author). Moreover, GC screening and 3P-NMR analysis was performed together with the author.)

Abstract

Thioureas are frequently used in organocatalysis and typically rely on 3,5-bis(trifluoromethyl) phenyl
moieties motifs to enhance their catalytic activity. In this work, these common motifs were replaced
with tailorable functional groups, such as ester or sulfone aryls, applying elemental sulfur in a
multicomponent reaction (MCR) strategy for the first time for thiourea catalyst synthesis. First,
several thioureas bearing aryl, benzylic or aliphatic moieties were synthesized and tested for their
hydrogen bonding strength by evaluating thiourea phosphine oxide complexes via 3'P NMR and their
catalytic activity in an Ugi four-component reaction (U-4CR). Finally, ester and sulfone aryl thioureas
were tested in the aminolysis of propylene carbonate, leading to conversions similar to those
previously reported in the literature using the 3,5-bis (trifluoromethyl)phenyl moiety, proving that
these groups are suitable alternatives for the trifluoromethyl group.

Results and discussion
Synthesis of thioureas via MCR (AM-3CR)

To obtain various catalytically active thioureas via the above mentioned MCR pathway, we
synthesized several N-cyclohexyl thioureas (see Figure 9) varying the second moiety. We changed the
solvents for AM-3CR from high-boiling DMF, and toluene, or bulk,®¥% to methanol
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(c(isocyanide)=1 M), since bulk reaction conditions turned out to be troublesome in some cases due
to restricted stirring. Using a minimal excess of sulfur (1.12 eq. corresponding to the amount of sulfur
atoms) and amine (1.10 eq.) proved to be sufficient for achieving high yields. Elevated reaction
temperature (up to 80°C) was sometimes needed to achieve full conversion or obtain higher yields.
In many cases column chromatography could be avoided, and purification was performed by simple
precipitation.

Since Curran et al. had shown that the trifluoromethyl groups of an aryl moiety adjacent to the
thiourea group can be partially replaced by an ester group to increase the solubility of the thiourea,
while maintaining catalytic activity,>” we decided to investigate the impact of aromatic ester
moieties on the hydrogen bonding ability (compound 25). Following this idea, a thiourea bearing an
aromatic sulfone moiety (compound 26) was prepared, expecting similar features. In addition,
several other moieties (aromatic, benzylic and aliphatic) were investigated for their suitability of the
new synthesis approach as well as for their hydrogen bonding activity, bearing the potential of an
easier access via sustainable resources (see Figure 9). Commercially available cyclohexyl isocyanide
was first reacted with cyclohexyl-, furfuryl-, and benzyl amine, as well as with ammonia and
hydrazine to obtain the corresponding thioureas 17-21 in one step in good yields (70-89%). Since
aromatic amines are less nucleophilic and basic, thus preventing the formation of the desired
thiourea (see chapter 4.1), aryl moieties had to be introduced via the isocyanide component,
resulting in products 22-27 in yields between 26 and 82%. In the case of thioureas 26 and 27, the
corresponding isocyanides were found to be sensitive to moisture, as they started to decompose to
the respective N-formamide when column chromatography was performed or remaining
dehydration reagent (POCl3) was quenched with aqueous sodium hydrogen carbonate solution. This
observation was attributed to their higher electrophilicity resulting from the electron-withdrawing
groups (EWG). In the case of the aromatic thiourea derivatives 22-27, the isocyanide starting
component could not be synthesized via our recently reported more sustainable synthesis protocol
using p-TsCl as dehydration reagent (compare previous chapter),?® as test reactions to obtain methyl
4-isocyanobenzoate 13 (corresponding to thiourea 24) led to very low yield (13%).2°® Instead, the
toxic POCI; had to be used in this case for the dehydration step. In summary, the synthesis of the
thioureas depicted in Figure 9 is achieved in a straightforward one step reaction with acceptable to
good vyields, clearly demonstration the advantage of the MCR approach for the synthesis of
structurally diverse organocatalysts.

Hydrogen bonding strength of thiourea compounds

In 2014, Hilt et al. showed that the hydrogen bond donor ability of thioureas can be quantified by
31P-NMR analysis of a suitable hydrogen bond acceptor (tri-n-butylphosphine oxide) and further
correlated with their catalytic activity.>*® Formation of a thiourea phosphine oxide complex led to a
downfield shift of the 3!P signal with increasing hydrogen bonding strength of the thiourea
compound. The hydrogen bonding ability of the thioureas 17-27 was thus determined via 3!P-NMR
measurements following a protocol adapted from Franz et al. using triethyl phosphine oxide (POEts)
as analytical reagent (chemical shift & in 3!P-NMR was 51.40 ppm in CH,Cl,/CDCl; 4:1).5?” Table 11
shows the chemical shift § of the respective thioureas and the difference compared to pure POEt;
(A6). The thioureas derived from ammonia and hydrazine (18 and 19) show negligible downfield
shifts, as expected due to an increased electron density of the thiourea motif. Similar observations
were made for 23, bearing two thiourea groups connected by an aromatic system, but the solubility
of this compound was very low and thus, these shift values should be considered with caution.
Dicyclohexyl thiourea 17 showed a small downfield shift of 1.54 ppm, while benzylic moieties, as
present in 20 and 21, resulted in moderate shifts of 3.06 and 2.54 ppm, respectively, which were
higher compared to the shift of phenyl thiourea 22 (2.06 ppm). While aryl ester thiourea 24 led to a
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moderate chemical sift of 2.86 ppm, the other electron-deficient aryl thioureas 25-27 exhibited
higher downfield shifts, thus indicating stronger hydrogen bonding.
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Figure 9: Overview of the synthesized N-cyclohexyl! thiourea derivatives 17-27 using AM-3CR (isocyanide is the red moiety in
the final catalyst). Cyclohexyl! isocyanide and the corresponding amine component were used to prepare non-aryl thiourea
derivatives, while aryl thioureas were prepared using cyclohexyl amine and the corresponding isocyanide. Since the
respective isocyanide of compound 27 was sensitive to moisture, it was converted immediately after it had been formed and
the given yield is referenced to the used N-formamide which was dehydrated to the isocyanide.

Compared to aryl thiourea 24 bearing one ester group in para-position, thiourea 25 showed
considerably stronger hydrogen bonding due to two ester groups in meta position of its aromatic
system, being consistent with the early findings of Schreiner that two electron-deficient substituents
attached in meta position of the aryl thiourea group resulted in the most efficient catalyst.*®
Applying the stronger electron-withdrawing sulfone group, hydrogen bonding was further increased
based on the Ad-value of 4.82 ppm of thiourea 26. Even though only one sulfone group is attached to
the para-position, sulfonaryl thiourea 26 showed stronger hydrogen bonding than both ester aryl
thioureas, which was attributed to the intrinsically higher electron-withdrawing-strength of the
sulfone moiety. Compound 27 was considered as a benchmark for the typically used 3,5-
bis(trifluoromethyl)phenyl moieties in thiourea catalysis to determine the magnitude of chemical
shift required for a thiourea compounds to be a suitable candidate as catalyst in this investigation
(thiourea 27 itself was already reported as potent catalyst in aminolysis of carbonates,**’ also vide
infra). Comparing the Aé value of thiourea 26 and 27 (4.82 ppm and 5.14 ppm) showed that one
sulfone group attached in para-position of the aromatic moiety resulted in a slightly lower shift than
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two trifluoromethyl groups at each meta position, suggesting that compound 26 could act as an
organocatalyst with a similar potential as thiourea 27.
Table 11: Relative hydrogen bonding strength of the thioureas 17-27 determined by 31P-NMR measurement of a complex of

POEt; and the respective thiourea. The corresponding chemical shift § and A 6-values of the supramolecular complexes are
listed.

thiourea chemical shift 6 /ppm A6 /ppm
179 52.94 1.54
189 52.76 1.36
19 52.13 0.73
20 54.49 3.09
21 53.94 2.54
229 53.42 2.02
23 52.44 1.05
249 54.26 2.86
259 55.72 433
26 56.21 4.82
27 56.53 5.14

a) Each thiourea compound (2.40 eq.) was added to POEt; (1.00 eq.) in a mixture of CH,Cl,/CDCls (4:1). The experiments
were performed three times and the average values are given. b) The experiments were performed two times and the
average is given. c) Catalyst was not entirely soluble under the applied conditions. d) Thiourea showed very low solubility
even when the amount of solvent was doubled.

Investigations of catalytic activity in an U-4CR

Using the results of the quantification of the hydrogen bonding strength as a guide, thioureas 17-27
were evaluated for their catalytic activities. First, we sought to investigate the potential use of
thioureas as catalysts in the U-4CR, as the mechanistic pathway of the reaction shows several steps
that might profit from thiourea hydrogen bonding. For instance, thioureas are expected to increase
the Brgnsted acidity of the carboxylic acid component by anion stabilization and enhance the
electrophilicity of the aldehyde or acylimidate by complexation (see Table 12 and Scheme 31).

Thus, the synthesis of Ugi-product 28 was followed by 'H-NMR, as conversion can easily be evaluated
in this case (see Table 12). Bisamide 28 was synthesized using acetic acid 29, p-toluidine 30,
p-methoxy benzaldehyde 31 and tert-butyl isocyanide 32 in dry CDCls in the presence of 10 mol% of
the respective thiourea compound. The Schreiner catalyst (bis(3,5-(trifluoromethyl)phenyl) thiourea)
was tested as a reference for its catalytic activity in the U-4CR and the conversion of acetic acid was
determined using the singlet signal of its CH3 group compared to the respective signal in product 28.
Conversions were recorded at two reaction times (66 hours, and 6 days) and are listed in Table 12.
We set out to investigate the catalytic activity in rather dilute, non-optimal conditions (0.10 M
corresponding to acetic acid) to enable the observation of possible catalytic effects. We note that the
herein reported yields are thus lower than those obtained under commonly employed conditions
(0.50 M concentration of acetic acid 29 in methanol yielded 58% of 28).182°2% |mportantly, no
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Proposed U-4CR mechanism
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Scheme 31: Proposed reaction pathway for the U-4CR of an aldehyde (black), an amine (green), a carboxylic acid (blue) and
an isocyanide (red). By enhancing the electrophilicity of an aldehyd, a thiourea (orange) might catalyze imine formation
(step 1). On the other hand, stabilizing the carboxylate anion would increase the Brgnsted acidity of the carboxylic acid,
resulting in an equilibiurm shift towards the protonated imine (step ll). In addition, Mumm-rearrangement might be
fostered by enhancing the electrophilicity of the ester carbon (step V). The corresponding proposed thiourea complexes are
shown below. Adapted from Sl of the authors publication.>%?

Passerini or other side-products were detected. When thioureas 17-22, all showing low to moderate
hydrogen bonding according to Table 11, were used as catalysts in U-4CR, the conversion did not
increase compared to the respective blind test (19% conversion, all within expected error margin).
Since polar protic solvents are known to improve the conversion of Ugi-4CR reactions,'®? the addition
of methanol as catalytic species (40.0 mol%) was also tested without notable effect. Aryl ester
thiourea 24 did show a minimal positive effect, while aryl diester thiourea 25 led to a slightly
increased conversion of 22%. Finally, sulfonaryl thiourea 26, showing the highest observed chemical
shift in Table 11, led to an increased conversion of 28% after six days, which was similar to reference
compound 27 (27% after six days). These results further confirmed the obtained data of the
NMR-investigation, i.e. that compound 26 shows similar catalytic properties than compound 27. The
highest conversion of 31% after six days was obtained by the Schreiner catalyst, which was ascribed
to its two activating moieties. Increasing the catalyst-loading to 20 mol%, catalyst 26 achieved same
conversion than the Schreiner catalyst (33% conversion after six days). The improved performance of
catalyst 26 in higher concentrations is most likely due to better solubility of this compound, since the
Schreiner catalyst was not completely soluble under this condition. Although this catalytic
enhancement seems small (absolute increase in yield 14%, relative increase in yield ~73%), it shows
that an Ugi-4CR can be positively influences using thiourea catalysts, opening new possibilities in the
field of multicomponent reactions.
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Table 12: Investigations of catalytic activity of thiourea compounds and methanol in an U-4CR leading to Ugi product 28.
Conversions were determined by measuring *H NMR-spectra of the respective reactions after 66 hours, and 6 days.

~

]
© ? 10 mol% thiourea (0] H
)<\Jc M N\{/
OH dry CDCl, rt. N
0
NH,

29 28
thiourea conversion after 66 h/%* conversion after 6 d/%?
- 14 19
17 12 17
18 14 20
19 12 16
20 14 19
21 11 17
22 16 19
23" 15 20
24 14 20
25 16 22
26 21 28
269 n. d. 33
27 22 27
Schreiner catalyst 26 31
Schreiner catalyst®"© n. d. 33

a) Reactions were performed with carboxylic acid (1.00 eq.), amine (1.50 eq.), isocyanide (1.50 eq.), aldehyde (1.38 eq.) and
10 mol% of the respective thiourea compound in dry CDCl; (c(carboxylic acid)=0.10 M) at room temperature (r.t.). Each
experiment was performed three times and the average values are given. b) was not completely soluble. c) 20 mol%
catalyst was used.

Catalysis of aminolysis of propylene carbonate

In order to further explore the potential of thiourea 26 as a catalyst, we sought to use it in another
reaction where its previously reported analogue, thiourea 27, exhibited high organocatalytic activity.
Therefore, the aminolysis of propylene carbonate 33 with cyclohexyl amine 34 was chosen and two
carbamates 35a and 35b as regioisomers were obtained, as previously reported by Caillol and
Andrioletti.*'” The reaction is known to be effectively catalyzed by urea and thiourea compounds like
thiourea 27, among others (see Table 13). In addition, thiourea 25, which showed minimal catalytic
activity in U-4CR, as well as thiourea 17, 22 and 23, were tested in this aminolysis reaction. While
only 7% of conversion (9% reported in literature) was observed after one hour in the absence of any
catalyst for this reaction, thiourea 27 was reported to show 66% of conversion. In our experiments,
the conversion was slightly higher, obtaining 70%. Sulfonylaryl thiourea 26 yielded similar results
with a conversion of 68%, confirming the similar activating effect of sulfonylaryl thiourea and aryl-CF;
moieties already observed for the Ugi-4CR reactions. Interestingly, the conversion of the reaction
using isophthalic acid ester thiourea 25 as catalyst reached 65% conversion after one hour, thus
indicating that diester aryl motifs are also suitable candidates for organocatalysis.
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Table 13: Aminolysis of propylene carbonate 33 with cyclohexyl amine 34 catalyzed by several thiourea compounds.

NH, //ZD 5 mol% thiourea H 0 H O\/%\
+ 0 \{\OH + OH
) e Uy Y
34 33 35a 35b
catalyst conversion after 30 min/%? conversion after 60 min/%?
none 3(5) 7(9)
thiourea 17 12 25
thiourea 20 16 30
thiourea 22 27 38
thiourea 23 21 33
thiourea 25 55 65
Thiourea 26 59 68
thiourea 27 64 (55) 70 (66)
Schreiner catalyst 47 (28) 58 (41)

As the viscosity of the reaction mixtures increased with conversions, we added ethyl acetate to obtain a homogeneous
solution before taking a GC-sample. Values in brackets were reported in the literature. a) Each experiment was performed
three times and the average is given. Biphenyl (12 mol%) was used as internal standard. b) Catalyst was not completely
soluble.

Comparing benzylic thiourea 20 with aromatic thiourea 22, the aromatic catalyst showed a higher
but still moderate activity (38% conversion after one hour). These results are contradictory to the
determined hydrogen bonding strength of thiourea 20, which was higher compared to thiourea 22
(Ab-value was 3.09 ppm for 20 and 2.02 ppm for 22) underlining that hydrogen bonding strength
obtained by 3P-NMR measurements is a good first indicator for catalytic activity of thiourea catalyst,
but performance in the actual catalytic system may vary. Furthermore, dithiourea 23 showed
improved performance if compared to thioureas 17 and 20, while showing the lowest hydrogen
bonding strength (Ad-value 1.05 ppm), which was attributed to the fact that the concentration of
catalytically active thiourea functional groups was doubled due to its bis-functionality. Compared to
thiourea 25-27, Schreiner catalyst yielded slightly lower conversions after one hour (58%), being
consistent with the results reported previously. However, the reported conversion of the Schreiner
catalyst (41%) differed from our observations, most likely due to adjusted reaction conditions
compared to the literature (see Table 13).

Conclusions

Various differently functionalized thiourea compounds were synthesized using a straightforward and
a less hazardous synthesis protocol via an MCR of an amine, an isocyanide and elemental sulfur. The
hydrogen bonding strength of the thiourea compounds was evaluated using 3!P-NMR measurements.
Subsequently, their catalytic activity was verified by applying them as catalysts in an U-4CR, revealing
that sulfonylaryl thiourea moieties lead to catalysts with similar activities as catalysts bearing aryl-CFs
groups. Subsequently, the aminolysis of propylene carbonate was evaluated, confirming that
p-(alkylsulfonyl)phenyl and dialkylisophtalic acid ester moieties are suitable activating functional
groups for thioureas in organocatalysis. Especially the sulfone group showed comparable results to
the commonly used 3,5-bis(trifluoromethyl) phenyl group in all tests. The herein introduced
functional groups are promising moieties for thiourea catalyst design, since they are tailorable and
thus allow to increase the solubility of the respective catalyst compared to commonly applied
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catalysts. They furthermore broaden the scope of suitable EWGs, paving the way for a wider scope of
application of thiourea compounds in organocatalysis.
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4.3 Transferring catalytically active thiourea motifs to polymers

Since one aim of this thesis was the access to more sustainable TU organocatalysts, in a final step of
this project it was investigated if thiourea functional groups with activation motifs discussed and
introduced in chapter 4.2. could be introduced into polymeric structures. The recyclability of these
poly(TU)s were investigated subsequently to obtain first insights if a potential application as
recyclable organocatalyst might be reasonable. Thus, potential catalytically active thiourea groups
were synthesized using the AM-3CR and transferred into a polymeric structure by several
approaches. As less reaction steps reduce the amount of produced waste, the focus was set on
straightforward approaches, especially for the synthesis of suitable TU containing monomers. In the
following, these approaches are discussed and evaluated thoroughly followed by a brief comparison
and final discussion.

As activating motifs for the thiourea compounds, (p-alkylsulfonyl) aryl and isophthalic acid ester
groups were chosen, since they proved suitable catalytic activities (see chapter 4.2.). Furthermore,
they allowed the introduction of moieties that could increase the overall solubility in organic
solvents, like DCM and toluene, which are typically used for organocatalyzed reactions. Thus, it was
hypothesized to obtain a catalyst capable of homogeneous catalysis. In addition, every approach was
envisioned to be conducted with the 3,5-bis(trifluoromethyl) phenyl group to obtain a benchmark
catalyst, since this group had proved its potential for broad application in organocatlaysis for more
than two decades (see chapter 2.4.1.).

Since electron-deficient thiourea motifs are needed, they can only be introduced via the isocyanide
compound (as discussed in chapter 4.2.), leading to highly reactive isocyanides. These compounds
have to be handled with care and usually result in low yields for the corresponding thiourea
(compare yield of thiourea 26 and 27 in chapter 4.2.). Moreover, as discussed in chapter 4.1., the
desired aryl isocyanides cannot be obtained by the herein reported more sustainable synthesis
protocol. Thus, the POCls;-based method had to be employed for their synthesis. The final
hypothetical poly(TU) catalyst will have an increased overall E-factor as a result of the low yield of its
precursor (isocyanides and/or thiourea), while the overall use of toxic compounds will be increased
as well.
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4.3.1 Poly(thiourea)s via step-growth AM-3CPR

Initially, a step-growth polymerization approach was envisioned to obtain poly(TU)s using the
AM-3CR as a polyaddition reaction (AM-3CPR) between diisocyanides, diamines, and elemental
sulfur. This reaction was already successfully reported for poly(TU) synthesis by Hu, Tang et al. which
were used for application in mercury pollution.'®® No investigation or evaluation of catalytic activities
of the obtained poly(TU)s were reported. Using the AM-3CPR for the synthesis of poly(TU)s as
organocatalysts is beneficial, as the catalytically active TU motifs are formed during the
polymerization reaction decreasing the overall reaction steps for these compounds. In a first
investigation, it was evaluated if this polymerization approach is applicable for TU motifs bearing
electron-deficient aryl activating motifs.

Thus, the introduced activation motifs, i.e. (p-alkylsulfonyl) aryl and isophthalic acid esters groups
had to be implemented in a suitable diisocyanide (as mentioned before, only the isocyanide
component can introduce these moieties, see chapter 4.2.). The most reasonable candidates
envisioned for the AM-3CPR are shown in Scheme 32.

EWG
EWG NC
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+ AP, t14Sg — =
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NG H H H H
— —n
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Scheme 32: Overview of the poly(thiourea) synthesis by step-growth approach using the AM-3CPR between
electron-deficient diisocyanide (red), diamine, and elemental sulfur. In addition, two reasonable diisocyanides are depicted
bearing the alkylsulfonyl aryl or ester aryl groups, respectively (A and B) as electron-withdrawing groups (EWGs). To yield
reference poly(TU)s compound C was hypothesized. Note that the polymeric structure depicted is obtained using
diisocyanide A and C.

The alkylsulfonyl group does not necessarily need to be attached to the aryl isocyanide in para
position, but can also be attached in meta position, probably resulting in similar activation of the
later formed TU (see chapter 2.4.1.). Thus, a 3,5-diisocyano arylsulfone A was hypothesized as a
suitable candidate for the AM-3CPR. However, as no appropriate precursor for this compound was
commercially available nor a straightforward synthesis protocol was reported, only an elaborate
synthesis was envisioned, starting for instance from halogen benzene being very time-consuming.?

2 Hypothesized synthesis protocol for diisocyanide A in Scheme 32:

X NO, HS NH, S NH, %P NG
e e T T e e
— —_— —_ —
NO, NH NH

A NC

X= Cl, Br, I; a) H2504, HNOs; b) i.) NaJS, ii.) Ss, NaHCOs;'?* ¢) alkylation, and subsequent steps d) (oxidation,
formylation, isocyanide synthesis) following the procedure of thiourea 26.5%
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Therefore, this approach was inapplicable for the alkylsulfone aryl activation group in the time scale
of this thesis. Nevertheless, compound A could probably yield poly(TU)s exhibiting catalytic abilities.

On the other hand, the isophthalic acid ester moiety bears two ester groups, which also can be
attached either at the para or meta-position as discussed above maintaining a certain level of
activation ability. To avoid the occupation of the adverse ortho-position (see chapter 2.4.1.) of one of
the two needed isocyanide groups on the same aromatic ring, only phthalic acid ester B is a possible
candidate. However, as for compound A, only a time-consuming synthesis protocol was found for
compound B, for instance, 4,5-dimethyl-2-nitroanilin can be converted in three step®and thus, this
approach was also not applicable in the remaining time of this work.*

Finally, as mentioned in the previous chapter, a benchmark polymer was envisioned bearing a
3,5-bis(trifluoromethyl) phenyl group. Since no compounds were determined to compare the
benchmark, the purpose of the molecule was redundant. However, since this moiety is often
depicted as a guarantor for catalytic activity, the step-growth approach by AM-3CPR was still applied
to further validate if poly(TU)s could be obtained by this approach. Following the above-mentioned
points, the removal of one CF; group allows the utilization of 5-(trifluoromethyl)
benzene-1,3-diisocyanide C which is easily accessible by the respective commercially available
diamine. The loss of the second CF3 group will probably reduce the catalytical activation properties,
but it can be assumed that it will not lead to inactivation as shown by Schreiner et al.*®® However, in
this case, the synthesis of the diisocyanide C from the respective
5-trifluoromethylphenyl-1,3-di-N-formamide failed and a glassy insoluble black solid was obtained
after purification with column chromatography.®

Concluding the initially envisioned step-growth approach is not suited for the formation of poly(TU)s
bearing electron-deficient aryl groups as the synthesis of reasonable monomers would result in a
very elaborate and time consuming synthesis involving several steps. As these moieties are typically
used nearly exclusively for the activation of thioureas, no alternative substituents could be imagined.
Thus, it was envisioned that different approaches to incorporate catalytically active thiourea motifs
in polymers exhibit a higher potential, since they were more feasible involving starting materials that
are less time consuming to synthesize and can be accessed using already established synthesis
procedures of this work.

30ne example of a synthesis protocol for diisocyanophthalicacid ester B with the least amount of steps
reported:®3®

~o ~o ~o
NH NO N NH N
2 X S 2= SO
NO, NO, © NO, © NH, © NC
O O (0]
~ ~ ~ B
a) H202, AcOH; b) i.) HNOs3, ii.) SOCl2, MeOH; c) Hz, Pd/C, d) formylation, isocyanide synthesis) following the
procedure of thiourea 26.%
4 Note that the use of only one ester group attached to the phenyl ring, i.e. the 3,5-diisocyano aryl ester, similar
to compound A, would be a candidate that is easily accessible, since the respective acid is cheap and

commercially available. However, the absence of the second ester group would result in an inactivation of the
TU compound (compare one to two ester moieties in the catalytic activity studies in chapter 4.2.).

5 socyanide vibration was confirmed by IR-analysis of the obtained insoluble solid. It was assumed that the
highly reactive isocyanide underwent polymerization.
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4.3.2 Poly(ester)s bearing thiourea functions in side chains by polycondensation

Some experiments of this chapter were performed by a student (Peter Conen) working as a research
assistant and an apprentice for chemical technical assistant (Benjamin Felker) under the supervision
of the author. The respective experiments are highlighted with footnotes.

As the direct incorporation of TU functional groups into a polymer backbone by a step-growth
approach with the AM-3CPR, was not considered a suitable approach, another approach was
investigated yielding poly(ester)s bearing the organocatalytically active thiourea moiety in the side
chain.

In order to incorporate the thiourea moiety in the side chain of a polymer, a monomer has to be
designed, which can reliably be polymerized and furthermore contains the thiourea functionality
which is stable under the applied polymerization conditions. It was assumed that a suitable polymer
reaction exhibiting the mentioned features was a polycondensation reaction, since i.) the reaction
set-up is usually straightforward and can be tailored to fulfill several demands of Green Chemistry
(no solvent, no additional toxic reagents), ii.) a suitable TU monomer was already synthesized in
chapter 4.2, i.e. isophthalic acid ester thiourea 25 (see scheme 33), iii.) the second moiety of the TU
can be tailored to adjust solubility in a later stage of this research and iv) the TU moiety was expected
to be inert under typical conditions applied for a polycondensation. In the following, the investigation
of the polycondensation reaction of thiourea diester compounds is discussed.

o o 0 0

O (@] \\O OO\

— —'n

Scheme 33: Overview of the envisioned polycondensation reaction to introduce TU functional groups into a polymer in the
side chain. The moiety of the dialcohol (red ellipsoid) and the second moiety of the thiourea component (blue) can be
tailored to adjust the solubility of the resulting polymer. A representant of the herein depicted group of isophthalicacidester
thiourea was already synthesized in chapter 4.2. (compound 25).

Establishing a synthesis protocol for the polycondensation reaction

To optimize the reaction conditions of the polycondensation reaction and allow for a broad range of
analysis, especially in solution analysis, a transesterification reaction with mono alcohols was initially
investigated as a model reaction. It was assumed that the obtained parameters can be transferred to
a polymerization reaction with dialcohols. Instead of the utilization of compound 25 bearing a
cyclohexyl moiety, another isophthalicacidester thiourea 36 (see figure 10) was synthesized bearing a
n-dodecyl moiety, since it was hypothesized that a long, non-branched aliphatic chain could increase
the overall solubility of the starting material and the product. Therefore, the respective isocyanide
was converted with n-dodecylamine and sulfur to thiourea 36in an AM-3CR following the protocol in
Figure 9 (yield 63%, r.t., overnight). Second, dodecanol37 was chosen as a suitable alcohol
component exhibiting a high boiling point (T, = 260-262 °C), allowing the evaluation of elevated
temperatures, necessary for a polycondensation, without loss of the starting material.>*®

The rection set-up allowed the monitoring of the reaction via H-NMR-spectroscopy for a rapid
determination of the conversion. Figure 10 shows an example of a 'H-NMR-spectrum of the reaction
mixture at t=0 hours and after two days.
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Figure 10: Stacked 1H-NMR-spectra. Top: reaction mixture of thiourea 36 and dodecanol 37 after two days (100 °C, 10mol%
Ti(OPr)4, bulk. Bottom: pure thiourea 36. Conversion of the transesterification reaction could be monitored by following the
decrease of the CHs signal of the methyl ester group (red, at 3.89 ppm, integral of 6.0 at t=0 h since two ester groups were
present in compound 36) while referencing on all terminal CHs of the dodecyl chains, i.e. the one of the thiourea 36and both
equivalents of dodecanol 37 (blue, at 0.85 ppm, integral of 9.0).

The CHs; signal of the methyl ester groups was an ideal candidate to follow the reaction, since the
singlet signal decreases during the reaction and no other signal overlaps in this range. On the other
hand, no internal or external standard was needed, because the terminal CHs groups of the dodecyl
chains (one present in thiourea 36 and two equivalents in dodecanol 37) could be used as a reference
as their value does not change over the course of the reaction. Since the chemical surrounding of
both terminal CH; groups was very similar, only one signal was obtained (the signal consists of two
triplets resulting from each of the two CHs; species, which can only be seen in a zoom-in as their
chemical shift is nearly identical, see Figure 10, bottom). In addition, both signals did not overlap with
other signals of the starting materials (see Figure 10, bottom), or signals formed during the reaction
(see Figure 10, top). Therefore, the starting point of the reaction at t=0 h can be set to a ratio of
integrals 2:3 for CHs; of esters compared to CH; of dodecyl chains. However, in the following
described experiments, it was found that the actual value of a t=0 h-sample showed a slightly lower
value for the CHs ester group (e. g. 5.7 instead of 6.0) when referenced on the terminal CHs groups.
This probably occurred due to the base line error of the NMR-instrument as well as the fact that
intensities of signals in the deep field region are often slightly lower compared to signals in the high
field region. Thus, the actual ratio of the CHs groups was used for the determination of the
conversion and was always determined by the respective t=0 h-measurement.
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In addition, at a certain level of conversion of the ester groups, it was observed that the terminal CHs
signal of the dodecyl chains at 0.85 ppm start to split up (one remained at 0.84 ppm and one
appeared at 0.71 ppm). It was not clear which species is formed resulting in a CHs group with a signal
shifted more towards the highfield. Both signals could be integrated together and used as reference
signals for determination of the conversion, but a certain degree of uncertainty arose due to the
increased error of the base line. Since the aim of this experiments was not to quantify the conversion
at a certain time scale with the highest accuracy, but rather determine the highest (ideally full)
conversion, monitoring by 'H-NMR-spectroscopy was assumed to be still a reasonable analysis
method for the transesterification reaction due to it feasibility. It has to be noted that the utilization
of an internal standard, i.e. 1,3,5-trimethoxy benzene, was envisioned to further increase the
resolution of the monitoring, but upon higher conversion solubility was not maintained. Other
monitoring possibilities like GC-analysis, was not possible due to the decomposition of thiourea 36 at
elevated temperature (vide infra) leading to inconsistent sets of data.

With the monitoring in hand and having chosen both starting materials, a first reaction was
performed at 100 °C in DMF (c(thiourea)=2 M). The stoichiometry of the reaction was held at
equimolar conditions (2.00 eq. of dodecanol 37 per thiourea 36), since this condition would lead later
to the highest molecular weights in a step-growth.® In addition, 10 mol% of a catalyst, i.e. Ti(OPr)s
was applied to facilitate the conversion (see Table 14, entry 1).

Since only a low conversion of 32% was achieved after two days, in a next step, the reaction was
performed without any solvent (Table 14, entry 2) while sufficient stirring was ensured at the
beginning of the reaction (dodecanol 37 was a liquid at the applied temperature which was able to
dissolve thiourea 36 completely). The obtained conversion increased to 82% after two days.
Subsequently, several other catalysts were tested including Lewis and Brgnsted acids (see Table 14,
entry 3-6) but Ti(O'Pr), remained to be superior. As the titaniumalkoxide seemed to provide decent
conversion, also Ti(OBu)s was tested obtaining nearly full conversion (95% after two days, see
Table 14 entry 7).

Even though the titaniumalkoxides yielded high conversions, it was noted that side products were
formed, as indicated by additional signals in the !H-NMR-spectrum. To ensure that these
side-products would not alter the reaction conditions in a later applied polycondensation reaction
(for instance, formation of chain stoppers) analysis of these compounds was attempted.” A list of
determined and indicated side products of the reaction is depicted in Scheme 34 First, TLC evaluation

6 The degree of polymerization (DP) in a step-growth polymerization between functional group A and
functional group B can be described by Carothers equation, in dependance of conversion p and stoichiometry
parameter r:53°

r+1
r—2rp+1
Whereas r is defined as:r = x—:andr < 1; Na and Ng are defined as the molar amount of the respective

DP =

functional group. The equation describes an exponential growth and thus results in an infinite DP as conversion
p reaches one. If the conversion p is held constant, the highest DP will be obtained at r = 1 and the equation
transforms to:
1
DP = m

7 For instance, assuming 5 mol% of a chain stopper would be formed and then react with monomer A which
was applied initially in equimolar ratio to monomer B while conversion would be assumed to be 94%
resembling the conversion obtained in the optimized transesterification conditions. Thus, the degree of
polymerization (DP) would be calculated by Carothers equation (see previous page) using r = 0.95 resulting in
a DP of 11.9 (ca. 12-mer). Comparing, 10 mol% chain stopper (r = 0.9) would only yield a 9-mer. A 16 to
17-mer is obtained in the absence of chain stopper for this example.
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of the reaction mixture using titaniumalkoxide as catalyst with a vanillin staining solution yielded six
spots of which were three dark green and three yellow in color. Dark green coloration is typical for
thiourea compounds and seldomly obtained by other compounds. Thus, it could be assumed that the
mixture consisted of three different thiourea compounds, namely the starting material 36, the mono
substituted dodecyl ester thiourea 39 and the desired product 38 (see Scheme 34).

Table 14: Screening of different catalysts for the transesterification reaction of thiourea 36 and dodecanol 37. The reaction
has ceased after two days.

(0) o O O.
> C12Ha2s
s 10 mol% cat s ool
| +2.0 C12H250H 7 121125
C12H25\NJ\N 0 100°C, 2 d C12H25\N)J\N o
H H o 37 H H o
36 38
entry | catalyst conversion of 36 after 1 d/% conversion of 36 after 2 d/%
1 Ti(O'Pr)s? 24 32
2 Ti(O'Pr))4 72 82
3 Bi(OTf)s n.d.” n.d.?
4 VO(O'Pr); 52 n.d.o
5 H,S04 - -
6 H,S0,Y 28 27"
7 Ti(OBu)4 93 95

a) reaction was performed in DMF (c(thiourea 36=2 M). b) H-NMR spectrum of the respective reaction mixture depicted
the formation of several other species indicating unselective nature of the catalyst and no clear conversion could be
determined. c) A dark resin was obtained which could not be dissolved anymore, thus no NMR-sample could be taken. d)
1.00 egq. of H,SO4 and 20 mol% B(OH)s were used.

On the other hand, yellow coloration is quite typical for several functional groups, among them for
instance amines and N-formamides. It was assumed that a decomposition of thiourea 36 might lead
to formation of such side products in this reaction. Most likely, the thiourea functionality will be
cleaved forming an isothiocyanate and an amine, whereas the amine compound probably bears the
moiety which is the better leaving group (in this case the isophthalic acid moiety).>*° Comparison of
the *H-NMR spectrum of the reaction mixture and a spectrum of pure isophthalicacidester amine 40
revealed that it was indeed formed by the reaction, fitting the TLC-results (see Scheme 34 and
chapter 6.5.1.1. for H-NMR-Spectrum). The respective dodecyl isothiocyanate 41 was observed by
GC-MS-analysis and further, ASAP-MS depicted the mass of the dodecylamine, probably obtained by
the further decomposition of the isothiocyanate function. A simple heating test series of thiourea 36
proved that decomposition already takes place in solution in absence of any reagent or additive
starting at 70 °C. This was surprising, as for instance poly(TU)s exhibit in general decomposition
temperatures above 170 °C (out of 42 poly(TU)s reported in literature, only two depicted a lower
decomposition temperature; lowest was 107 °C).1%9°31532 The strong decrease of decomposition
temperature probably originated from the activation motif (isophthalicacid ester motif), being a
considerably good leaving group compared to typically applied moieties in the referenced poly(TU)s.
Following this finding, it could be assumed that the other two compounds indicated by TLC-analysis
are the respective amines of the mono substituted dodecyl ester 42 and product 43 (see Scheme 34).
Their formation could not be detected in the NMR-monitoring, since the formed amine functional
group had probably very similar chemical surrounding as the one of amine 40 and thus, all amine
signals lead to one broadened signal (see Figure 24 in chapter 6.5.1.1.).

96



Results and Discussion

! 0s_0 0+_0 0s_O. !
E A h CioHzs
E j\ | j\ C12H2s j\ C12Has;
"7 ICqoHos O CypHose o} CqoHase o :
CraHas~ N 12H25< 12H255 N .
| H H I H H i H o H S |
o 36 39 38 |
™Y I o o o e o o e o e e e e e e e e e e e e e e e e 1
°
@) (0] (0] (6] (0] O.
~ ~ Ci2Hos
| Cr2Has Cr2Has
oFe (6] (0] (0]
H,N HoN H,>N
(0] (6] (6]
40 42 43
+
CqoHos <
12H25~ o
41

Scheme 34: Schematic of TLC analysis of the reaction mixture in 2:1 CH:EA and stained with a vanillin solution as well as the
assigned amines 40, 42, 43 and thioureas 36, 38, 39. In addition, dodecyl isothiocyanate 41 is displayed for starting
material 36 which was the second decomposition product besides the amine and also indicated by GC-MS and indirect by
ASAP-MS analysis.

Since no indication was found that amine 40, 42, 43 reacted further or decomposed, or that other
side-products were formed in the NMR-monitoring, the degree of decomposition could be
determined by H-NMR-spectroscopy using the amine signal at 5.73 ppm (broad signal) referenced
against the signals of the terminal CHs groups (see Figure 24, full decomposition to the respective
amines would lead to a ratio of 2:9, NH, to terminal CHs; signal).

Thus, the transesterification was performed using the optimized conditions of Table 14 (Ti(OBu)s in
bulk), while lowering the temperature to suppress the decomposition of the TUs. The results are
listed in Table 15:

Table 15: Screening of different temperatures for the transesterification reaction of TU 36 and dodecanol 37 to suppress the
decomposition of TU. The reaction has ceased after two days.

O (0] (@) O
>~ C1oHas
10 mol% Ti(OBu),
S | +2.0 CypHa50H - S C12Has
H H o 37 H H o

36 38
entry | T/°C Conversion of 36 after 2 d/% Decomposition of 36 after 2 d/%
1 100 95 45
22 100 82 40
3 90 94 31
4 80 77 10
5°) 70 73 15

6 60 - -

a) Ti(O'Pr)4 was used instead of Ti(OBu)a. b) reaction time was six days.
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Applying 100 °C resulted in the best conversion of 95% but also led to a considerable decomposition
of the TU functions (45%, see Table 15 entry 1). Ti(O'Pr); led to similar decomposition rates (see
Table 15, entry 2). As the temperature was decreased to 80 °C, the decomposition rates dropped
down to only 10% (see Table 15, entry 4). A higher decomposition rate of 15% was obtained at 70 °C
due to the longer reaction time (six days), which were applied (see table 15, entry5). The
transesterification probably stops at some point, while the decomposition still proceeds slowly,
ultimately leading to a higher degree of decomposition. Nevertheless, the conversion also decreased
to 73% in case of 70 °C (see Table 15, entry 5). Since the reaction does not take place below 70 °C
(see Table 15, entry 6), a compromise had to be made to obtain sufficiently high conversion, while
maintaining only minor decomposition. Thus, the optimal temperature for the reaction was
determined to be 90 °C since high conversion was maintained (94%, see Table 15, entry 3), while the
decomposition was 31%.

To complement the obtained data, full characterization of didodecylester thiourea 38 was
attempted, purifying the crude product by column chromatography after having applied optimized
reaction condition. However, the pure product could not be obtained, because the separation by
column chromatography was insufficient. Since the three thiourea compounds show very similar
retention (see schematic TLC in Scheme 34), a very elaborate purification process was expected, and
further purification was not further attempted. Nevertheless, an, until this point, not detected
fraction was obtained in minor amounts, which could be assigned to the N, O-didodecyl
thionocarbamate 44 (ca. 7% vyield, see Scheme 35). The compound was indirectly assigned by
comparing its very characteristic H-NMR-spectrum to the one of the reference compound,
N-dodecyl, O-hexyl thionocarbamte (see chapter 6.5.1.3.).8 Two pathways could be envisioned
leading to this side-product: i) addition reaction of dodecanol 37 with in situ formed dodecyl
isothiocyanate 41 after decomposition of thiourea 36 (see Scheme 35, path A) or ii) addition
elimination of the thiourea function of the starting material 36 by dodecanol 37 (see Scheme 35,
path B). In both cases, Ti(OBu)s could mediate or foster the reaction as catalyst.®

Considering that this side-reaction would also occur in a polycondensation reaction, the resulting
side product would be a thionocarbamte alcohol. This compound could in turn react with its second
available alcohol function and an additional isothiocyanate to the dithionocarbamate, which would
probably not impede or alter the polymerization process. However, more likely the thionocarbamate
alcohol would react as a chain-stopper with the more abundant ester group of monomer thiourea 36
stopping the polymers in their growth, as no terminal alcohol group would be yielded. Therefore, it
can be expected that the molecular weight of the hypothetically obtained polymers would be only
small or moderate and rather oligomers were expected to be formed.

On the other hand, if thiourea 36 decomposes partly also to the isophthalic isothiocyanate instead of
the dodecyl one 41 (which was found to be formed in minor extent for instance for typical heating
conditions in a GC-analysis, T>200 °C) the reaction with the respective diol monomer would most
likely yield cross linking, which is not necessarily impeding the further polymerization but decreasing

8 The synthesis of this compound was performed by Benjamin Felker (apprentice for chemical technical
assistant) under supervision, planning and evaluation of the author.

9 For further investigation concerning the mechanistic pathway of the thionocarbamate 44, a straightforward
control experiment would be to perform the before mentioned reaction in the absence of the
titanium-catalyst. Thus, it could be determined if the titanium-catalyst is thereby acting as catalyst for this
reaction. Second, the reaction of dodecyl isothiocyanate 41 and dodecanol 37 could be tested under the before
mentioned reaction conditions, one time with and one time without applying the titanium catalyst. Thus, it
could be verified if path B (see Scheme 35) takes place and if titaniumalkoxides catalyze the reaction step.
However, these experiments were not performed, since it did not affect the main aim of this work package.
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the solubility of the polymer drastically.’ Since no indication was found for the formation of such
isothiocyanate under the applied reaction conditions, it was not further considered.

OxO~ > on
path A 9
_s| 37

44

path A

chain-stopper

path B

Scheme 35: Top: Two possible reaction pathways for the formation of thionocarbamate 44 using 10 mol% Ti(OBu), at
elevated temperature in a transesterification of thiourea ester 36 and dodecanol 37. Bottom: envisioned transfer to a
polycondensation protocol would result in thionocarbamate monoalcohol (chain-stopper), which would act as a
chain-stopper in a polymerization approach.

The hypothesized path B for the thionocarbamate formation shown in Scheme 35, in which the
alcohol component directly attacks a thiourea function, could also be hypothesized to occur in the
polycondensation. Thus, besides the formation of the thionocarbamates from the starting materials,
backbiting or chain transfer reactions of terminal alcohol groups would introduce thionocarbamate
groups as well into the chain end of the polymers, stopping them from further growth.!

10 Hypothetical formation of thionocarbamate alcohol groups as side chains as well as cross-linking due to formation of
isophthalicacidester isothiocyanate under elevated temperature using 10 mol% of Ti(OBu)s. The polymer backbone is only
indicated by dashed lines to provide clear view of the structures.
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11 Hypothetical formation of thionocarbamate groups due to backbiting or chain transfer reaction of the poly(ester), which
would result in poly(ester-co-arylamine)s that are stopped in their growth due to a thionocarbamate capping the terminal

alcohol group.
o) )

o o o} o s o o o o
~ - - - H » SN -
0 O HO 0 0 o] of " backbiting /\M“”)ko o} (o} o or"
{ ’ or 9
HO™ ™ OH_ chain transfer
SxNH S NH HN.__S NH, HN.___S




Results and Discussion

After having determined side products, this approach was reevaluated. First, nearly full conversions
seemed to be promising for application in a polycondensation.? Still, further optimizations were
expected to be applied in the actual polymerization, since the starting material and the type of
reaction would be changed. The decomposition of the TU on the other hand led to a decrease of the
TU functionality, which is expected to decrease the activity in its future application (organocatalysis
via activated thiourea groups). However, since conditions were found ensuring a decent degree of TU
groups were maintained after the reaction had finished, this decline of thiourea groups was deemed
to be acceptable. The formation of thionocarbamte alcohols acting as chain-stopper during the
reaction would indeed have a tremendous effect on the molecular weight of the obtained
polycondensates. Since this reaction seemed to only occur to a minor extent, it still seemed
reasonable to test the protocol for poly(TU-amine) synthesis.

Next, the reaction protocol was applied to a polycondensation reaction between TU 36 and a suitable
diol. Poly(ester-co-arylamine)s bearing TU functions in their side chain were expected to be formed
in small to moderate molecular weights, which were assumed to potentially exhibit the desired
catalytic activity and solubility behavior.

Transfer of the synthesis protocol of the transesterification to a polycondensation reaction-
poly(ester-co-arylamine)s with TU motifs in the side chains

With the optimized reaction conditions in hand, the protocol for the transesterification was applied
to a polycondensation approach. TU diester 36 was therefore reacted with a diol to yield a
poly(ester) or rather a poly(ester-co-arylamine) 45, due to partial decomposition of the thiourea
functionality during reaction (see Scheme 36).
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Scheme 36: Reaction scheme of the formation of poly(ester-co-arylamine)s 45 bearing TU functional groups in their side
chains.

1,10-decanediol 46 was chosen as test dialcohol, since it exhibits a high boiling point of (T,=297 °C) to
ensure equimolarity of the monomers over the course of the reaction and a melting point lower than
90 °C, which was the reaction temperature (Tm=72-75°C).>® It was assumed that the alcohol
component would start dissolving thiourea diester 36 upon melting, similar to dodecandiol 37 in the
preliminary test experiments.

First, a brief reevaluation of the titanium alkoxide catalysts was conducted to adjust to the
polymerization reaction. The conversion of the methylester groups and the partial decomposition of

12 For instance, a 16-17-mer could be expected applying the Carothers equation for the degree of polymerization (DP),

assuming 94% conversion p which was obtained in the optimized transesterification conditions:
1

DG = ——=

1-p 1-096

=16.7
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Results and Discussion

the thiourea group were determined by *H-NMR monitoring, as described above, except that only
one CHs; group, i.e. the terminal CH; group of thiourea 36, was present and used as the reference
signal (the integral ratio of a t=0 h sample of methylester CH; groups to terminal CH; group was 2:1).
In addition to the NMR-monitoring, SEC-analysis of the reaction mixture provided information about
the obtained molecular weight of polymer 45. The results are listed in Table 16.13

Table 16: Screening of catalysts for the polycondensation between TU diester 36 and 1,10-decanediol 46 under equimolar
stoichiometry. The conversion after one and two days are given as well as the decomposition of the TU group to arylamines.
In addition, SEC-measurements using HFIP and 1w% KCF3COO allowed insights about the obtained molecular weight and the
dispersity b.

Os O
S | 10 mol% Ti-cat
CqoHos< )J\ o * HO/M/\OH >  poly(ester-co-arylamine)
NN 8~ 90°C, bulk, 2d
0] 45
catalyst | conversion conversion | decomposition of M,/kDa M. /kDa b
of 36 after 1 after of 36 thiourea of 36
d/% 2d/% (2d)/%
Ti(OBu)s | 76 79 12 2.1 4.9 2.39
Ti(O'Pr), | 81 n.d.? 24° 4.59 102 22.5
Ti(OEt),Y | 82 n.d.? 219 4.09 31.2 7.87

a) No NMR-sample could be taken, as the reaction mixture was not soluble in DMSO-ds anymore. b) Decomposition of TU
groups after one day. c) SEC-sample was taken after one days, since the reaction mixture was not soluble in HFIP with 1w%
KCF3COO anymore. d) catalyst contained 5-15% isopropanol.

In addition to the previous tested titanium-catalysts, also Ti(OEt), was considered. All three catalyst
yielded similar conversion (79-82%). However, the reaction with Ti(OBu). led to a slower reaction and
the respective conversion was obtained after two days instead of one. On the other hand, Ti(OBu)4
led to the lowest decomposition rates for the TU groups (12% after two days), while the other
catalysts resulted in roughly the doubled amount of decomposition after only one day of reaction
time. Compared to the preliminary experiments (transesterification with dodecanol 37), lower
decomposition rates were obtained (also considering the lower conversion obtained in the
polycondensation). The obtained M,s were low (2.1-4.5 kDa), fitting to 3- to 7-mers of polymer 45
(for exemplarily SEC-curves see chapter 6.5.1.2.). Following the Carothers equation using the
conversions obtained by NMR-measurements, this value seemed reasonable.* On the other hand,
the obtained dispersities differed tremendously depending on the employed catalyst from 2.39 to
22.5. Considering that the reaction with Ti(O'Pr), and Ti(OEt), led to an insoluble mixture, it seemed
reasonable that the high dispersities (22.5 and 7.87, respectively) were obtained due to solubility and
precipitation issues during the reaction proceeding. Considering the aimed application, namely
recyclable organocatalysis, a lower dispersity is beneficial because the solubility parameters for
several chain length are different, especially in lower molecular regime, where the impact of one
monomer unit is not negligible. As a result, the recycling step of a future catalyst (either homogenous

13 The screening of the catalysts for the polycondensation reaction leading to the data in Table 16 was
performed by Peter Conen (student and research assistant at the time of this experiments) under the
supervision, planning and evaluation of the author.

14 Using equimolarity and a conversion of 79% as obtained applying the Ti(OBu)s catalyst after two days (see
Table 16), the Carothers equation lead to a degree of polymerization(DP) of 4.76:

DP =4.76

~1-079
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or heterogenous) gets more delicate, since a solvent system has to be found that fits for all polymer
chains to ensure full recovery. Therefore, Ti(OBu), depicted the best results.’

The herein attempted synthesis approach for poly(TU) catalysts did not need a certain high degree of
polymerization, since it was assumed that the catalytic activity of the TU functional groups were
intrinsically sufficient (as shown in chapter 4.2). Beneficial effects for the catalytic group arising from
a respectively big polymer chain (e. g. intramolecular TU-TU activation or formation of active pocket
sites, see also above)**?° could theoretically increase the activity, but were not focus of this work.
Nevertheless, both effects could already appear for the above-described formation of oligo(TU)s
(TU-TU activation would thereby be intermolecularly most likely). On the other hand, oligomers
would probably exhibit higher solubility in classic organic solvents, which made this synthesis
protocol still promising, even with incomplete conversion under the premise that a suitable work-up,
like precipitation, was found.

However, attempts to precipitate and isolate the obtained oligomers were unsuccessful, as no
suitable antisolvent could be determined. For instance, simple addition of water led to the formation
of a suspension consisting of an aqueous liquid phase and a resin-like phase, which could not be
further purified. Thus, the fastest way to obtain a suitable work-up procedure was hypothesized to
further optimization of the reaction conditions, since full or nearly full conversion would lead to a
mixture of polymers of higher molecular weights, probably being easier to precipitate. If this protocol
was established, smaller oligomers could still be obtained if needed by altering the reaction
conditions for instance, the stoichiometry.

Since the reaction protocol did not allow much deviation (stoichiometry, temperature,
concentration, reaction time, and catalyst were already optimized) the most promising approach was
envisioned to be improvement of the solubility of the reaction mixture. Thus, dialcohols exhibiting a
higher solubility ability for TU diester 36 could be beneficial as the reaction proceeds, for a broader
range of conversion, in solution. In addition, dialcohols leading to poly(TU)s that show a melting
point lower than the applied temperature would be advantageous to obtain a homogenous reaction
mixture. Thus, tetraethylene glycol (Tm=-5.6 °C, Tb=314 °C).>** was tested as possible candidate as
dialcohol component, since the ether groups were expected to result in different solubility conditions
compared to 1,10-decanediol 46. However, after the reaction was finished, only 62% conversion was
obtained, while 20% of decomposition of the thiourea group was found.

Concluding, a transesterification protocol was established for TU diester 36 and dodecanol 37.
Several restrictions and issues related to the nature of the reaction were clearly investigated and
proven by NMR-analysis (decomposition of thiourea groups to arylamines, formation of
thionocarbamates which could act as chain-stopper in a step-growth polymerization). Ti(OBu)s was
found to be the best catalyst in terms of conversion and lowest degree of decomposition of the TU
functionality and 94% conversion was obtained. Since the conversions were sufficiently high, transfer
of the protocol to a polycondensation approach with compound 36 and a dialcohol was attempted.
Reevaluation of the titanium catalyst underpinned its performance and selectivity (lowest
decomposition of TU group). However, only moderate conversion was obtained (up to 82%).
Ultimately, further investigations were impeded by issues in the work-up, as no sufficient protocol
could be established. The least time-consuming approach for optimization of the reaction and
yielding an isolated polymer, i.e. alteration of the dialcohol component, was performed in order to

15 Solving the Schulz-Flory equation for a step-growth polymerization, like the herein discussed
polycondensation reaction, yields a theoretical dispersity of two approaching full conversion.?® A higher
dispersity can be an indication for less control over the reaction for instance, increase in viscosity and (partial)
precipitation of growing polymer chains will alter the dispersity ultimately increasing it.
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increase the conversion as well as establish a purification protocol. However, lower conversion was
obtained. In the light of all the herein evaluated restrictions of this reaction, it was assumed that
further investigation of this approach would not be productive. Table 17 summarizes the most
important reaction parameters and compares the applied conditions with assumed ideal conditions,
which could lead to successful polymer formation. In addition, the respective issues arising from
deviation of the ideal conditions are given. Thus, the small space for improvement left for this
synthesis protocol is underlined.

Table 17: Comparison of ideal and applied parameters for the polycondensation of TU 36 with dialcohols.

parameter ideal condition optimized conditions related issue
stoichiometry | equimolar equimolar -
T <70°C 90 °C thiourea  decomposes at
>70°C
p n. d. n. d. n. d.
t n. d. 2 days at T>70 °C as short as possible
solvent dissolves starting | bulk e viscosity
material, oligo- and e solubility
poly(TU)s
catalyst n. d. Ti(OBu)4 e chain-stopper
formation
e decomposition of TU
polymer solvent and anti-solvent | no solvent and | work-up challenging
available anti-solvent found,
dioly, dissolves starting | dissolves TU but no e high Ty needed
material, oligo-and | bigger oligomers e viscosity
poly(TU)s e precipitation

Nevertheless, it has to be mentioned that decreased pressure could be beneficial for the conversion
of the reaction, since methanol would be removed from the reaction vessel shifting the equilibrium
to the product side. This approach would result in an elaborate investigation of pressure and
temperature parameters, since the equimolarity has to be maintained or at least, stoichiometry
should be ensured to lead to sufficient formation of oligomers. In addition, an elaborate and
time-consuming catalyst screening on a broad scale (not only considering titaniumalkoxides) could
reveal a catalyst, which shows improved activity and selectivity, especially in terms of C=0/C=S
activation selectivity. Thus, the formation of thionocarbamtes could be reduced or prevented in both
hypothesized reaction pathways if the catalyst was prone to take part in this reaction (see
Scheme 35). It has to be mentioned that it was planned initially to use the deconvolution approach of
Wolf et al. in the scope of this work.*® This approach was reported to be a strong tool to determine
suitable catalysts from a pool of multiple ones for a certain reaction in a rapid and straightforward
fashion (see also chapter 2.1.2.). However, due to the restrictions of this reaction in the utilization of
solvents, it could not be performed. If all these points would be addressed, the decomposition as
well as the formation of potential chain-stopper molecules would be expected to be reduced or even
impeded, which could lead to successful isolation of poly(TU)s.
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4.3.3 Poly(thioether-ester)s bearing thiourea functions in side chains by
poly-thiol-ene reaction

The experimental parts of this chapter were performed by Roxana Grommer and Gia Trung Hoang
due to their practical course (students, Organische Chemie fiir Fortgeschrittene, OC-F) under the
supervision of the author. In addition, Alessandro Masini, a visiting researcher, performed practical
experiments. The respective experiments are highlighted with footnotes.

Though the previous polycondensation approach did not result in the desired synthesis protocol for
poly(TU)s, several important insights were obtained, like the decomposition of the TU diester 36 at
elevated temperature (>70°C) or the importance of selectivity for the reaction to prevent
chain-stopper formation. Thus, a second approach was investigated based on the previous
information by step-growth thiol-ene polymerization (see Scheme 37).
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Scheme 37: Thiol-ene polymerization approach for the formation of poly(thiourea)s using thiourea 47.

This approach was promising, as it tackled the most important issues which arose in the previous
polycondensation approach. First, since thiol-ene reactions are typically performed under UV
irradiation or thermally at mild conditions (<70 °C), decomposition of the thiourea group was
expected to be prevented. Second, as the specific pathway for chain-stopper formation could not be
verified completely in the previous approach (chapter 4.3.2.), it seemed reasonable that the applied
catalysts could foster the formation and thus, a thiol-ene reaction approach was superior since no
catalyst has to be applied. Nevertheless, radical starter agents are usually employed, which might
react to a certain degree with the TU group. Still the direct formation of a chain-stopper would
clearly depend on the nature of the respective reagent and it seemed reasonable that a thiol-ene
reaction has the potential to prevent this side reaction or at least yield side reaction which do not
impede the polymerization (for instance TU-radical starter agent adduct formation would not hinder
the polymerization but decrease the amount of final TU functional groups by an acceptable degree).
Third, the reaction protocol of the thiol-ene reaction could allow the use of a solvent, which would
be beneficial by reducing the impact of precipitation and high viscosities. Lastly, while dithiols are
commercially available, a suitable diene could be envisioned using again the thioureaisophthalicacid
ester motif employed in the previous chapter (see Scheme 33). This compound 47 could be
synthesized following the same straightforward four-step procedure as its methyl ester pendant 36
by using allylalcohol in the initial esterification instead of methanol.

Having thiourea diene 47 obtained in an overall yield of 18%, first test experiments were
performed.®!” Since the *H-NMR monitoring approach proved to be useful in the polycondensation

16 Main reason for the low overall yield was the isocyanide synthesis resulting in a yield of 31% while the prior
esterification and formylation as well as the following thiourea synthesis gave yields of 79%, 95% and 77%,
respectively.

17 The synthesis of thiourea 47 was performed by Roxana Grémmer (first step, esterification) and Gia Trung
Hoang (second, third and final step, formylation, isocyanide and thiourea synthesis) during both of their
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approach (see chapter 4.3.2.), thiourea 47 was first tested in a reaction with a monothiol. Therefore,
dodecanethiol 48 was chosen as the thiol component. Thus, the monitoring via
'H-NMR-spectroscopy could be easily followed by the decrease of the double bond signals at
6.11-6.00 ppm and 5.45-5.27 ppm (see Figure 11), since there was no overlap with other signals
present in the starting materials. Signals were referenced to the multiplett at 0.88-0.80 ppm, which
could be assigned to the terminal CHs groups of thiol 48 as well as thiourea 47.
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Figure 11: Example of an overlay of 'H-NMR-spectra in DMSO-ds of a thiol-ene reaction between thiourea diene 47 and
dodecanethiol 48 using 50 mol% of DMPA in DMSO under UV irradiation (365 nm). Before irradiation (t=0 h, green) and
after seven hours (see also Table 18) reaction time (pink) is depicted. Conversion could be determined by monitoring of the
decrease of the double bond signals (red box) and respective zoom-in. Both spectra are normalized on the CH; signal at
0.88-0.80 ppm to highlight the decrease of the double bond signals. The multiplett of the signals of the terminal CH3; groups
of thiourea 47 and the dodecanthiol 48 were taken as reference signal (at t=0 h integral ratio of both double bond signals to
CH; groups was 2:2:9).

Equimolar conditions were applied, since this stoichiometry would lead to the highest molecular
weight if the protocol was transferred to a polymerization approach as discussed before (see
chapter 4.3.2.). Thus, the initial ratio at t=0 h between the signal of the double bonds and the CHs;
groups was 2:2:9.

DMSO was applied as a solvent, since TU 47 exhibited poor solubility in less polar solvents and
10 mol% of the respective radical initiator was applied. Finally, several different radical initiators
were tested and the results are listed in Table 18:®

practical courses (Organisches Praktikum fir Fortgeschrittene, OC-F) under the supervision, planning and
evaluation of the author.

18 The screening of radical initiators depicted in Table 18 was performed by Alessandro Masini, a visiting
researcher, under the supervision, planning and evaluation of the author.
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Table 18: Screening of radical initiators in the thiol-ene reaction of TU diene 47 and dodecanethiol 48.

10 mol% o 0
\/\O O/\/ :-r?i?i:folr C12H25\S/\/\O O/\/\S/C12H25
+ 2 CqoH,p5SH MSO ”
HN.__S ’
g 48 hvorA HN;NfS
C1oHops “CizHas
47 49
radical initiator conditions? reaction time/h conversion of 47/%
DMPA® A 24 0
DMPA® A 7 83
thioxanthone A 24 40
thioxanthone? A 120 43
benzil A 24 0
benzophenone A 24 0
AIBN B 24 0
TEMPO C 24 0

Condition A: irradiation with a wavelength of 365 nm. Condition B: heating at 65 °C. Condition C: heating at 35 °C. a) TU 47
(1.00 eq.) and dodecanethiol 48 (2.00 eq.) were dissolved in DMSO (c(thiourea 47)=0.25 M), the reaction mixture was
purged with an argon balloon beforehand. b) reaction was also performed at c(thiourea 47)=0.5 and 1 M. c) 50 mol% of
radical initiator was applied.

Initially, DMPA was investigated since it is known to be a versatile radical starter for thiol-ene
reactions. However, no conversion was obtained after 24 hours. Increasing the ratio of DMPA to
50 mol% resulted in a conversion of 83% after seven hours when the reaction had finished.
Increasing the concentration of the thiourea compound 47 in the reaction to one molar did not
improve the conversion. Other photoinitiated radical starters like thioxanthone, benzophenone and
benzil were tested as well, since they were reported to be applied in thiol-ene reactions, but apart
from thioxanthone no conversion was obtained.”®>>3¢ |n the case of thioxanthone only insufficient
conversions of 43% were obtained, even when 50 mol% of radical starter was applied after 120 hours
reaction time. As the photoinitiated reagents gave no sufficient conversion, thermally activated ones
were tested as well, namely conventionally used AIBN and more recently reported TEMPO.>¥ It has
to be mentioned that the temperature for these protocols were typically under 70 °C and thus, no
decomposition of the TU group was expected. Nevertheless, no conversion was obtained in both
cases.

To summarize, the thiol-ene reaction of TU diene 47 and dodecanethiol 48 gave no sufficient
conversions. DMPA was the only initiator resulting in higher conversion (83%), but 50 mol% of the
radical initiator had to be used. As the conversion still needed improvement, the room for
optimization was determined to be too narrow for further investigations as the choice of solvent and
concentration was limited by the poor solubility of TU 47. Further, polar aprotic solvents like DMSO
were reported to be inadequate solvents for thiol-ene reactions using the photoinitiator
phenylglyoxalic acid, which might be also disadvantageous for the herein investigated ones.>* Also,
the use of a large amount of radical starter seemed to be needed, at least for the tested reagents,
and it was expected that a high concentration of radicals would foster side reactions like disulfide
formation of the thiol. Thus, the stoichiometry of a polymerization approach using thiol-ene reaction
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would be altered leading to smaller molecular weights.? This would be per se no exclusion criterion,
but limits the control of the stoichiometry, which might by adverse for subsequent investigations like
establishment of a work-up procedure. Furthermore, other side reactions might be not negligible
anymore by using larger amounts of initiators, for instance radical reaction of the decomposed
initiator with the TU group (this assumption is based on the common use of C=S double bonds in
RAFT polymerization).>®® Considering all mentioned points still need to be addressed and the time
frame of this work, this approach was not further investigated.

Nevertheless, a more extensive evaluation on the thiol-ene reaction might yield sufficient results. For
instance, different wavelengths could be tested for the applied photo initiators, as the light with
365 nm could be also absorbed by the TU compound exacerbating or impeding the initiation step of
the reaction (this was initially planned in the scope of this work, however no means to test other
wavelengths were present). In addition, another double bond bearing moiety with a longer spacer
attached to the isophthalicacid ester motif like 10-undecene-1-ol might result in a sufficient
conversion due to negligible satiric hindrance arising from the presence of the aryl compound.

19 For instance, assuming 5% consumption of thiol groups (r=0.95) by disulfide formation as side reaction in the
thiol-ene reaction, the obtained degree of polymerization (DP) at 90% conversion p of the remaining thiol
groups in the actual thiol-ene reaction would be:

1+7r 1.95
bP = 1+r—2rp 024
according to Carothers equation. For comparison a conversion of 95% of the thiol groups solely due to the
thiol-ene reaction in absence of disulfide formation would yield a DP of 20.

= 8.125
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4.3.4 Poly(norbornene)s bearing thiourea functions in their side chains by
ring-opening metathesis polymerization (ROMP)

The experimental parts of this chapter were performed by Alessandro Masini, a visiting researcher,
Gia Trung Hoang, a student performing his practical course (Organische Chemie fiir Fortgeschrittene,
OC-F) and Fabian Schonle (student, research assistant) under supervision of the author. The
respective experiments are highlighted with footnotes.

Since the stepgrowth polymerization approaches (polycondensation and thiol-ene reaction)
described in chapters 4.3.2 and 4.3.3. with the isophthalicacid ester moiety did not lead to the
desired results, a living polymerization approach by ring-opening metathesis (ROMP) was
envisioned.>° This kind of polymerization, like RAFT, NMP or ATRP, typically provides a high control
over the polymerization process, yielding polymers with narrow molecular weights distributions.>*!~
>3 While the low dispersity was not necessarily needed for the application as polymeric
organocatalyst, it was hypothesized that the establishment of a suitable work-up procedure, like
precipitation and filtration, for the TU containing polymers would be facilitated if the dispersity was
lower. Especially in the regime of low molecular polymers, this would decrease the difference in the
solubility parameters of the different chain lengths, facilitating purification by complete precipitation
of the polymer and later complete recovery of the applied catalyst.

A ROMP approach was ultimately chosen for several reasons (see Scheme 38). First, the reaction is
usually performed at room temperature, where no decomposition of TU groups takes place, while
typically applied Grubbs-catalysts tolerate a broad range of functional groups.®* Nevertheless, it has
to be noted that no ROMP of a norbornene derivative bearing an additional TU group has been
reported so far, while sulfur atoms per se, for instance in a thioacetal function, are tolerated.>®
Second, suitable norbornene amines were accessible from exo or endo
cis-5-norbornene-2,3-dicarboxylicacid anhydride in an one step procedure from diamines. Third, the
reactivity of exo and endo norbornenes in a ROMP differs tremendously and thus, an additional
parameter for tuning the polymerization is obtained.>* Fourth, the TU moiety will be located in the
side chain of the produced polymer and its distance to the backbone is tailorable by the use of
different diamines. This is an advantage over the previously tested approaches, where the TU was
attached to the backbone of the polymer without any spacer (see chapters 4.3.2. and 4.3.3.). It has to
be noted that none or short spacing of the TU functionality to the backbone is not intrinsically
impeding either polymerization or the later catalytic applications. Yet it seemed reasonable that the
resulting steric hinderance could result in a bulky polymer and thus, the catalytical centers are only
accessible to a limited extent, while a low general solubility was assumed. Thus, attaching the TU to
norbornene amines with long, flexible aliphatic spacers would increase their degree of freedom in
solution. Moreover, if such a poly(TU) was insoluble in any typical organic solvent, it could still serve
as a heterogenous catalyst, since the TU groups are easily accessible. For instance, Pedrosa et al.
showed that a heterogenous, chitosan-based bifunctional poly(TU) catalyst bearing the TU groups in
the side chain was inactive in an enantioselective aza-Henry reaction when the TU function is directly
attached to the backbone, while longer spacers resulted in high yields and selectivities.?®” In the
herein envisioned approach, the TU group is located at the end of the side chain and thus, the
activation moiety can be freely chosen from all activation motifs established in chapter 4.2., i.e. the
p-(alkylsulfonyl) aryl and isophthalicacid diester motif without further modification. In addition, the
introduced motifs bear further potential for instance, adjustments in terms of solubility by
introduction of different alkyl chains. Finally, the use of norbornene motifs will result in an unpolar
poly(vinylcyclopentane) backbone, which exhibits typically good solubilities in less polar solvents, like
DCM used generally in TU catalysis.
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Scheme 38: Overview of the approach of poly(TU) synthesis by ROMP of norbornene TUs using room temperature.
Advantages of this approach are highlighted by coloration. The solubility and accessibility of the thiourea group can be
tailored by the tether between the norbornene and the TU function (red sphere). In addition, solubility can be altered by
using different moieties attached to the EWG activating the TU group (blue sphere). The ROMP reactivity can be tuned by
changing from exo norbornenes (starting material, green) to endo ones. Ultimately, an unpolar vinylcylopentane backbone
motif is obtained (pink).

For this project, the focus was set solely on establishing poly(TU) synthesis by ROMP, as a proof of
concept. Thus, the herein used TU monomer 50 (see Table 19) was not synthesized using the AM-3CR
but using typical TU synthesis, since it was less time-consuming. Within this study, exo norbornene
was chosen because it depicted in general the higher reactivity providing smaller reaction times.>%
On the other hand, the 3,5-bis(trifluoromethyl) phenyl group was considered as activation motif,
since it proved its potential for catalytic activity not only in this work (see chapter 4.2.) but also in a
broad range of different reactions and conditions being applied for two decades in thiourea
organocatalysis as the privileged activation group (see chapter 2.4.1.). In addition, the presence of
fluorine atoms in the molecule gave the option of analysis by °F-NMR-spectroscopy.

Thus, TU norbornene50 was synthesized by reacting the respective amine with
3,5-bis(trifluoromethyl)phenyl isothiocyanate in dry DCM at 0 °C under argon and was obtained in a
yield of 73% (overall yield of  the two-step synthesis starting from
cis-5-norbornen-exo-2,3-dicarboxylic acid anhydride was 52%).%° Subsequently, different reaction
conditions were tested for the ROMP, applying typical Grubbs catalysts. The results are summarized
in Table 19:*

The reactions were performed in a Young-NMR-tube to allow determination of the conversion by
'H-NMR-spectroscopy by following the transformation of the double bond of monomer 50 to the one
of polymer 51 (see chapter 6.5.3.1. for details). Typical catalyst-loadings of 5 mol% were applied
initially, aiming for a theoretical degree of polymerization (DP) of 20.22 Use of Grubbs 2" generation
catalyst at room temperature in DCM led to ceasing of the reaction after roughly five hours with an
insufficient conversion of 45%. Switching the solvent to THF, the temperature could be increased to
44 °C, leading to nearly full conversion after two hours (98%). The 3™ generation Grubbs catalyst

20 The synthesis of TU norbornene 50 was performed by Gia Trung Hoang (first step, amin synthesis) during his
practical course (Organisches Praktikum fiir Fortgeschrittene, OC-F) and Alessandro Masini who was a visiting
researcher, under the supervision, planning and evaluation of the author.

21 The screening of conditions for ROMP of TU norbornene 50 depicted in Table 19 was performed by
Alessandro Masini a visiting researcher under the supervision, planning and evaluation of the author.

22 The expected DP at 100% conversion for a living polymerization can be calculated by:
p [M] 0.1 20
" [1] " 0.005
Where [M] is the monomer and [I] the catalyst concentration applied at the beginning of the reaction.%*®
Thereby it is assumed that statistically every catalyst molecule will react with the same amount of monomers.
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yielded slightly lower conversions (94% after two hours). Thus, suitable reaction conditions were
obtained using 2" generation Grubbs catalyst in THF at slightly elevated temperature (44 °C).

Table 19: Screening of the reaction conditions for the ROMP of TU norbornene 50.

5 mol% e —
Grubbs-cat. CFs
N N H/\/\/\NJ\N CF,
H 50 H
— —n
51

catalyst solvent T/°C t/h conversion/%
Grubbs 2™ DCM r.t. 1 36
Grubbs 2™ DCM r.t. 5 44
Grubbs 2™ DCM r.t. o.n. 45
Grubbs 2" THF 44 1 94
Grubbs 2" THF 44 2 98
Grubbs 3™ THF 44 1 90
Grubbs 3™ THF 44 2 94

TU norbornene 50 (63.5 umol) was dissolved in 318 uL DCM (dry, degassed) and a stock solution of the respective catalyst
was prepared (5 mol%, 3.18 umol) in 318 uL DCM (dry, degassed). Both solutions were mixed (final ¢(TU 50)=0.1 M) in a
Young-NMR-tube under argon atmosphere and let stay at the respective temperature for the respective time. r.t.= room
temperature, 0.n.= overnight.

Subsequently, solubility tests were performed to allow further work-up and characterization of the
obtained poly(TU) 51. The reaction applying optimized reaction conditions was quenched with ethyl
vinyl ether and its excess as well as the solvent was removed under reduced pressure.?® It was
assumed that the obtained polymer 51 exhibited a high density of TU functional groups capable of
intra- and intermolecular hydrogen bonding and thus, depicted a low solubility in typical solvents.
Indeed, polar aprotic and protic solvents as well as less polar ones, i.e. DCM, THF, DMSO, DMAc and
HFIP were all incapable of dissolving poly(TU) 51 and thus, no suitable purification method was found
to purify polymer 51 to enable further characterization or investigations.

To address the solubility challenge and to allow analysis by NMR and SEC analysis, lower DPs were
thus targeted by applying higher catalyst loading. In addition, a co-polymerization approach was
envisioned, since a suitable co-monomer increases the solubility as well as the distance between the
TU groups. The later point leads to a decrease of the overall amount of hydrogen bonding between
the polymer chains probably increasing the solubility of the polymers further (see Scheme 39). To
ensure solubility, the already discussed potential benefit of hydrogen bonding among thiourea
groups forming highly catalytical active TU-TU complexes or foldamers with active pockets sites (see

23 As all the monomer is consumed by the ROMP, the respective Grubbs catalyst is attached to the end of the
polymer chain but still active. Side reaction already occurring during the proceeding of the ROMP like
chain-transfer or backbiting reaction, can still take place since they do not depend on the amount of monomer
but on the presence of double bonds. This number does not change during the reaction and the double bonds
present in the polymer differ only in their reactivity towards olefine metathesis which does not mean they are
inert. Thus, the terminal Grubbs moiety is usually quenched or transformed to inhibit further metathesis
reactions. For instance, a common approach is the use of ethyl vinyl ether transforming the catalytically active
Schrock-carbene of the Grubbs-catalyst in a less active/inactive Fischer-carbene.®*!
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chapter 3) was thereby neglected, because the TU group by itself was already expected to exhibit
sufficient catalytical activity. The catalytic potential of monomer 50 was thus investigated by its
application as catalyst in the ring-opening reaction of propylene carbonate 33 with
cyclohexlamine 34, described in detail in chapter 4.2 resulting in an increased conversion of 46%
after 30 minutes.?*

Grubbs cat. =+ W\«Oﬂ=
(0] N (0]

— —nt— —x

54 or 55

6@@

Scheme 39: Overview of the optimized approach of the poly(TU) synthesis by ROMP using a co-polymerization approach
with norbornene 52 or cyclooctane 53 yielding the respective co-polymers 54 and 55.

Thus, norbornene 52 and cyclooctene 53 were chosen as suitable co-monomers, since they were
widely used in ROMPs. Norbornene is highly reactive in a ROMP and the formation of the vinyl
cyclopentane motifs in the backbone decreases the density of the TU functional groups without
introduction of an additional side chain or backbone moiety.% On the other hand, cyclooctene led to
a partly linear aliphatic backbone that might be beneficial for the solubility compared to the aliphatic
cyclic backbone obtained by norbornene derivatives.

Since the characterization by SEC and *H-NMR-analysis was crucial for a detailed investigation of the
obtained polymers, the focus was set on the synthesis of soluble polymers. Therefore, a screening of
different catalyst-loadings and ratios of TU monomer 50 to norbornene 52 or cyclooctene 55 was
conducted and the obtained polymers 54 or 55 were tested in their solubility in THF, DCM, DMSO
and DMAc. THF and DMAc were chosen since they were eluents used for SEC-analysis,* while DCM
and DMSO were chosen as their deuterated pendants were typical solvents for NMR-spectroscopy. In
addition, DCM was often applied for thiourea catalyzed reactions.

In case of the co-polymerization of norbornene 52 and TU 50, the high reactivity of the
norbornene 52 resulted in insoluble polymers if both monomers were dissolved in the reaction
mixture prior to addition of the catalyst. Probably gradient like structures were obtained due to the
large difference in reactivity, yielding first nearly poly(norbornene)s homopolymers that incorporate
subsequently the TU derivatives. Thus, norbornene 52 was added dropwise to the reaction mixture

2 The ring-opening reaction was chosen as suitable reaction since monomer 50 exhibited the
3,5-bis(trifluoromethyl) phenyl activation group like catalyst 27 leading to increased conversion of 64% after 30
minutes. For comparison 3% conversion were obtained without catalyst (see chapter 4.2 for more detail). The
GC-screening of the ring-opening reaction was performed after the protocol established in chapter 4.2 and was
performed by Fabian Schonle (student) who worked as research assistant at the time of this work under the
supervision, planning and evaluation of the author.
25 Under the optimized conditions norbornene was fully converted nearly instantaneously.
26 By the time the screening was performed, the access to the mentioned SEC-instrument using DMAc and
0.3 w% LiBr as eluent was not possible anymore since the instrument was dismounted.
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over the period of one hour immediately after the homo-ROMP of TU norbornene 50 was started by
addition of the Grubbs-catalyst. Thereby, the concentration of norbornene 52 was kept low to
decrease the formation of insoluble domains. The experiments with cyclooctene 53 were performed
by dissolving TU50 and cyclooctene53 in THF, and adding the catalysts, afterwards, as
cyclooctene 53 showed a similar reactivity compared to thiourea norbornene 50.% It is notable that
no Schlenk conditions had to be applied and simple purging of the dissolved starting materials with
argon proved to be sufficient. The results of the solubility test are shown in Table 20 on the example
of the poly(TU norbornene 50-co-cyclooctene 53)s55 (for the results of the poly(TU
norbornene 50-co-norbornene 52)s 54 see chapter 6.5.3.2.):28

Table 20: Qualitative screening of solubility of a series of poly(TU norbornene 50-co-cyclooctene 53)s 55 in DCM, THF, DMSO
and DMAc obtained by ROMP in dependance of the amount of catalyst used and the ratio between monomer 50 and 53.

Grubbs 2™, —™" ”"‘"’N;\/::
+ —_—
40 °C, THF, ') 0
N
O7™N"T0 1h
53
— —In — —x
55
CF,
()- X
NN
% N" N CF3
H H
50
entry | cat.-loading/ | M, teo/ | ratio solubility | solubility solubility solubility
mol% kDa? 50:53 in DCM? | in THF” in DMSO” | in DMAC”

1 10 1.5 1:9 v v - -
2 5 4.3 1:3 - v v -
3 3 7.1 1:3 - v v v
4 3 5.0 1:9 v 4 v v
5 1 21.3 1:3 - v v v
6 1 15.1 1:9 - - v -

The respective ratio of the monomers were dissolved in THF (dry, ¢(TU 50)=0.1 M) and the respective amount of Grubbs 2"
generation catalyst was added. a) Molecular weight of the respective co-polymers 55 were calculated according to their
ratio dependent, averaged monomer molecular weight.?® b) Qualitative determination by naked eye after quenching with
ethyl vinyl ether and removal of its excess as well as the solvent.

27 Using 5mol% of Grubbs 2" generation catalysts in a homo-ROMP of cyclooctene 53 at the optimized
reaction conditions for TU 50 (40 °C, THF) led to a conversion of 96% after 30 minutes, determined by
comparison of the starting material and polymer double bond signals in *H-NMR-spectrum.

28 Synthesis of the series of co-polymers 45 and 55 using norbornene 52 as well as cyclooctene 53, and the
respective solubility tests were performed by Alessandro Masini a visiting researcher under the supervision,
planning and evaluation of the author.

29 Calculation is exemplified by entry 3 in Table 20 using 3 mol% of Grubbs 2" generation catalyst and a ratio of
monomers 50:53 of 1:3. The theoretical Mn was calculated as followed:

M, =DPxM,, () DP = % (D; M,, = xM(50) + yM(53) ()
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A quantitative conversion of the double bonds was observed according to *H-NMR-monitoring after
only one hour. Thus, the TU norbornene 50 was converted more rapidly into a polymer using
co-monomer 54 or 55 (homo-ROMP of TU norbornene 50 resulted in 98% conversion after
two hours, see Table 19). This was explained by the fact that the catalytically active Grubbs motif
attached to the end of the growing co-polymer chain was more reactive when it was directly bound
to the moiety of co-monomer 53 or 53 instead of TU 50 (either due to less steric hindrance or less
coordination of the TU moiety to the catalyst altering its reactivity).

Two clear trends for the co-ROMP of TU 50 and cyclooctene 53 were observed. By increasing the
amount of catalyst, lower DP polymers were obtained exhibiting higher solubility in THF and DCM
(compare e.g. 1 mol%, 3 mol% and 10 mol% catalyst at a ratio of 50:53, 1:9, Table 20, entry 1, 4 and
6). In addition, increasing the ratio of cyclooctene 53 resulted also in smaller, soluble polymers
(compare in Table 20, entry 3 and 4 as well as entry 5 and 6). Furthermore, DMSO and DMAc were
also suitable solvents for some compositions. As the amount of cyclooctene 53 increases and the
molecular weight decreases, their ability to solubilize the polymers was insufficient (see Table 20,
entry 1), probably because of the increasing impact of the unpolar octyl group. Concluding, THF and
DMSO seemed to be the most suitable solvents for further analysis, for instance SEC-analysis and
NMR-characterization after successful purification. The solubility screening of the respective series of
poly(TU norbornene 50-co-norbornene 52)s 54 was performed with the solvents DCM and THF
underlining the obtained results (see chapter 6.5.3.2.).

In a next step, the work-up protocol of the obtained polymers was attempted. Thus, several solvents
were tested as suitable anti-solvent to precipitate the polymers. Methanol and n-hexane were
chosen to test an unpolar and a polar protic organic solvent, while water was tested as well.
However, no precipitation was obtained for the polymers 54 and 55 summarized in Table 20. Further,
purification by DMT-column chromatography proved to be unsuccessful as well.3° To evaluate why
the purification proved to be troublesome, SEC-samples of both series of polymers 54 and 55 were
taken after quenching, and removal of solvent and ethylvinyl ether. An example is depicted in
Figure 12:

Whereas Mav. is the average molecular weight of the monomer unit considering the applied ratio of monomers
x and vy, [I] and [M] are the concentrations of catalyst and the overall amount of double bonds in both

monomers, respectively at the beginning of the reaction. Transferring (I1) and (ll1) into (1) yield:
M

M, = % X (xM(50) + yM(53))

With M(50)=519.51 g mol* and M(53)=110.20 g mol the M is obtained:

1 g
——x (0.25 x 519.51

g
M, = =
™ 0.03 mol

+ 0.75 x 110.20 i) =7084 —
mol mol

30 pMT-column chromatography uses modified silica gel with dimercaptotriazine (DMT), which can be used as
chelator for the Grubbs moiety after quenching with ethyl vinyl ether. Thus, the remaining catalyst is simply
being retained by chelation and the pure polymer can be obtained by flushing the column with a suitable
eluent. In this case DCM was used. This approach could be performed since full conversion was obtained
otherwise the polymer would still be impure consisting residual unreacted monomers.
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Figure 12: SEC-results of the crude reaction mixtures of a ROMP of norbornene TU 50 and a co-monomer. The ratio of the
monomers were 50:52 and 50:53, 1:3 and 3 mol% 2" generation Grubbs catalyst was applied (see Table 20, entry 3 and
Table 33, entry 4). The reaction was performed in THF at 40 °C. The red curve depicts the co-polymer with norbornene 54,
the black one with cyclooctene 55. Note that at around 20 min the solvent peaks are visible and that the exclusion limit of
the column is reached at around 11 min altering the shape of the distribution.

The same trend was observed for all SEC chromatograms: high or low molecular shoulders were
clearly visible, indicating a bimodal distribution for the ROMP of TU norbornene 50 with
norbornene 52 or cyclooctene 53. Three factors were assumed to yield this distribution. First, with
increasing amount of TU functional groups incorporated in the polymer, the polymer chain gets less
soluble and thus, the proceeding in the ROMP is impeded. Second, side reactions like chain-transfer
and backbiting were probably more pronounced in this reaction, since at least one of the three
different double bond species formed in the polymer backbone were prone to react with the Grubbs
catalyst motif of the growing chain ends.?! Third, the TU functionality coordinates to the ruthenium
center of the Grubbs motif, which eventually led to inactivation of some of the catalytical groups as
they become less reactive or cannot be accessed anymore by the sterical hindrance of the coiled
polymer chain. Either one of this points or an interplay of them seemed to be a reasonable
hypothesis for the observed bimodal distribution.

As already mentioned in previous chapters, the aim was not to obtain highly controllable poly(TU)s,
but ones which could be applied as recyclable catalysts. Thus, a different nature of distribution of the

31 Double bond species of the two respective homo adducts of either TU norbornene 50 or the respective
co-monomer can be formed, or the cross metathesis double bond species.
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polymer was in general not an exclusion criterion per se, even if a bimodal shape was observed. As
long as a work-up protocol could be established further investigation regarding the catalytical activity
in a suitable reaction could be performed. However, this was not the case for the approach of
poly(TU) synthesis by ROMP. It can be assumed that the bimodal distribution, even if not
contradicting the actual concept of this work, is disadvantageous for the investigations of a suitable
work-up procedure, since the reaction mixture is more complex in terms of solubility parameters.

To conclude, optimization of reaction conditions for a ROMP of TU norbornene 50 revealed that 2™
generation Grubbs catalysts is a suitable catalyst when applied at slightly elevated temperature
(40 °C) for the conversion of TU-containing norbornenes. Compared to the two previously discussed
approaches (polycondensation and thiol-ene polymerization of an isophthalicacid diester motif), the
polymerization reaction led to nearly full conversion (98%) and thus, proved to be more promising. In
addition, since this approach uses a living-polymerization technique instead of a step-growth
polymerization, also lower conversion would yield polymers theoretically, since the polymer growth
is linear and not exponential.3? Nevertheless, the work-up procedure of the obtained polymers was
not successful, as they proved to be insoluble in any applied solvent. Since the ROMP yielded nearly
full conversion, an alternative approach was conducted, namely the co-polymerization of TU
norbornene 50 with either norbornene 52 or cyclooctene 53. Thus, additional parameters were
unlocked to ultimately tailoring the solubility properties of the final poly(TU)s: i) via the ratio of the
co-monomers, ii) via the solubility properties of the moieties introduced by the co-monomer and iii)
by the difference in the reactivities of the two different double bond species, which could result in
preferred formation of homo or cross bound double bonds depending on the interplay of the two
monomers. Due to the versatile tailorability of this approach, it can be assumed that recyclable
poly(TU)catalysts could be achieved. On the other hand, it has to be underlined that this concept is
very complex at the same time. Further investigations on this approach are expected to be very
elaborate and time-consuming, since only a holistic evaluation of all mentioned parameters seemed
to be a reasonable approach for this concept to obtain sufficient overview and insights. For instance,
choosing the ideal co-monomer would already exhibit a tremendous workload as not only low
molecular weight norbornene derivatives, but also macromolecular ones can be considered for a
ROMP.>* In addition, it might be more promising to evaluate a different spacer for attaching the TU
motif to the norbornene. The maleimide group present in norbornene TU 50, even though allowing a
straightforward synthesis of the monomer, might form additional hydrogen bonds with the TU
groups and thus, decreasing the solubility and the overall flexibility of the TU groups.

Finally, a different synthesis approach for poly(TU)s might be more reasonable considering the
straightforwardness and the time factor. Another concept could be for example the use of a
TU norbornene 50 in a radical polymerization approach using radical starter like AIBN or simple
heating (literature is scarce about the radical polymerization of norbornenes though).>*® While the
final polymer side chains would be identical to the ones described in this approach, the polymer
backbone would not consist of poly(vinylcyclopentane)s, but poly(norbornane)s, which could already
exhibit different solubility properties allowing the establishment of a work-up procedure. Further,
the purification steps are expected to be facilitated by the fact that no quenching step of a catalyst

32 For instance, a step-growth polymerization yields a DP of two at a conversion p of 50% at ideal equimolar
conditions after Carothers equation:
1 1
while a living polymerization applying 5 mol% of catalyst would yield a polymer with a DP of 10 after 50%
conversion of the monomer.
0.5x[M] 05

bp ] 005

10
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and thus, no removal step of a catalyst has to be applied. The applied radical starter would be
attached to the polymer chain end resulting in pure polymer after full conversion. As norbornenes
are widely reported to be utilized in different polymerization techniques, further approaches by
using TU norbornene 50 can be assumed to be based on ATRP, cationic or Ziegler-Natta-like insertion

polymerization.>#5>2
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4.4 More sustainable isothiocyanates

In a next step, the mechanism of the AM-3CR was investigated. Isothiocyanates B were hypothesized
to be the key intermediate in this reaction by C=S double bond formation between an isocyanide and
a polysulfane chain A (see Scheme 40). The reaction proceeding could successfully be blocked using
sterically hindered secondary or tertiary amines. Thus, a more sustainable isothiocyanate synthesis
was established using isocyanide as starting materials that were also accessible in a greener fashion
due to the protocol introduced in chapter 4.1.

This chapter and the associated parts in the experimental part have been published before:

“A more sustainable isothiocyanate synthesis by amine catalyzed sulfurization of isocyanides with
elemental sulfur”-

R. Nickisch, P. Conen, S. M Gabrielsen, M. A. R. Meier, RSC Adv. 2021, 11, 3134-3142.

(The author planned and evaluated the experiments as well as wrote the publication. P. Conen
established the synthesis protocol and synthesized part of the isothiocyanate compound library in his
bachelor thesis®>® and as a research assistant under the supervision of the author. M. Gabrielsen
carried out a major part of the synthesis of the library of isothiocyanate compounds and the
polymerization reactions under supervision of the author.
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Scheme 40: Possible mechanistic pathway of the MCR between isocyanide (black), elemental sulfur (purple) and an amine
(blue), whereby the amine acts as reactant as well as catalyst to form polysulfur chains A. Applying primary or secondary
amines leads to thioureas, while tertiary amines lead to isothiocyanates B. adapted from ref.®

Abstract

Isothiocyanates (ITCs) are typically prepared using amines and highly toxic reagents such as
thiophosgene, its derivatives, or CS,. In this work, an investigation of a multicomponent reaction
(MCR) using isocyanides, elemental sulfur and amines revealed that isocyanides can be converted to
isothiocyanates using sulfur and catalytic amounts of amine bases, especially DBU (down to 2 mol%).
This new catalytic reaction was optimized in terms of sustainability, especially considering benign
solvents such as Cyrene™ or y-butyrolactone (GBL) under moderate heating (40 °C). Purification by
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column chromatography was further optimized to generate less waste by maintaining high purity of
the product. Thus, E-factors as low as 0.989 were achieved and the versatility of this straightforward
procedure was shown by converting 20 different isocyanides under catalytic conditions, while
obtaining moderate to high yields (34—-95%).

Results and discussion
Mechanistic investigation of sulfur activation

We initially evaluated the reactivity of various amines in the reaction of a model isocyanide
(n-dodecyl isocyanide 3) with elemental sulfur by reacting them in stoichiometric amounts in a
suspension of DMSO, while monitoring the formation of the respective ITC 41 (see Table 21, entries
1-6). In every case, the instant formation of the polysulfane chains was visible, since the reaction
mixture turned dark brown (same color change was observed in literature)!®!>® as soon as the base
was added. As the reaction proceeded, the consumption of the suspended sulfur was also visually
observed. GC monitoring of the test reactions revealed that equimolar amounts
1,8-diazabicyclo[5.4.0Jundec-7-en (DBU) or 1,5,7-triazabicyclo[4.4.0]dec-5-en (TBD) led to
guantitative conversion after 2 hours of reaction time (see Table 21, entries 3 and 6, respectively).
Nucleophilic aromatic amines, like N,N-dimethylamino pyridine (DMAP) and N-methyl imidazole
(NMI), were less efficient, both resulting in 38% of conversion, which was attributed to their lower
basicity. In general, steric hindrance was deemed less important for the formation of the polysulfane
chains, since the conversion of isocyanide 3 was observed using the sterically hindered triethylamine
(TEA) and 1,4-diazabicyclo[2.2.2]octane (DABCO) were also high, 76% and 84%, respectively. Taking
into account the basicity of the evaluated amines (see Table 21, entries 1-6), it was noted that the
most basic amine (TBD) led to the highest conversion, which is consistent with previous reports in
which elemental sulfur was activated by strong bases like NaH** or K2C03.1>® However, DABCO,
exhibiting the second lowest pKa-value, also showed good performance. Assuming both tertiary
amine groups of DABCO are able to activate sulfur in this reaction, the amount of active groups
present is doubled compared to the other bases, which might lead to higher conversions in this case.
These results show that not only basicity defines the reactivity of the applied amine base, albeit a
certain degree of basicity is certainly crucial to activate elemental sulfur. In a second step, we sought
to apply the two best performing amines, i.e. DBU and TBD, in a sub-stoichiometric/catalytic amount,
as no side products were detected, while monitoring the reaction with GC (see Table 21, entries
7-10). As a highly remarkable result, 10 mol% of DBU or TBD were able to convert isocyanide 3 after
22 hours at room temperature with high conversion (67% or 69%, respectively) and the
corresponding ITC 41 was obtained. DBU showed better results, i.e. 57% conversion after only two
hours, compared to 36% conversion for TBD after the same time.

Optimization of the reaction conditions

Having identified two amine bases (TBD and DBU) that can be applied in substoichiometric amounts,
we optimized the reaction conditions addressing as many of the Twelve Principles of Green
Chemistry?® as possible and further minimized the E-factor®® (not yet taking the purification steps
into account). Initially, when screening the reaction temperature, higher conversions were obtained
at higher temperatures, but in the context of sustainability a less energy-consuming procedure is
desired and we thus considered moderate temperatures (40 °C) for further experiments. Next, we
altered the solvents focusing on greener alternatives for commonly used solvents according to

61,505,554

solvent selection guides (for the complete screening, see chapter 6.6.1.).
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Table 21: GC-screening of various amine bases (bold) for the activation of elemental sulfur, leading to the formation of
n-dodecylisothiocyanate 41.

Sg
WNC e \M/\NCS

10 DMSO, r.t. 10

3 41
entry | amine (pK.-value in H,0) eq. of amine base | reaction time/h Conversion/%?
1 DMAP (9.2)>* 1.00 2 38
2 NMI (7.1)556 1.00 2 38
3 DBU (11.5)>* 1.00 2 99
4 DABCO (8.9)°% 1.00 2 84
5 TEA (10.7)>7 1.00 2 76
6 TBD (14.5)%8 1.00 2 100
7 DBU 0.10 2 57
8 DBU 0.10 22 67
9 TBD 0.10 2 36
10 TBD 0.10 22 69

a.) 1 mmol of n-dodecyl isocyanide 3 was reacted with elemental sulfur (2.00 eq. of sulfur atoms) and the respective
amount of amine in 1 mL of DMSO at room temperature (r.t.). GC samples were taken after the respective time and
conversions were calculated using biphenyl (0.25 eq.) as internal standard (IS).

A clear trend was observed, ie. polar aprotic solvents like DMSO, GBL and Cyrene™
(dihydrolevoglucosenone) favored product formation, probably due to their ability to dissolve and
stabilize polysulfane chains. Amongst them, Cyrene™ allowed full conversion of isocyanide 3 after
two hours reaction time, while GBL and DMSO also led to high conversions (92 and 85%,
respectively). Both GBL and Cyrene™ are greener alternatives if compared to DMSO and are

%0 respectively), thus

synthesized from renewable resources (butane-1,4-diol** and cellulose,
decreasing the overall environmental impact. However, more volatile compounds would allow an
easier removal and recycling of the solvent. Among the more volatile and sustainable solvents, only
acetone was able to achieve good, yet lower conversions (69%). The contribution of the solvent for
the proceeding of this reaction was further underpinned by testing the reaction in absence of any
solvent, resulting in a low conversion of 8% after 30 minutes (see Table 22, entry 1). To decrease
both reaction time and waste, we increased the concentration of isocyanide 3 up to 6 M in Cyrene™
(see Table 22, entries 2—4), which was the upper limit due to practical reasons (since elemental sulfur
was only partially dissolved at the beginning of the reaction, a certain amount of solvent was needed
to facilitate stirring). Thus, the E-factor could be reduced to 1.12 maintaining full conversion after 30
minutes (see Table 22, entry 4). Furthermore, we decreased the excess of elemental sulfur to 1.12
eq. of sulfur atoms, while maintaining high conversion (98% after 30 minutes). Since 10 mol% of
catalyst performed excellent under the optimized conditions, we then evaluated lower catalyst
loadings of DBU (see Table 23), since (i) higher conversions in less amount of time were obtained in
prior tests and (ii) the stirring of the reaction is facilitated by DBU being a liquid. We note however
that the toxicity of DBU is higher compared to TBD (DBU is labeled with GHS05, while TBD is labelled
as GHS07). As a result of the high concentration of isocyanide 3 in the solvent (6 M), the catalyst
loading of DBU could be further reduced to 1 mol% while still achieving nearly quantitative
conversion after prolonged reaction times of 20 hours. Using 2 mol% of DBU at the same
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concentration of 3 resulted in complete conversion after only four hours. For more diluted reaction
mixtures (c(isocyanide) =2 M), the amount of DBU had to be increased to 5 mol% to obtain full
conversion after four hours, which is still a low catalyst-loading.

Table 22: Optimization of reaction conditions (concentration) for the sulfurization of isocyanide 3 via GC-screening to
decrease the E-factor

Sg
10 mol% TBD

™ e

T >nes
10

10 CyreneTM, 40 °C
3 41
entry solvent c/M? conversion/%" E-factor®
1 - - 6.7 16.9
2 Cyrene™ 1.0 85 5.71
3 Cyrene™ 2.0 99 2.95
4 Cyrene™ 4.0 100 1.58
5 Cyrene™ 6.0 100 1.12

a) Concentration of isocyanide 3 in the solvent. b) 1.00 mmol of n-dodecylisocyanide 3 was reacted with elemental sulfur
(2.00 eq. of sulfur atoms) and TBD (10 mol%) in the Cyrene™ at 40 °C. GC-samples were taken after 30 minutes of reaction
time and conversions were calculated using biphenyl (0.25 eq.) as IS. c) E-Factor was calculated assuming conversion equals
the yield, as no side-reaction was observed, not taking the purification steps into account.

The final optimized reaction conditions are depicted in Scheme 41. We note that when a liquid
isocyanide was used, the conditions were 2 mol% of DBU in 6 M Cyrene™ solution, while for solid
isocyanides 5 mol% of DBU in 2 M Cyrene™ was used, predominantly to facilitate stirring.

Table 23: Optimization of reaction conditions (catalyst loading of DBU, bold) for the sulfurization of isocyanide 3 via
GC-screening.

Sg
X mol% DBU

> ne > nes
10

10 CyreneTM, 40 °C
3 41
entry catalyst-loading/mol% c/Mm? reaction time/h conversion/%"
1 5 2.0 0.5 59
2 5 2.0 4 100
3 2 2.0 0.5 29
4 2 2.0 20 99
5 2 6.0 4 100
6 1 6.0 4 78
7 1 6.0 20 96

a) Concentration of isocyanide 3 in Cyrene™. B) 1.00 mmol of n-dodecylisocyanide 3 was reacted with elemental sulfur
(1.12 eq. of sulfur atoms) and DBU (respective amount) in Cyrene™ at 40 °C. GC-samples were taken after the respective

time and conversions were calculated using biphenyl (0.25 eq.) as IS
Evaluating the scope of the sulfurization of isocyanides

Having the optimized reaction conditions

benzylic as well as aromatic
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in hand, we synthesized
diisothiocyanates to evaluate the substrate scope of our new procedure (see Scheme 41). Aliphatic,
isocyanides were successfully converted to the

several

mono-

respective



Results and Discussion

isothiocyanates. Comparing aliphatic isothiocyanates, steric hindrance was found to have minor
impact on the yield, which varied from 34 to 94%. In the case of aromatic isothiocyanates,
electron-rich and deficient as well as condensed aromatic isocyanides were successfully converted
obtaining yields from 45 to 95%, whereby no trend related to electron density was observed.
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Scheme 41: Herein synthesized ITCs 41, 56-75 using the new procedure in a 2.5 mmol scale using elemental sulfur (1.12 eq.
of sulfur atoms). If the isocyanide was a liquid at 40 °C, 2 mol% DBU and 417 mL solvent was used, if it was a solid, 5 mol%
DBU and 1.25 mL solvent were used. For each compound, the yield and the reaction time are displayed. The first line
corresponds to the reaction using Cyrene™ as solvent, the second line using GBL. The third line displays the reaction in
Cyrene™ in a 15.5 mmol scale. GC-purities were in general >95% (see chapter 6.6.2). a) GC-purity was not determined (n.d.);
b) pressure vial was used; c) GC-purity of the starting material 4 was 80% and of ITC 63 83%; d) 2.31 mmol isocyanide 65
was used; e) 5 mol% DBU was used; f) 2.00 mmol isocyanide 74 was used; g) starting material was not/less soluble.

In addition, the reaction had a high degree of chemoselectivity, since several functional groups
(double bond (internal), ether (aliphatic and aromatic), thioether (aliphatic), tertiary amine,
p-toluenesulfonyl, ester) were tolerated. However, the carboxylic acid salt 75 (85% purity) could not
be converted, probably due to solubility issues. Considering the tertiary amine of 2-morpholinoethyl
isocyanide 64, an (auto-)catalytic effect might be anticipated, however it was ruled out by
performing the reaction in absence of DBU (no vyield after 3 hours). Since some isocyanide
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compounds are volatile (59), a pressure tube was crucial to obtain the respective product. Besides
Cyrene™, GBL performed very similar as solvent in this reaction, converting isocyanide 3 to ITC41
and thus, we hypothesized that GBL could be a more suitable solvent for some ITCs. Therefore, we
tested six substrates and as a result, better yields were obtained for aromatic ITCs 70 and 72, while
the yield of ITC 61 was lower. Synthesis of ITC 56 in GBL only resulted in minor traces of the product.
Nevertheless, in the case of 69 and 74, Cyrene™ exhibited similar retention time on silica gel and thus
GBL was found to be more feasible for this reaction in the light of fast and more sustainable
purification. These results showed that GBL can be superior to Cyrene™ in some cases, depending on
the applied substrate. Purification of all herein reported compounds was performed by a modified
Blash column chromatography to reduce waste (vide infra). Furthermore, multigram scale reactions
(15.5 mmol) were easily performed, generally resulting in similar or higher yields (i.e. 3, 61, 67 and 70
in Scheme 41). This increased yield was likely due to small amounts of sulfur sticking to the wall of
the reaction flask, which is a negligible effect for larger scale reactions. All herein newly synthesized
compounds were fully characterized by proton and carbon NMR-spectroscopy, IR-spectroscopy and
high-resolution mass spectrometry. Purities of all synthesized ITCs were determined by gas
chromatography (GC) and, for several substrates, elemental analysis (vide infra). Furthermore,
E-factors were calculated for every ITC (see chapter 6.6.2. for characterization, purity and E-factor
data).

Improving sustainability of purification

Purification of ITCs is commonly performed by (flash) column chromatography, thus adding a
considerable amount of waste and resulting in poor E-factors. Therefore, we sought to optimize the
purification procedure as well. Initial attempts to avoid column chromatography by applying several
washing steps of the organic layers led to lower purities. Furthermore, excessive washing with
aqueous layers was needed and thus, column chromatography was the purification method of
choice, resulting in high purity and less waste (GC-purities in general over 95%, see chapter 6.6.2.).
Ultimately, a dry loaded small column (5-8 cm, see Figure 40 in chapter 6.6.2.), similar to a silica plug,
was applied as sole purification step directly at the end of the reaction. The amount of used silica,
solvent and time was therefore minimized. Residual elemental sulfur was thus also removed, as
confirmed by elemental analysis (elemental analysis was performed for several non-volatile ITCs, see
chapter 6.6.2.). To further underpin the high purity of this less waste producing purification, we
performed a polyaddition reaction of diisothiocyanates 58, 59 and 62 with renewable 1,5-diamino
pentane 76 (98% purity) in an equimolar stoichiometry. Since high purities of the monomers, here of
the ITCs, are crucial to obtain high molecular weights via step-growth polymerization, a successfully
polymerization is a good indication of the suitability of this more sustainable purification (see
Scheme 42). In all three cases, high molecular weights (M, of 77-79 were 18.6 kDa, 55.1 kDa and 58.1
kDa, respectively, for SEC-graphs see chapter 6.6.5.) were obtained, proving that this optimized
purification step resulted in excellent purities. However, for compounds 69 and 74, applying a classic
common column chromatography could not be avoided, since the retention time of the substrate
and the solvent were similar to the solvent (vide supra).

Overall sustainability

Combining the herein reported DBU catalyzed sulfurization of isocyanides with elemental sulfur and
the optimized purification step, very low E-factors were obtained and the toxicity of the overall
reaction was minimized by avoiding highly toxic starting materials. This is underpinned by
comparison of the synthesis of compound 70 starting from the respective isocyanide 80 with several
literature known procedures (see Table 24). For a better comparison of the synthesis protocols, we
calculated the E-factor with and without the amount of solvent used (E-factor calculated without
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respect to solvent was herein called synthetic E-factor), since some of these procedures would
decrease their E-factors drastically by conducting the reaction in higher concentrations. Obviously,
the use of a catalyzed reaction, compared to reactions using stoichiometric amounts of reagents,
resulted in lower E-factors. Using the herein reported protocol with Cyrene™ resulted in the lowest
yield of 80%, for which the synthetic E-factor was comparable to that of procedures using transition
metal catalysts offering higher yields (RhH(Phs)s and Mo(O)(S.CNEt;); obtaining 96 and 91%,
respectively). On the other hand, the lowest synthetic E-factor of 0.129 was obtained using our
procedure with GBL as solvent, obtaining an excellent yield as well.

R - N.__N
N N + R
SC cs DMF, r.t. < i g >n
57, 58, 62 76 S S

77 78
79

Scheme 42: Synthesis of polythioureas 77-79 with 1,5-diaminopentane 76 (green) and herein synthesized ITCs 57, 58 and 62
(black).

Table 24: Comparison of sulfurization approaches of isocyanide 70 considering E-factors, energy consumption and
purification methods

Sg
catalyst/reagent
NC NCS
80 70
catalyst/reactant conditions yield/% @ E-factor  E-factor® | purification Ref.
(syn.)?
5 mol% DBU 40°C,4h 95 0.129 3.84 (1) optimized flash | this
cc work?
5 mol% DBU 40°C,4h 80 0.349 5.30 (1) optimized flash | this
cc work?
2.00 eq. NaH 40°C,2h, 85 0.982 20.2 (1) dilution with 143
Ar-atm. EA, (2) filtration,
(3) flash cc
1 mol% RhH(PPhs); | 56 °C,2.5h, @ 96° 0.353 10.4 (1) flash cc 561
Ar.atm.
1 mol% 56°C,2.5h, | 919 0.412 11.0 (1) flash cc 561
Rh(acac)(CH,=CH,), | Ar.atm.
1 mol% 56 °C, 72 h, 91 0.342 2.10 (1) dilution with 562
Mo(O)(S.CNEt;). Ar.atm. petroleum ether,
(2) filtration, (3)
distillation
5 mol% Se, 66 °C,1h 74 2.28 17.0 (1) filtration, (2)  °%
2.40 eq. TEA distillation

a) Synthetic E-factor involving reactants, catalysts and remaining starting material. b) E-Factor taking the used reaction
solvent into account. c) GBL was used as solvent. d) Cyrene™ was used as solvent. e) Reference mentioned that high purity
of isocyanide was very important. cc = column chromatography.
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Taking the solvent into account, the E-factor of our new protocol for the synthesis of 70 remained
very low with 3.84 and 5.30 for GBL and Cyrene™, respectively. Only the procedure reported by
Bargon using a molybdenum catalyst resulted in a lower E-factor of 2.10 due to the use of acetone.
Nevertheless, even lower E-factors, down to 0.989 (for 67), were achieved with our method
converting liquid isocyanides (for an overview of all E-factors see chapter 6.6.2.). In addition, this new
procedure does not require inert atmosphere, while only moderate energy consumption is needed
(40 °C for ca. 4 hours). Comparing the purification methods, we minimized the amount of waste
produced by purification using an optimized flash column chromatography step as sole purification
step. Furthermore, this procedure is metal-free and the overall toxicity of the reaction is minimized
by using catalytic amounts of DBU. Nevertheless, the reader has to be reminded that ITCs intrinsically
bear a certain degree of toxicity, which must be addressed by applying adequate safety measures.

Conclusion

Mechanistic investigations of a MCR between isocyanide, amines and elemental sulfur, leading to
thioureas, confirmed isothiocyanates as intermediates, which could be trapped herein by using
tertiary amines. As a result, a more sustainable synthesis protocol for the sulfurization of isocyanides
towards isothiocyanates was established using DBU as greener catalyst in low loading down to
2 mol% and the green solvents Cyrene™ and GBL. E-Factors down to 0.989 were achieved while
toxicity, energy and time consumption of the reaction was minimized obtaining moderate to
excellent yields. The sulfurization method tolerates several functional groups and is easily applicable
yielding the desired product in high purity. We hope that this procedure can pave the way for
greener syntheses of isothiocyanates starting from the respective isocyanides and further the
formamides and amines.
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4.5 Reaction of activated sulfur with benzhydryl
carbenes-unexpected alkene formation

The experimental parts of this chapter were performed partly by Peter Conen (student), who was a
research assistant under the supervision of the author at the time the experiments were performed.
The respective experiments are highlighted with footnotes.

As discussed already in chapter 2.2.1., activated sulfur was reported to form C=S double bonds with
carbene-like structures, like carbon monoxide or N-heterocyclic carbenes. Further, isocyanides,
which also bear a carbene-like structure, were shown in this work to yield isothiocyanates by C=S
double bond formation (see chapter 4.4.). Only one report was found on the application of similar
reaction approaches for carbenes without a heteroatom bound to the carbene center: Ishii et al.
reported the synthesis of a C=S double bond from a diazo compound attached to a highly restricted
dibenzobarrelene by heating in the presence of sulfur.>®* It was noted that classic approaches, like
thionylation of the respective ketone using Lawesson’s reagent, did not lead to the desired product.
Thus, further investigation on this topic seemed promising to establish a general synthesis procedure
for the formation of thioketones and the Bamford-Stevens reaction was chosen as suitable starting
point for this investigation, which is depicted in Scheme 43.

The reaction allows a defunctionalization of an enolizable ketone group, yielding a double bond.>®®

Thereby the ketone is first transferred to a tosyl or Eschenmoser hydrazone. Upon heating, diazo
compounds are formed using a base or a metal catalyst like rhodium acetate. Under extrusion of
nitrogen, a carbene is formed in aprotic solvents, which yields the product after a [1,2]H-shift.3? If the
starting material allows the formation of more than one alkene as product, the thermodynamically
more stable one is formed. This reaction seemed a promising starting point for further studies, as the
typical alkaline conditions required for the decomposition of the tosylhydrazones in this reaction
seemed to be suitable for the activation of sulfur as well.

Thus, it was hypothesized that performing a Bamford-Stevens reactions, while adding elemental
sulfur to the reaction, would result in polysulfane formation that would attack the carbene
intermediate, resulting in a C=S double bond (see Scheme 43). With this reaction pathway,
thioketones could be obtained without relying on typically toxic and smelly reagents like Lawesson’s
reagent or phosphorus pentasulfide.’®®>% Thioketones are compounds that show exceptional
reactivities, for instance in several cycloaddition reactions (“superdienophiles”).>%8>7%573 However, it
has to be mentioned that the stability of thioketones is very variable and they might decompose.>’*
In addition, they tend to tautomerize to their ene-thiol form, if enolizable thioketones are formed
and they might degrade further due to their intrinsic nucleophilicity. Consequently,
4,4’-dimethoxybenzophenone 81 was chosen as starting material for this study as it had several
advantages. First, the benzhydryl motif would lead to a non-enolizable thioketone, decreasing the
side-reactions that can occur while working with thioketones (see Scheme 43). Second, due to the
utilization of the non-enolizable ketone or tosylhydrazone derivative, respectively, the actual
Bamford-Stevens reaction cannot proceed, as the [1,2]H-shift is not possible. Thus, if this condition
would yield thioketones, no competitive reaction path would be present. This was important, since
the last step of the Bamford-Stevens reaction is an intramolecular H-shift and it was assumed to be
faster than an intermolecular addition reaction between carbene and polysulfane, probably resulting

33 Note that the reaction can also proceed in polar protic solvents without the formation of a carbene.>%°
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in a impeded thioketone formation. Third, electron-rich benzophenone derivatives were reported to
yield stable thioketones and thus could be easier detected and fully characterized.3
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Scheme 43: Overview of the hypothesized modified Bamford-Stevens reaction with elemental sulfur. The reaction pathway
of the classic Bamford Stevens reaction in aprotic solvent is given (top). In addition, the possible thioketone formation in the
presence of sulfur is depicted (mid). Since the thioketones are typically unstable compounds, for instance when enolizable
thiocarbonyl groups are formed, non enolizable aryl ketones (R, R? = aryl) were considered to allow the formation of more
stable thioketones, while the actual defunctionalization reaction is impeded (bottom).

Finally, the methoxy groups of the benzophenone 81 allowed an easy reaction monitoring by
IH-NMR-spectroscopy, as the singlet signal can be easily followed if converted (see also Figure 13).

A first reaction was performed using 4,4’-dimethoxybenzophenone tosylhydrazone 82, which was
obtained in one step from the respective ketone and tosylhydrazide in a yield of 83%.% To the
starting material, two equivalents of sodium hydride and 0.25 equivalents of Sg (corresponding to 2.0
equivalents of sulfur atoms) were added. The compounds were dissolved or suspended in DMSO and
stirred at 130 °C, resulting in the typical dark brown solution indicating polysulfane formation (see
Table 4). Sodium hydride was chosen, since it is typically used for activation of elemental sulfur (see
Table 4), while no higher degree of reactivity is present towards the ketone or aimed thioketone,

34 For instance, thionoxanthone could be stored in our laboratory at -17 °C under argon atmosphere and light
exclusion for more than two weeks without notable impurities forming, as investigated by *H-NMR analysis.
Further, Peter Conen (master student in our working group at the time this thesis was written) independently
investigated from the work or contribution of the author that 4,4’-dimethoxythiobenzophenone showed no
notable degradation for at least three weeks when stored in a brown-glass flask under argon atmosphere at
room temperature.

35 The synthesis was performed by Peter Conen, who was a research assistant at the time of this work under
the supervision, planning and evaluation of the author.
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which could result in side-reactions. After one hour, TLC indicated full conversion of
tosylhydrazone 82 and in addition, a new spot was found exhibiting fluorescence properties when
irradiated at 356 nm with an UV-lamp. Thus, column chromatography seemed reasonable as no
other side products were indicated, allowing an easy separation of the product species 83 from salt
or sulfur remainings of sodium hydride and sulfur, respectively. Interestingly, comparison of the
'H-NMR-spectra of product 83 with the one of 4,4"-dimethoxybenzhydryl tosylhydrazone 82 and the
respective thioketone 84°¢ showed that the chemical shifts were not fitting for either of the
compounds (see Figure 13).

U L | ° 8 -
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Figure 13: 1H-NMR-spectra of 4,4-'dimethoxybenzyhdryl tosylhydrazone 82 (green), the respective thioketone 84 (orange)
and the obtained product 83 (purple) in DMSO-ds. The respective singlet signals of the methoxy groups are highlighted by
“*”_Note that the proton signals of the benzhydryl moiety of the tosylhydrazone 82 are split up, since they have different
chemical surrounding.

All proton signals were shifted strongly towards the highfield, indicating an absence of
electron-withdrawing heteroatoms like nitrogen, oxygen or sulfur (see Figure 13, purple spectrum).
Ultimately, full characterization of the obtained product 83 proved that the coupling product of two
benzhydryl moieties, i.e. the 1,1,2,2-tetra(4-methoxy)phenyl ethylene 83 was obtained (see Figure 13
for structure formula and chapter 6.7.2. for full characterization) with an excellent yield of 92%. This
was further underpinned by comparison with the reported *H-NMR-spectrum of this compound.®’

Since the unexpected formation of the tetraphenyl ethylene derivative seemed to be clearly the main
reaction of this procedure, as underlined by the high vyield, the initial aim of this work was

3¢ The compound was provided by Peter Conen who performed his master thesis at the time this thesis was
written, and the author did not contribute to the synthesis of this compound.
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reevaluated. Thus, in a next step, it was aimed to optimize the reaction condition for the formation
of compound 83, which is depicted in Table X:3’

Table 25: Optimization of the reaction conditions for the alkene formation of tosylhydrazone 82 by base-activated sulfur.

HN\N Sg
I > |
O O T, solvent O O
30 min
o o~ ~0 o

82 83
entry base T/°C solvent eq. of Sg conversion of 82/%
1 NaH 80 DMSO-de 0.28 522
2 NaH 90 DMSO-dg 0.28 70%
3 NaH 100 DMSO-de 0.28 82
4 DBU 100 DMSO-de 0.28 54
5 K,COs3 100 DMSO-d¢? | 0.28 100
6 K2COs3 100 DMF 0.28 68
7 K2COs3 100 GBL 0.28 539
8 K,CO3 100 NMP 0.28 81
9 K,CO3 100 DMSO-de 0.188 97
10 K,COs3 100 DMSO-de 0.15 90
11 K,CO3 100 DMSO-dg 0.138 91

Tosylhydrazone 82 (1.00 eq.) and the respective amount of elemental sulfur were suspended in the respective solvent
(c(82)=0.5 M) and the respective base (1.20 eq.) was added. The reaction mixture was heated at the respective time and a
1H-NMR-sample was taken after 30 minutes. a) 'H-NMR-sample was taken after 4 hours. b) The same conditions at a
concentration of ¢(82)=0.25 and 1.0 M led also to quantitative conversion. c) 1H-NMR-sample was taken after 20 minutes at
higher reaction times additional signals appeared were overlapping with the methoxy group of product 83.

Due to the simple H-NMR-spectra of tosylhydrazone 82 and product 83, the conversion of the
starting material could be monitored by H-NMR-spectroscopy in DMSO-de. Conversion could be
calculated by following the decrease of the methoxy group signals of 82 at 3.83 and 3.75 ppm, and
the increase of the respective methoxy signal of the product 83 at 3.68 ppm. The equivalents of base
was set to 1.20, since at least one equivalent was needed to fully deprotonate the tosyl
hydrazone 82. The reaction benefited from higher temperature, whereas the initial temperature of
130 °C could be reduced to 100 °C still yielding high conversion of 82% after only 30 minutes
(Table 25, entry 3). Lower temperatures gave only insufficient conversion even after elongated
reaction times (see Table 25, entry 1, 2). Subsequently, other typically used bases for the activation
of sulfur, namely DBU and potassium carbonate, were tested. While DBU performed poorly (54%, see
Table 25, entry 4) potassium carbonate led to quantitative conversion after 30 minutes (see Table 25,
entry 5). Having found the ideal base, other solvents, i.e. DMF, GBL and NMP, were tested but DMSO
proved to be superior (compare Table 25, entry 5-8). Finally, the equivalents of Sg molecules were
reduced from 0.28 to 0.138 (corresponding to 2.24 and 1.10 equivalents of sulfur atoms,
respectively), leading to a conversion of 91% (compare Table 25, entry 5, 9-11). It seemed that a
certain amount of excess of sulfur was beneficial for the reaction and thus, the optimized equivalents
of sulfur were chosen to be 0.20 (corresponding to 1.60 eq. of sulfur atoms).

37 The screening of the reaction conditions was performed by Peter Conen who was research assistant by the
time these experiments were performed under the supervision, planning and evaluation of the author.
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To prove that the optimized reaction protocol can yield tetraphenyl ethylene derivatives in high
yields, the synthesis of 83 was repeated leading to quantitative vyield. In addition,
tetraphenylethylene 85 was also synthesized from benzophenonetosylhydrazone obtaining the pure
product in a yield of 97% after column chromatography (see Figure 14).

1
1 OA®
2 1
p
85 water
CDCl,
2
7‘.5 7‘.0 6‘.5 6;.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 6.0
8/ppm

Figure 14: THNMR-spectrum of tetraphenyl ethylene 85 in CDCl; obtained from the reaction with respective tosylhydrazone,
sulfur and potassium carbonate.

Further investigations of the scope of these reactions could not be performed because of time issues.
Nevertheless, the synthesis of the two compounds 83 and 85 showed that the synthesis protocol is a
promising alternative for the double bond formation compared to typical reactions like the McMurry
or the Barton-Kellogg reaction (see Scheme 44). While the McMurry reaction relies on widely
commercially accessible carbonyl functions and the use of titanium trichloride that is reduced by an
additional reagent like LiAlH4, Zn/Cu or Mg to obtain alkenes by homo coupling, the work-up can be
assumed to be challenging due to the presence of the metal salts, often in high excess.>’®>" For
instance, Duan et al. reported the synthesis of tetraphenyl ethylene 85 using a McMurry reaction
obtaining an excellent yield of 92%.5’® Therefore, they applied five equivalents of titanium
tetrachloride and ten equivalents of zinc powder respective to benzophenone in a mixture of THF
and pyridine under reflux and argon atmosphere for six hours, obtaining product 85 after extraction
and subsequent column chromatography. Liu et al. were able to synthesize
4,4’-dimethoxybenzophenone 83 in a yield of 90% using stoichiometric amounts of titanium
tetrachloride and zinc under reflux for two hours in THF and additional pyridine.*”> Product 83 was
isolated by extraction and subsequent recrystallization. Compared to these conditions and the
respective work-up, the herein described method can be more feasible (no Schlenk-conditions,
probably faster work-up) and faster reaction rate (only 30 minutes), giving higher yields (97% and
guantitative for 83 and 85, respectively) as well as generating less waste, while being a metal-free
approach. On the other hand, the Barton-Kellogg reaction uses a thioketone and a diazo compound,
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both very sensitive and noxious starting materials, which have to be prepared beforehand in one or
two steps, respectively.3® The compounds react initially in a [2+3] cycloaddition, vyielding a
1,3,4-thiadiazole, which can undergo extrusion of nitrogen, forming a thiirane.*® In a last step, the
alkene is obtained usually by applying a desulfurization reagent like PPhs. It is thus one of the most
efficient reactions to vyield sterically demanding alkenes by cross coupling of carbonyl
precursors,>81°82

Pro Con
1.00-5.00 eq. TiCl,
o) 2.00-10.0 eq. Zn ATIAF * commercially available <« elaborate work-up due
Ar)kAr reflux, THF/pyridine 5, " starting material to high amou.nt of
2.6 h metal hydroxides
Barton-Kellogg
Ar .
s N, Ar\(/N\\ A S ArA’ PPhg Ar Ar’ o cross coupling * elaborate synthesis
A )kA +A ’AA . S\é\l , A'\/l>L r ‘ and sensitive starting
d roAa r ArAr Ar Ar™ CAr materials
1.20 eq. K,CO
Tos 028 eg SZ 8 Are _Ar  straightforward * only homo coupling so
ANy — - I starting material far
M 100°C,DMSO  Ar” MAr
Ar Ar
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Scheme 44: Comparison of typical reaction conditions of the McMurry and Barton-Kellogg reaction with the herein reported
alkene synthesis from tosylhydrazones. Pro and Cons for each reaction are given to provide a better overview of the
potential of this novel C=C double bond formation.

Compared to the herein investigated double bond formation of tetraphenyl ethylene derivatives,
advantages lie in the more easily accessible and bench-stable starting materials, namely
tosylhydrazones. Moreover, only one step is needed to obtain the final product, while in a
Barton-Kellogg reaction an additional desulfurization step of the obtained thiirane has to be applied
typically (there are also cases reported where the desulfurization reagent can be applied in the same
pot or none has to be applied at all).*87>8 However, a clear disadvantage of the herein established
procedure is the fact that only homo coupling can be performed. Yet, further investigations on the
reaction mechanism have to be performed to shed more light on the proceeding of the reaction. As a
result, it could be possible to obtain alkenes by cross coupling of tosyl hydrazone moieties not relying
on simple alteration of stoichiometry (high excess of one of the two starting materials would
probably lead to challenging purification). For instance, it seemed reasonable that depending on the
mechanism of the reaction that two different tosyl hydrazones might exhibit kinetic selectivity
towards the cross coupled product instead of the two possible homo coupled products. Further, if
isolatable intermediates of this reaction could be determined, the use of tosyl hydrazone and

566-569

38 Typical syntheses of thioketones and diazo compounds®®*®2 for the use of a Barton Kellogg-reactions

are:
Lawesson’s reagent
or 1) N2H2
ﬁ\ P,Ss N JSJ\ ﬁ\ 2)MnO; orNi0, N
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mentioned intermediate could also yield cross coupled alkenes, since the reaction kinetic of
subsequent steps will be altered as a higher concentration of an intermediate is present from the
start (vide infra for a concrete example).

Based on the herein obtained results, combined with the information from the thoroughly
performed literature research conducted in chapter 2.2.1., a tentative mechanism of this reaction is
suggested in Scheme 45. First, the formation of polysulfanes | is assumed, as the optimized reaction
conditions like the substochiometric utilization of a base for the activation of sulfur, as well as the
appearance of a dark brown solution indicated this compound as key intermediates for this reaction.
Simultaneously, the tosyl hydrazone A follows the typical steps for the formation of a diazo
compound B known to take place in the Bamford-Stevens reaction. It is first deprotonated by a base
and subsequently eliminates p-toluenesulfinate to yield diazo compound B. Then, diazo compound B
extrudes nitrogen forming the benzhydryl carbene Il.
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Scheme 45: Tentative mechanism for the formation of tetraphenyl ethylenes P using base-activated sulfur as difunctional
reagent, namely C=S double bond formation with carbene Il and desulfurization of thiirane VI. In theory, no sulfur is
consumed however, it is assumed that a slight excess of sulfur is needed to maintain a fast C=S double bond formation.
Otherwise, the diazo compound B and carbene Il might follow other reaction channels not leading to 1,3,4-thiadiazole IV.
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In a next step, the carbene Il is attacked immediately by the polysulfane I, yielding the thioketone IlI
following the mechanism for a C=S double bond formation, explained thoroughly in chapter 2.2.1.
Thioketones usually exhibit a strong coloration due to their characteristic n-n* transition of the C=S
double bond, absorbing light in the visible area.>’® For instance, the respective thioketones of
tosylhydrazones herein used were reported to be dark blue, an unusual color for organic
compounds.®® Indeed, intense blue coloration was found during column chromatography of
product 83.

In addition, product 83 was obtained as slightly blue solid instead of being colorless,*®® even though
high purity of product 83 was shown by NMR-spectroscopy (see Figure 13) indicating that the
thioketone intermediate Ill seemed reasonable (for pictures see chapter 6.7.1.). As the thioketone Il
is formed, it is in return caught by the diazo compound B, undergoing a Barton-Kellogg reaction
forming the 1,3,4-thiadiazole IV. Then, the reported extrusion of nitrogen takes place under the
elevated temperature forming a sulfur ylide V that undergoes four-electron-electrocyclization
yielding the thiirane VI. Finally, the polysulfane | was assumed to act as a desulfurization reagent by
attacking the sulfur atom of the thiirane VI yielding the alkene P. This step could possibly proceed
either in concerted fashion by retro [1+2] cycloaddition (path A, see Scheme 45) or stepwise under
formation of a carbanion-polysulfane adduct VIl (path B, see Scheme 45).

This reaction pathway might be very complex but reasonable indications are already present as the
formation of the diazo compound and the proceeding of the Barton-Kellogg reaction are reported, as
mentioned above, under similar conditions (elevated temperature, alkaline milieu). In addition, the
dark brown coloration during the reaction and the intense blue coloration during work-up indicate
the presence of polysulfanes and thioketones. Nevertheless, a thorough investigation of suitable test
experiments would shed more light on this mechanism. Several hypothesized intermediates, like
diazo compounds B or thioketones lll, can be accessed by suitable alternative synthesis protocols,
which allows an experimental approach for the mechanism investigation by control experiments.
Since no time was left to further investigate the mechanism, some reasonable control reactions are
presented in the following in Scheme 46, which could clearly identify the mechanism depicted in
Scheme 45.

First it has to be mentioned that the reaction should not take place in the absence of elemental
sulfur (see Scheme 46A). This is an important test reaction because it can also be hypothesized that
the formed carbene Il dimerizes to the product P, following the Wanzlick equilibrium without the
participation of sulfur or polysulfane 1.3 This assumption has been confirmed by the time this thesis
was written.*

Second, the respective diazo compound B applied as starting material in the reaction instead of the
tosylhydrazone A should also yield the alkene P (see Scheme 46B).

39 The Wanzlick equilibrium describes dimerization of two carbene species to form an alkene and was described
for N-heterocyclic carbenes:®3

R R R
! / \
N N N
2= =]
N N N
\ \ /
R R R
4 The control experiment described, namely the reaction of tosylhydrazone A and a base at elevated
temperature in DMSO without addition of elemental sulfur, was performed by Peter Conen in the scope of his

master thesis and was independently investigated from the work or contribution of the author.
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On the other hand, the most crucial control experiment would probably be applying thioketone lll as
starting material for this reaction instead of the tosylhydrazone A (see Scheme 46C). Since no diazo
compound B would be present, no Barton-Kellogg reaction could take place and thus, no product
could be formed.

A D
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Scheme 46: Envisioned control experiments to validate the herein proposed reaction mechanism of the formation of alkene P
by conversion of tosylhydrazones A with base-activated elemental sulfur.

It has to be noted that, assuming this mechanism, deliberate addition of thioketones to a
tosylhydrazone might yield a synthesis protocol for an alkene obtained by cross-coupling. As the
formation of the diazo compound is the first step of reaction sequence converting the
tosylhydrazone, no further or only partial decomposition to the carbene intermediate Il would take
place in this case, since an additional thioketone starting material would immediately react with the
formed diazo compound. Thus, the polysulfane | is not needed for the thioketone formation but is
still relevant for the desulfurization step.

As some 1,3,4-thiadiazoles IV need elevated temperature for the extrusion®® they could also be
synthesized and then tested as starting material for the reaction forming alkenesP (see
Scheme 46D).** This control experiment would clearly underpin the reaction proceeding via a
Barton-Kellogg pathway, since also other formations towards the thiirane could be envisioned like by
mediating of the polysulfane I or via a Biichner-Curtius-Schlotterbeck reaction pathway.*

41 1,3,4-thiadiazoles IV can be obtained by performing a Barton-Kellogg reaction with thioketones Il and diazo
compounds B in the absence of heat and a desulfurization reagent like PPhs (see Scheme 44). Alternatively,
they can be obtained by formation of 1,3,4 thiazolidines from carbonyls, hydrazine and hydrogen sulfide
followed by oxidation for instance with lead(IV) acetate.>®°
42 For instance, the reaction of two carbenes Il with polysulfane I:
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Finally, the respective thiirane V should yield the product under the optimized reaction conditions
(see Scheme 46E).** This would be the second crucial control experiment as it would clearly prove the
participation of activated sulfur as desulfurization reagent, which was not reported before.
Moreover, since this reaction step does not consume the polysulfane I, the conversion of thiirane V
or 1,3,4-thiadiazole (see scheme 46D and E) should be tested also with substoichometric amounts of
sulfur to obtain data about the catalytical character of polysulfane I in this reaction sequence.

In general, the hypothesized pathway for alkene formation by using tosylhydrazones does not
consume sulfur because thioketone formation consumes one sulfur atom, whereas desulfurization
releases one. Still, the screening experiments showed that an excess of sulfur is beneficial, which
might be needed to convert formed carbene intermediates Il fast enough into the thioketones Ill and
thus, maintaining a low carbene concentration in the reaction mixture preventing side reactions like
the Wanzlick-equilibrium.

Furthermore, information about the rate-determining step could be obtained from the
above-mentioned control experiments. Two steps in the hypothesized mechanism are expected to
need elevated temperature, namely the formation of diazo compound B and thiirane V and thus,
could be potentially the rate-determining step. To verify if the diazo compound formation is the one,
control experiment B, if successful, should be performed at lower temperatures (see Scheme 46B).
Similarly, control experiment E using the thiirane V as starting material should be performed at lower
temperatures as well (see Scheme 46 E). Further, using the deprotonated tosyhydrazone A, diazo
formation was reported at lower temperature (40 °C) indicating that the deprotonation step might
by the rate-determining step.”®” Thus, the deprotonated tosylhydrazone A should be tested as
starting material for the reaction with sulfur and base at lower temperatures. In addition, deuterated
tosyl hydrazide could be used to investigate the impact of the deprotonation step of A by a base for
the overall reaction kinetic via primary kinetic isotope effect.*

Information about the stereoselectivity, i.e. cis-trans isomerism of the product, could be obtained by
using a suitable starting material like 4-methoxybenzophenone comparing the ratio of the obtained

[ /\R{&Rz R’

A @/S S. ..0 2
RITNR2 * :S és}n base —= -${518>5-TR? R’ R
base S S Q
n” > R -: S/Sés%ns_;base R?

3 /_\.. 1 S R2

—_—
R1JJ\R2 * R1TOR2 R
3 Thiirane V can be obtained by performing a Barton-Kellogg reaction in the absence of a desulfurization
reagent like PPhs (see Scheme 44).5%°
4 Since the mass difference between hydrogen and deuterium is large (deuterium has roughly the doubled
weight) a different kinetic behavior can be observed in a reaction comparing a X-H bond to a X-D bond.®** A
primary kinetic isotope effect describes thereby the direct formation or braking of such bond in the reaction
pathway. In the mentioned reaction, the tosylhydrazone A is deprotonated hence the N-H and N-D bond would
be broken, respectively. Since the N-D bond is stronger the reaction step would proceed slower and comparing
the rates with the N-H bond braking would result in a primary kinetic isotope effect. This effect is rather small
and is usually observed when the respective reaction step is rate-determining or at least contributes majorly to
the overall reaction rate.
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cis- and trans-product. This should be possible by *H-NMR-spectroscopy, since the methoxy groups of
the products should exhibit different chemical shifts.

Indication for the chemoselectivity of this reaction, irrespective to the actual reaction pathway, could
be obtained by the conversion of a ditosylhydrazone, since this would result in a step-growth
polymerization. As a step-growth polymerization reaction only leads to high molecular weight when
the conversion of the respective functional groups is high and selective, insights about the degree of
side reactions could be extracted.*

Suitable analytic instruments further complementing the data that can be obtained out of the
mentioned control experiments would be IR-techniques like ONLINE-IR. Thus, it could be possible to
follow the in situ formation and conversion of intermediates like diazo compounds B as they exhibit
very specific vibrational band.*®

Concluding, a new reaction for the formation of tetraphenyl alkene derivatives was found by homo
coupling of benzophenone tosylhydrazones, harvesting the versatile reactivity of sulfur activated by a
base. The reaction was optimized and shown in a proof of concept on the example of two substrates,
offering high yields while purification with flash column chromatography allowed fast isolation of the
product. The reaction is a promising extension of the toolbox available for chemists to transfer
carbonyl compounds and their derivatives into highly restricted alkenes like the McMurry or the
Barton-Kellogg reaction. Further investigations are needed to fully understand the reaction
mechanisms. For this case, suitable control experiments were suggested. In addition, the scope and
limits of the reaction should be investigated as well. For instance, highly sterically demanding
aliphatic tosylhydrazones, like the respective one obtained from adamantan-2-one, could be suitable
starting materials for the reaction as well.*’ This reaction is envisioned to add a considerable

45 Step-growth polymerization is described by Carothers equation:®3°

1+r
bP = 1+r—2pt
While DP is the degree of polymerization, p the conversion and r the ratio between the functional group A and
B forming the polymer backbone, whereas r < 1. For instance, in a polycondensation of a dicarboxylic acid and
a diol, functional group A would be the carboxylic acid and functional group B the hydroxy group.
In case of the up mentioned reaction the respective functional groups would be the diazo compound B and the
thioketone Il that react in a poly-Barton-Kellogg reaction of an AB-monomer:

Tos Tos 0.56 Sg R R
| |
HN. _NH 2.40 base N S
' Yot
R R
R)\OJ\R 100 °C, DMSO

formal
AB-monomer

The Carothers equation describes an exponential growth for the DP and is maximal if the conversion p is

guantitative and the ratio of functional groups r is one, meaning equimolar ratio of the functional groups are

applied. This means for the up-mentioned reaction that the Barton-Kellogg reaction has to be very fast

compared to the conversion of the diazo compound to the thioketone since pseudo equimolarity of the

functional group would be obtained.

4 For instance, the diazo compound from tosylhydrazone 82 is reported to exhibit a specific vibrational band at

around 2028 cm™ that can be probably related to the diazomethane group.®%?

47 |n case of an adamantyl motif, the thioketone intermediate could be kinetically stabilized by sterical

hindrance while enolization is impeded as well due to the intrinsic stereoelectronic of the bridgehead atoms

described by Bredt’s rule:®* The conformation of a bridged multi-cyclic aliphatic system like an adamantyl

scaffold depicts low overlap of its bridge headed sp3-orbital of the C-H bond with an adjacent p-orbital. This

p-orbital can for instance be present due to a carbonyl function and thus, enolization is impeded. This effect
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contribution to the ongoing investigations on the topic of activation of sulfur by a base, increasing
the potential application of polysulfane intermediates, while delivering important mechanistic
insights. More generally, a new and efficient protocol for the synthesis of tetrasubstituted olefins
describes an important contribution to general organic synthesis.

decreases with increasing ring size as the ring strain decreases as well and enolization is possible again for
bigger rings.64¢
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4.6 Polythisemicarbazones

The scope of the AM-3CR was extended in this work by using hydrazine monohydrate as the amine
component yielding thiosemicarbazides as shown in chapter 4.2. on compound 19. These
thiosemicarbazides form imine groups with carbonyl groups such as aldehyde groups leading to
thiosemicarbazones. Since the literature about poly(thiosemicarbazone)s was scarce, a possible
step-growth polymerization approach between dialdehydes and dithiosemicarbazides, which has not
been applied yet, was envisioned to access novel sulfur-containing polymers.

This chapter and the associated parts in the experimental part have been published before:
“Polythiosemicarbazones by condensation of dithiosemicarbazides and dialdehydes”-
R. Nickisch, P. Conen, M. A. R. Meier, RSC Macromolecules. 2022, 55, 3267-3275.

(The author planned and evaluated the experiments, wrote the publication, established all synthesis
protocols synthesizing all polymers and aldehydes. P. Conen contributed to this work as a research
assistant by synthesizing the respective dithiosemicarbazides and performing the SEC-screening to
optimize the polymer synthesis under the supervision of the author.

Abstract

An easy access to thermoplastic polythiosemicarbazones (polyTSCs) is presented by condensation of
dithiosemicarbazides and aromatic dialdehydes, yielding eight polyTSCs and five co-polyTSCs,
exhibiting Mns up to 38 kDa in good yields (58-93%). The polymerization proceeds at room
temperature and is typically finished after 2-3 h. The monomer scope was investigated, revealing
broad moiety tolerance (aliphatic, cyclic, benzylic, and aromatic groups). Full characterization was
performed by proton and carbon NMR spectroscopy, IR spectroscopy, and size exclusion
chromatography, confirming the anticipated chemical structure of polyTSCs. Thermal analysis of the
polymers showed degradation starting at ~200 °C by decomposition of the TSC function. Glass
transitions were only observed for polymers derived from rigid monomers (162-198 °C). Further
versatility of the reaction was underlined by the synthesis of five copolymers using different
dithiosemicarbazide monomers.

Results and Discussion
Monomer synthesis

While dialdehydes are commercially available, dithiosemicarbazides are not.> Commonly,
procedures rely on the use of isothiocyanates or thiocarbamoyl derivatives and hydrazine
monohydrate, all of which are noxious themselves or require highly toxic reagents like thiophosgene
and carbon disulfide.*0%530585591 Tg ayoid such reagents as far as possible, we used a
multicomponent reaction introduced by Al-Mourabit et al. using isocyanide, amine, and elemental
sulfur, which forms the isothiocyanate in situ ultimately forming a thiourea.’® We have recently
shown that hydrazine monohydrate can be used as an amine component in this multicomponent
approach to obtain the thiosemicarbazide function (see chapter 4.2 compound 19).>°2 We could not
avoid using hydrazine, but we were able to obtain reasonable to good yields using this procedure for
the monomers 86-90 (55-87%).° It is noteworthy that the applied approach for the isocyanide
synthesis is an easy two-step synthesis protocol, which can be performed in a sustainable manner for
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aliphatic derivatives, leaving hydrazine as the only major toxic burden.?® Thus, the monomers can be
obtained quickly in three steps with good overall yields (see Scheme 6.8.6.). The monomers bear a
nucleophilic NH, group, which can react readily with suitable electrophiles, herein aromatic
dialdehyde monomers.>® To evaluate the influence of different monomer structures on this
polycondensation reaction, five dithiosemicarbazides 86-90 were synthesized bearing short and long
aliphatic chains, an aliphatic cycle, and benzylic as well as phenylic moieties (see Scheme 47).
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Scheme 47: Overview of the herein investigated step-growth approach between dithiosemicarbazides and dialdehydes.
Moieties that can be introduced by the herein introduced approach using dithiosemicarbazide monomers 86-90 are
indicated by the black sphere and aldehyde moieties by the gray ellipsoid.

The aliphatic monomers 86-89 were bench-stable, but benzene thiosemicarbazide 90 underwent
rapid decomposition in solution, probably due to the phenyl group activating the electrophilic center
of the thiosemicarbazide group, leading to an attack of the free NH, group (see chapter 6.8.7.).
Consequently, no polymers could be obtained by using monomer 90.

Optimization of Polymerization Conditions

As a test substrate for polymerizations, monomer 86 was reacted with terephthaldehyde 91 applying
typical reaction conditions for the synthesis of low molecular weight TSCs (ethanol at 100 °C). A
polymer was obtained after 2 h, as confirmed by SEC, with an Mn of 12 kDa and a dispersity of 1.73.
Subsequently, we optimized the reaction conditions to obtain higher molecular weights. The most
important observations are summarized in Table 26 (for the full screening results, see chapter 6.8.8.).
Because ethanol was not able to sufficiently dissolve the polymers at an increasing molecular weight,
other more polar aprotic solvents were tested since they were expected to show better solubility.
DMF, DMAc (with addition of 0.3 wt % LiBr), and DMSO led to somewhat higher molecular weights
up to 17 kDa, while maintaining a solution at high concentration (see Table 26, entries 2-5).
Ultimately, DMSO was chosen as the ideal solvent, exhibiting the best solubility, allowing an increase
in concentration up to 1.5 M. However, no higher molecular weights were obtained with the
increased concentration. Performing the same reaction in bulk resulted in very low molecular weight
with high dispersity, underlining the necessity of a suitable solvent for this type of polymerization
(see Table 26, entry 6). In addition, higher temperature (120 °C) impeded the polycondensation,
probably due to oxidation of the aldehyde group and thereby changing the 1:1 ratio of functional
groups required to obtain high molecular weight. Thus, we decreased the temperature to room
temperature. The monomers reacted rapidly to polymers at r.t., reaching an M, of 18.9 kDa after 2 h
(see Table 26, entry 7). The polymer was precipitated into water and dried at 100 °C and 500 mbar,
yielding polymer P1 with an M, of 25.9 kDa and a dispersity of 1.73 (see Table 26, entry 8). The
increase in molecular weight of the final polymer likely arose from an ongoing condensation reaction
during drying at elevated temperatures. Besides SEC measurements, proton and carbon NMR
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spectroscopy as well as IR spectroscopy were performed to confirm the chemical structure of the

polyTSC P1.

Table 26: screening of the polycondensation of monomer 86 and terephthalaldehyde 91.

S S
S S
(0] (0]
HN. I A AL NHe 4 >_©_/< - HJLH»M«HJLH,NM_O_KN
H H 10 H H -2 H0 10

H H H H
86 91 P1 n

entry = solvent c/M? T/°C M,/kDa" M./kDa” | p”
1 EtOH 0.083 100 12.4 21.3 1.73
2 DMF 1.0 90 15.0 324 2.16
3 DMAy 1.0 90 15.5 31.1 2.01
4 DMAy + 0.3w% LiBr 1.0 90 17.1 32.7 1.91
5 DMSO 1.0 90 16.5 34.4 2.08
6 - - 90 2.20 6.00 2.73
7 DMSO 1.5 r.t. 18.9 29.6 1.56
8 DMSO 1.5 r.t. 25.9 45.0 1.73

a) Concentration of monomers 86 and , respectively. b) Determined by SEC using DMAc + 0.3 wt % LiBr as eluent after 2 h of
reaction time. C) After work-up.

Figure 15 depicts the proton and carbon NMR spectra as well as the SEC curve of polymer P1.
Furthermore, a comparison of the proton NMR spectra of the monomers is provided, showing that
the aldehyde signal at 10.13 ppm and the NH; signal of the thiosemicarbazide group at 4.43 ppm
were no longer observed for the polymer, indicating high conversion. Simultaneously, the
characteristic NH signals of the thiosemicarbazone function at 11.49 and 8.54 ppm, and the imine
proton at 8.05 ppm, appear in the polymer spectrum. In the carbon NMR spectrum, the imine carbon
at 141.09 ppm and the thiosemicarbazone carbon (C=S) at 176.82 ppm were observed. Finally, the IR
spectrum of P1 shows the typical v(C=N) vibration at 1530 cm™ and bonds, which can be related to
the participation of the C=S vibration at 1485, 1226, 1096, and 831 cm™1,5%4-5%

Monomer Variation

With the optimized reaction conditions in hand, we investigated the possible scope of monomer
structures. Monomer 87 with C6 spacer reacted with 91 to polyTSC P2 with M, of 13 kDa after 2 h,
allowing full characterization (for further information vide infra). However, because monomers 88
and 89 bear more rigid moieties, showing lower solubility in DMSO, the respective polycondensation
reactions with 91 were considerably impeded. In the case of monomer 89, only oligomers with M, of
1.6 kDa could be obtained, even after an elongated reaction time of 6 h, while monomer 88 led to
insoluble oligomers already after 2 h at lower concentration (SEC measurements after 1 h showed
dimer formation). As oligomer formation was detected in both cases, we were able to react them
further to polymers by applying 100 °C and 500 mbar for 17 h (in both cases oligomers were soluble
in DMSO at 100 °C at first). Preformation of oligomers was crucial, since terephthaldehyde 91
sublimated under these conditions. However, the obtained sterically demanding polyTSCs P3 and P4
were not soluble, neither in DMAc + 0.3 wt % LiBr nor in DMSO, preventing SEC and NMR analysis.
Thus, IR spectroscopy was first used for direct characterization of the chemical structure. In
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Figure 16, a comparison of the IR spectra of polyTSC P4, monomer 89, and 91 is shown exemplarily
(for polyTSC P3, see chapter 6.8.9.).
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Figure 15: (A) Comparison of proton NMR spectra of monomer 86 (top), terephthaldehyde 91 (middle), and polyTSC P1
(bottom) in DMSO-d6. The protons of the aldehyde and thiosemicarbazide groups have vanished (blue and red dashed line).
(B) Carbon NMR spectrum of polyTSC P1 in DMSO-ds. (C) SEC curve of polyTSC P1 in DMAc + 0.3 wt% LiBr after purification.
(D) IR spectrum of polyTSC P1. Adapted with permission from ref.>%” Copyright (2022) American Chemical Society.

The formation of polyTSC P4 is obvious, as the aldehyde function, exhibiting a strong v(C=0)
stretching vibration at 1685 cm™, has nearly vanished in the spectrum of polyTSC P4. The same is
observed for the §(NH,) vibration of medium intensity of the thiosemicarbazide at 1615 cm™, proving
that a considerable degree of polymerization was achieved (the end-group vibrations were of similar
intensities than those of other polyTSCs; see chapter 6.8.10.). Furthermore, the typical bands of the
polyTSC at 1520, 1273, 1100, and 827 cm™, as discussed before, were observed. However, as we
aimed to establish a synthesis protocol of novel polyTSC accompanied by full analysis, the chemical
structure needed to be confirmed besides IR spectroscopy. Thus, we performed two additional tests:
(i) polycondensation of polyTSC P3 and P4 applying an excess of aldehyde 91 to obtain lower
molecular weight and thus, higher solubility in the applied solvents allowing SEC and NMR analysis;
(i) copolymerization of monomers 88 and 89 each with well soluble monomer 86, allowing full
analysis of the respective high molecular weight copolymers containing a considerable amount of the
rigid monomers. By applying an excess of 1.50 equivalents of the dialdehyde 91, we obtained a
soluble oligomer 01 for monomer 89 (see chapter 6.8.11. NMR and SEC data), demonstrating the
formation of polymer P4, while monomer 88 yielded insoluble oligomer 02.

Copolymerization of Rigid Monomers

To further verify the formation of polyTSCs P4 and especially P3, as well as to evaluate the scope of
our established synthesis protocol, an AA-A'A’-BB-type co-polycondensation, using well-soluble
monomer 86 and aldehyde 91, was investigated. Therefore, different ratios of monomer 88 or 89 to
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monomer 86, i.e. 70/30, 50/50, and 30/70, were used, while the amount of dialdehyde 91
corresponded to the overall amount of thiosemicarbazides applied, adjusting equimolarity of both
functional groups.

—— monomer 89
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Figure 16: Comparison of ATR-IR absorbance spectra of monomers 89, 91, and polyTSC P4. The red dashed line corresponds
to the 8(NH,) vibration of the thiosemicarbazide function and the blue dashed line to the v(C=0) vibration of the aldehyde
function. Adapted with permission from ref.>%7 Copyright (2022) American Chemical Society.

Table 27 shows an overview of the obtained molecular weights and dispersities determined by SEC
analyses as well as the yields of all copolymers. The polymers P5-P7 and P8-P11 were in general
obtained in moderate to good vyields (58-84%). A clear trend was observed comparing the
synthesized copolymers: the higher the amount of more soluble monomer 86, the higher the
molecular weight. All three copolymer P5-P7 formed by using monomer 89 could be completely
characterized, as they could be all dissolved yielding molecular weights up to 12.1 kDa. Considering
the four copolymers of monomer 88, P8-P11 showed high dispersities because of a bimodal
distribution, indicating an inhomogeneous polymerization (see Figure 6.8.12.). Nevertheless, by
decreasing the amount of incorporated monomer 88, we obtained a high molecular weight of
30.9 kDa for P11. One of the main aims of these copolycondensations was to provide further proof
that bulkier thiosemicarbazides can form polyTSCs as well. Visual inspection showed that monomers
88 and 89 reacted in an early stage of the co-polymerization, resulting in a homogeneous reaction
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mixture, while only a turbid solution or suspension was observed of the monomers in plain DMSO or
during homopolymerization, respectively.

Table 27: Co-polymerization of rigid monomers 88 and 89 with monomer 86 and terephthaldehyde 91 in different ratios of
the dithiosemicarbazides

co-polyTSC | Monomer feed Monomer M,/kDa? H9 | M./kDa® B¢ | Yield/%®
ratio? composition®

P5 89 to 86 70/30 52:58 5.4 1.61 | 6.2 195 | 74

P6 89 to 86 50/50 56:44 10.1 1.43 | 10.0 1.88 | 59

P7 89 to 86 30/70 30:70 13.2 145 | 121 1.76 | 62

pg) 88t08670/30 - 8.6 13.3 | - - -

p9Y 88 to 86 50/50 - 13.2 7.53 | - - -

P10Y 88 to 86 30/70 29:71 20.4 6.64 | 22.4 5.53 | 58

P11 88 to 86 10/90 9:91 22.0 1.40 | 30.9 1.43 | 84

a) The amount of 91 was equal to the total amount of both thiosemicarbazides. DMSO, r.t., 3 h. b) Determined by 'H NMR,
as far as possible; see chapter 6.8.5. c) SEC sample taken out of reaction mixture. d) The polymer was not completely
soluble in the eluent (DMAc + 0.3 wt % LiBr); however, an SEC sample was prepared of the soluble part. e) Value
corresponds to the purified polymer.

Furthermore, proton as well as carbon NMR spectroscopy and IR spectroscopy were performed.
Figure 17 depicts the comparison of co-polyTSC P7 and polyTSC P1 exemplarily, evidencing the
successful incorporation of monomer 89 into the polymer backbone. The signals of polymer P1 are
clearly present in the NMR spectrum of P7. In addition, the respective signals arising from monomer
89 are visible (e.g. at 7.31 and 4.82 ppm). Furthermore, the ratio of incorporated monomer 88 or 89
to 86 could be determined by proton NMR, comparing two significant signals of each
dithiosemicarbazide moiety. The observed ratios fitted well to the theoretical ratios used in the
respective reactions (for P10 with the 30/70 monomer ratio, NMR revealed a ratio of 29/71; see
chapter 6.8.9. for respective copolymers). In the case of P5, a ratio of 52:48 was obtained which was
addressed to the high amount of bulky monomer 89 probably leading to a deviation of the measured
ratio due to restricted diffusion as well as solubility issues. These results underline the broad scope of
this polycondensation reaction as it can be used for copolycondensation reactions adjusting a certain
ratio of at least two different thiosemicarbazides precisely. Importantly, the copolymer
characterization confirmed the results of the IR spectra, and the excess test of oligoTSC O1 and 02,
clearly verifying the tolerance of this reaction toward various moieties, i.e. aliphatic chains and cycles
as well as benzylic moieties, introduced by dithiosemicarbazide monomers.

Scope of Dialdehydes

After having evaluated the scope of the dithiosemicarbazide monomers, we investigated the scope of
dialdehyde monomers. Aldehyde functional groups tend to oxidize under air or undergo aldol
addition and condensation reactions, if enolizable; nevertheless, there are several bench-stable
aromatic dialdehydes accessible.’® Such side reactions were indeed observed for aliphatic
aldehydes, which were thus not further considered as suitable monomers. Thus, commercially
available biphenyl-4,4’-dicarboxaldehyde 92 and 4,4'-(ethyne-1,2-diyl)dibenzaldehyde 93 were
investigated. Because we wanted to obtain full characterization of the polyTSCs formed to clearly
evaluate the scope of dialdehydes and to underline the potential of this reaction, we chose to react
the aldehydes with monomers 86 and 87, which yielded soluble polyTSC with aldehyde 91. An
overview of all obtained soluble polyTSCs P1, P2 and P12-15 is given in Table 28. While P1 and P2
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were formed rapidly at room temperature after 2 h, P12-15 had to be further reacted at 100 °C and
500 mbar for 17 h before reaching higher molecular weights.
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Figure 17: Comparisons of proton NMR spectra of P7 (black) and P1 (green) in DMSO-ds (signal at 3.33 ppm is water). The
signals arising from the P1 domain (green colored in the structural formula) in the copolymer correspond to the respective
signals of polyTSC P1. Signals arising from end-groups are marked with an asterisk (#).Adapted with permission from ref.5%7
Copyright (2022) American Chemical Society.

Furthermore, the polymers had precipitated after completion of the reaction, and thus, an additional
amount of DMSO was applied to redissolve them before following the before-mentioned work-up.
Generally, all studied aldehydes polymerized well, thus significantly increasing the possible monomer
scope. Interestingly, aldehyde 93 yielded the polymers with the highest M,s. In general, good yields
ranging from 74 to 93% were obtained by this polycondensation (quantitative yields were obtained
for P3 and P4). The loss in yield for some polymers could be related to (i) partial solubility of
oligomers (especially when low molecular weights were obtained, i.e. P6 and P7) and (ii) loss after
filtration. The second issue was negligible applying larger reaction scale (1 g batch reactions were
applied for polymers P1 and P12, resulting in a yield of 98 and 92%, respectively; see chapter 6.8.5.).
In the case of P12-15, proton NMR spectroscopy revealed that the polymers still contained a residual
amount of DMSO; the largest amount, however, in P15, was below 4 wt %. Although several
purification methods have been evaluated, washing the polymers with water under reflux is
according to our experiments the most efficient purification method (see chapter 6.8.13. for full
investigation of purification possibilities and overview of purities).
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Table 28: Overview of the molecular weight, dispersity, and yield of polyTSCs P1, P2, and P12-15 obtained by using different
dialdehydes. Adapted with permission from ref.>%” Copyright (2022) American Chemical Society.

monomer BB
O | OO | S-O—=0<
H H | H H | H o H
monomer AA o1 92 93
P1 P12 P14
s s M,=25.9 kDa M,=17.0 kDa M,=38.1 kDa
M.,,=45.0 kDa M.,,=30.8kDa M=91.9 kDa
HZN\NJ’LNMNJJ\N’NHQ D_l 7 - -
H H 1o H H =1.73 D=1.81 D=2.41
86 84% 87% 93%
P2 P13 P15
s s M,=13.2 kDa M,=16.8 kDa M,=33.7 kDa
Mw=24.1 kDa M.,,=28.0 kDa M,=76.7 kDa
oy Sy oy p=1.83 p=1.67 p=2.27
H H 4 H H =1 =1. =2.
87 90% 90% 74%

Thermal Properties and pH Resistance of PolyTSCs

TGA experiments under nitrogen flow were conducted (see Table 29 and Supporting Information TGA
curves of the respective polymer), revealing a clear trend: all polymers show a first decomposition
step starting between 203 and 245 °C, resulting in a weight loss of ca. 5-26%. For polymers P12-14, a
second decomposition step arises at slightly higher temperatures at 234-290 °C accompanied by a
similar weight loss. Final decomposition started at 340-403 °C for all (co-)polymers except for P3
(major decomposition step starts at 290 °C). In general, a considerable amount of mass was
conserved after the measurements (up to 37 wt % at 600 °C for P14; for an overview of all
decomposition steps see chapter 6.8.14.). Upon comparison of these results, the TSC functional
group was likely to decompose first, since similar decomposition takes place in all polymers. To test
this hypothesis, the decomposition of 4-methoxybenzaldehyde cyclohexyl TSC was investigated in a
GC-MS measurement applying decomposition conditions (oven temperature 90-300 °C), resulting in
the detection of only cyclohexyl isothiocyanate and 4-methoxybenzonitrile. This indicated an
extrusion of one molecule of ammonia per TSC function. Indeed, ammonia extrusion was also
detected for both decomposition steps by TGA-IR analysis of P1 and P13, which were measured
exemplarily (see chapter 6.8.15.). Contrarily, the corresponding diisothiocyanates and dinitriles,
albeit being gaseous at the respective temperature, were not observed. The decomposition to the
diisothiocyanate and dinitrile would result in quantitative weight loss, which does not match to the
further degradation steps in TGA investigations.

Having the decomposition temperatures of all polymers in hand, we performed DSC analysis (see
Table 29 and chapter 6.8.5. for DSC curves of respective polymer). Most of the polymers exhibited no
phase transitions, underlining the strong supramolecular interactions present between the polymer
chains, e.g. hydrogen bonding by the TSC groups. PolyTSC P12 showed the lowest T; at 166 °C,
probably because of the more sterically demanding biphenyl group, impeding these intermolecular
interactions. The use of a shorter spacer in P13 seemed to increase the T, to an extent that the
decomposition temperature is reached first. Furthermore, P2 exhibited a T, at 198 °C whereas P1,
bearing the longer spacer moiety, showed no T; at all. For both series of copolymers, the same trend
could be extracted: by decreasing the amount of the bulky monomers 88 and 89, T,s were observed
(P7 and P11 showed Tgs at 166 and 162 °C, respectively; note that P5, albeit containing the largest
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amount of bulky monomer 89, has a lower experimentally determined content than P6; see also
above).

Table 29: Overview of thermal properties of all synthesized polymers, i.e., Tgs Obtained by DSC and decomposition
temperatures as well as residual weight by TGA analysis.

polymer | T./°C 1%t decomp./°C | 2" decomp./°C | 3" decomp./°C | residual weight/w%

P1 - 228 403 - 15
P2 198 228 382 - 21
P3 - 224 290 - 24
P4 - 245 340 - 36
P5 182 237 360 - 34
P6 - 236 378 - 21
P7 166 238 391 - 15
P10 - 237 401 - 20
P11 162 234 399 - 13
P12 166 219 285 382 24
P13 - 226 290 369 30
P14 - 203 234 396 37
P15 - 224 380 - 33

The related homopolymers P1, P3, and P4 did not show thermal transitions. Concluding, polyTSCs
start decomposing at around 200 °C, bearing no T in general as the decomposition temperature is
reached first. However, by implementing more rigid groups, polyTSCs with a high T; can be obtained
and tailored. The stability of polyTSCs was determined qualitatively by applying aqueous acidic and
basic conditions for polymer P1 (pH = 0 and 14, respectively), as hydrolysis might be expected,
especially under acidic conditions. Interestingly, proton NMR analysis showed no degradation after
24 h, even when elevated temperature (50 °C) and sonification were applied (see chapter 6.8.16.).

Conclusion

Using dithiosemicarbazides and aromatic dialdehydes, polythiosemicarbazones (polyTSCs) could be
obtained via polycondensation, reaching high molecular weights (M, up to 38 kDa). The synthesis can
be performed at room temperature, while more sterically demanding monomers require elevated
temperatures and reduced pressure. A broad scope of moieties (aliphatic, cyclic, and benzylic) of the
dithiosemicarbazide monomer is tolerated. The formation of eight polyTSCs was proven by full
characterization (proton and carbon NMR spectroscopy, IR spectroscopy, and SEC) of the chemical
structure. In the cases of two insoluble polyTSCs, additional experiments were performed to confirm
the obtained IR data. Moreover, five co-polyTSCs incorporating two different dithiosemicarbazide
monomers were synthesized and fully characterized, which allowed precise adjustment of monomer
ratios as long as the amount of bulky moieties remained below a certain limit. Furthermore, thermal
analysis (TGA and DSC) of the polymers was conducted, revealing that decomposition starts at
around 200 °C in a two- to three-step process under extrusion of ammonia. In general, no T,s were
observed unless more bulky moieties were employed. The obtained co-polyTSCs allowed the
introduction of Tgs by using small amounts of sterically demanding cyclic or benzylic monomers
(Tg=162-182 °C). Finally, this synthesis approach offers easy access to the often-used
thiosemicarbazone functionality in a polymer backbone which is envisioned to be useful to many
subjects of ongoing research as well as paving the way for new applications.
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4.7 Poly(TSC)s derived membranes

In this work, the application of the novel poly(TSC)s introduced in the previous chapter for
membrane formation and further the application of removal of transition metals from a water
stream was investigated. Thus, a brief overview of membranes and their formation by non-solvent
induced phase separation (NIPS) is given to provide the most important information about this
process. Moreover, footnotes provide complementing information about the used analysis
techniques that are uncommon in chemistry.

Membranes are materials that are able to separate particulate matter, colloidal particles,
macromolecules, multicomponent solutions and gas mixtures from a liquid or gaseous stream.>%8°%
Depending on the pore size, different separation mechanisms are in operation for instance by size
exclusion or Donnan exclusion (repulsion of ions by fixed electric charges on the membrane).598600.601
Gas separation on the other hand relies on the solubility and diffusion parameter of gases.®®
Advantages of the utilization of membranes for separation are for instance that i) no phase change is
needed in the process, ii) high selectivity and productivity is obtained and iii) no regeneration of the
sorbent is needed.?®® They are thus used in several chemical, biological and environmental fields like
electrodialysis, hemodialysis and membrane reactors.503604

Membranes can be categorized according to their pore sizes and their respective permeability (water
flux per transmembrane pressure, see Table 29).603:605606 Microfiltration (MF) membranes typically
have a pore size range of roughly 0.1-10 um and are used for instance for concentration of protein
solutions, cell harvesting and clarification of fruit juice, beer and wine at high permeability of over
50 Lm~2hthar™.603807 ytrafiltration (UF) membranes can have pore sizes in the range of 0.5 um-1nm
and a permeability of 10-50 Lm=2h~tbar.603605606 They are used in e.g., pharmaceutical, chemical and
textile industry. Pore sizes smaller than 2 nm are referred to as nanofiltration (NF) or reverse osmosis
membranes (RO) which can be used for desalination of water or removal of micropollutants at low
permeabilities (1.4-12 and 0.05-1.4 Lm~2hbar™, respectively).

Table 30: Types of membrane filtration processes and their respective pore size, pressure and flux range. 93,605,606

membranes pore size pressure/bar permeability/Lm=2h"bar™
MF 10-0.1 um 0.1-2.0 >50

UF 0.5-0.001 pm 1.0-5.0 10-50

NF <2 nm 5.0-20 1.4-12

RO <l nm 10-100 0.05-14

Membranes can be made from ceramics, glass, metals or polymers using several different techniques
like stretching, sintering, track-etching, template-leaching or dip coating.®°*®%® One of the most
common used methods for the formation of asymmetric membranes bearing a thin top layer, which
determines the separation properties and a porous sub-structure, is phase inversion.5036%9
Precipitation of the membrane material and thus formation of the membrane can be achieved in a
dry or a wet state by alteration of several parameters like temperature, solvent concentration by
evaporation, precipitation from the vapor phase, or immersion in a coagulation bath.6*%® Among
these methods, the most used one is the immersion precipitation process, which is also called
non-solvent induced phase separation (NIPS) and was used in this work for the formation of flat
sheet membranes.®%

NIPS was first introduced by Loeb and Sourirajan in the 1960s and allowed the controlled formation
of a membrane from a polymer solution or dispersion (see Figure 18).50%61° Therefore, a solution,
consisting of at least one polymer (in general 15 to 25wt%),°'! one good organic solvent and possibly
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additional additives, is casted on a mechanical support like a glass plate using a casting knife.6%

Subsequently, the mechanical support containing the casted solution is put in a coagulation bath
consisting of a non-solvent that is miscible with the applied solvent of the polymer solution and
possibly additional additives.®%3612613 As 3 result, the solvent of the polymer solution starts to diffuse
into the coagulation bath, while the non-solvent of the coagulation bath diffuses in the polymer
solution layer but to a smaller extent resulting in a shrinkage of the film thickness.®® Thus, the
concentration of the non-solvent in the polymer domain is increased, which ultimately leads to phase
separation, i.e. precipitation of the polymer, forming the final membrane. The precipitation allows
the arrest of the polymer chains from this non-equilibrium process, which determines the obtained
morphology of the membrane. It starts always at the interfacial layer between polymer solution and
coagulation bath and the precipitation front then moves towards the mechanical support until the
polymer is completely precipitated.

The mechanism of the phase separation is spatiotemporal dependent and due to the moving of the
precipitating front and the ongoing solvent-non-solvent exchange, the densities of the polymer layer
are altered, leading to an asymmetric membrane with thin, denser top and porous sublayer. Thereby,
the rate of the precipitation process strongly influences the final morphology of the membrane.®
Fast precipitation generally results in a rapid formation of a finely porous, thin top layer at the
interface of polymer solution and coagulation bath, while macrovoids are formed in the sub-layer,
which often exhibit a finger-like morphology.®** Thus, a porous sub-structure is obtained that leads to
a membrane with a high water flux and low salt rejection.®* Contrarily, a low precipitation rate leads
to slow formation of a top layer at the interface between polymer solution and coagulation bath,
resulting in a denser, sponge-like morphology of the membrane exhibiting a very dense top layer.5%
Low water fluxes and high salt rejections are thus common for such membranes.%*

Several parameters can be altered in a NIPS process to obtain a membrane with a completely
different morphology. For instance, the precipitation process of a polymer strongly depends on the
ternary system applied (polymer, solvent and non-solvent) and thus, the use of a different solvent or
non-solvent will result in different precipitation rate and in a different morphology.®® Further, the
concentration of the respective components of the ternary system as well as the applied
temperature will alter the precipitation. Finally, additives like pore forming agents or surfactants can
be added to the polymer solution, yielding membranes with different morphologies and pore sizes.
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Figure 18: Schematic overview of the NIPS process on the example of forming a porous membrane adapted from ref.%'> The
polymer is first completely dissolved in a suitable solvent and then casted on a solid support using a casting knife. Then, the
polymer film with support is immersed in a coagulation bath consisting of a non-solvent.
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Typical characterization of a membrane is obtained by determination of its water flux J (volume of
water/solution V passed through the membrane per area A and time t) or permeability P (water flux J
per transmembrane pressure Ap), measuring the amount of water passing through a membrane in a
certain amount of time at a certain pressure (see equation 5).6%

] 4 (5)

T Ap AXtXAp
Furthermore, pictures of the top, bottom and cross-section of a membrane by scanning electron
microscopy (SEM) provide valuable information of the morphology of the cross-section, thickness of
the top layer, morphology of top layer and sub-structure and can reveal structural defects. In
addition, atomic force and scanning force microscopy (AFM and SFM) yield similar information, also
providing data on the friction force and surface roughness. Porosity and pore size distribution can be
further determined by porosimetry, porometry or permporometry. Molecular weight cut off
(MWCO) experiments analyzed by SEC-analysis also provide information about the pore size and
which molecular weight is being fully retained.®® Surface charge of the membrane can be
determined by measuring the streaming potential.®Y’ Furthermore, analyses that are also used in
chemistry like IR- and Raman-spectroscopy as well as secondary ion mass spectrometry (SIMS),
transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX),
wavelength-dispersive X-ray spectroscopy (WDS), Auger electron spectroscopy (AES) and X-ray
diffractometry (XRD) are applied to membranes to obtain important information, e.g. about the
elemental composition, chemical structure and chemical state and structural order.5®

Poly(TSC) membranes by NIPS

To obtain membranes from poly(TSC)s by NIPS, poly(TSC) P1 was chosen since it offered the highest
solubility in DMSO and NMP. Thus, polymer solutions (5 g) with different weight-percentages of P1
(up to 20 wt% of polymer) were prepared in DMSO and NMP, and roughly half of the solution was
used to cast a polymer film on a glass plate with a casting knife having a gap of 400 um.
Subsequently, the polymer film and the support were immersed in a coagulation bath consisting of
Milli-Q® water (1 L), forming the final membrane. The obtained membranes were washed several
times with water and their permeability was tested in a dead-end configuration using an Amicon cell
set-up (for detailed information about the set-up see chapter 6.9.2.). A summary of the respective
permeabilities of the obtained poly(TSC) P1 membranes is depicted in Figure 19:
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Figure 19: Summary of membranes obtained by NIPS from polyTSC P1 solutions in DMSO (left, blue bars) and NMP (skin
color bars) at different weight percentages. In addition, their permeabilities and their respective error margins are depicted
which were obtained by measuring at least two different samples.
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In general, a fast precipitation (usually <1-5 s) of the polymer was observed. Comparing the series of
membranes prepared with DMSO and NMP, an expected trend is visible: with increasing
weight-percentage of polymer content in the solution, denser membranes and thus, lower
permeabilities were obtained. Using a 20wt% DMSO solution of polymer P1 resulted in a low
permeability of 0.3 Lm2h7’bar™, while decreasing the polymer content to 15wt% yielded a
permeability of roughly 29 Lm~2h'bar. Using NMP as solvent for polymer P1 led to similar
permeabilites (32-0.7 Lm~2h~bar™) at lower polymer concentrations (9 to 10wt%) in comparison to
DMSO. Membranes obtained from a polymer solution in NMP with a weight-percentage of the
polymer higher than ten resulted in very dense membranes exhibiting no water permeability at all
(15 and 20wt% polymer solutions were tested till 3 bar of applied pressure, see also below in
Figure 20),* while lower weight-percentages (e.g. 7 and 5wt%) led to defective membranes. In
addition, an uncommonly steep decrease of permeability was observed by increasing the polymer
content by only one percent, namely from nine to ten weight percent. Considering the variability
obtained from these measurements (see error bars), using NMP as a solvent led to considerable
deviations. This was assumed to be a result of the very rapid precipitation in the NIPS process using
NMP as solvent that was, compared to DMSO, even faster, which was assigned to a higher miscibility
of NMP and water. Thus, only slight changes in the execution of the NIPS process, for instance
different amount of time until the polymer film and support were immersed in the coagulation bath
or tilting the support,® could have tremendous impact for the final membrane, leading to the
observed high deviations in permeabilities. On the other hand, using DMSO as solvent led to
reproducible results with the sole exception of the 15.5wt% solution. It has to be noted that
TamiSolv® NxG (N-butyl pyrrolidone) was tested as solvent as well, but brittle membranes were
obtained, which broke immediately.

SEM-analysis of the two series of membrane underlined the observations.® Figure 20 depicts the
SEM images of the membranes obtained by using DMSO as a solvent exemplarily (for SEM-pictures of
the membranes obtained by using NMP, see chapter 6.9.3.).

Dense top layers were obtained in all cases, while the layer was denser as the amount of applied
polymer increased. The sub structure consisted of finger-like macrovoids, and with increasing
amount of polymer used, the polymer domain increased in volume as well.

In the next step, MWCO experiments®! were performed, as most of the membranes were in the
range of UF to NF, which might allow the separation of proteins and micropollutants. Complete

8 The permeability tests were run for at least 24 hours, resulting in no flux.
4 The polymer casting solutions in either DMSO or NMP were found to phase separate also upon standing on
air for a certain amount of time (several minutes), because the solvent exchange with water vapor from the air
was already sufficient to induce precipitation. Since, only small amounts of non-solvent were enough to start
precipitation, it seemed reasonable that a delay in the immersion of the casted polymer solution on a support
and thus, longer solvent-non-solvent exchange with moist air could alter the final morphology of the
membrane. Further, by tilting the support upon immersion, one part of the polymer film starts to phase
separate earlier and thus, an additional precipitation front is formed, which moves not towards the support but
towards the other side of the polymer film. Since the precipitation process is very fast, the impact of the
induced, second precipitation front can be assumed to strongly influence the final morphology of the
membrane.
50 All SEM-pictures were taken by M. Irshad Baig, post-doctoral scientific researcher in the working group of
Prof. de Vos at the University of Twente (Netherlands). The author evaluated the obtained data.
51 MWCO is tested by pumping an aqueous solution of dissolved compounds with known molecular weight (e.g.
PEGs or dextranes) through the respective membrane collecting the permeate and the retentate. SEC-analysis
of the samples as well as the sample of the respective feed solution allows the evaluation of the MWCO by
comparison of the SEC-traces. Usually, a constrained growth curve is obtained with a maximum of 100%
rejection. The MWCO is thereby determined as the point where 90% of a sample compound is being rejected.
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rejection of Bovine Serum Albumin (BSA, 66.5 kDa) was found for the membranes obtained using
15wt% P1 and DMSO. The membrane made from a 16wt% solution of P1 in DMSO was further tested
for retention of smaller molecules with a mixture of PEGs (0.2-4 kDa, see chapter 6.9.5.), depicting an
incomplete rejection of 80%.

w% P1
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Figure 20: SEM-images of the membranes obtained using different weight-percentages of poly(TSC) P1 in DMSO as solvent.
Top and cross sections as well as zoom-ins of the cross sections are depicted.

In addition, the same membrane was applied for salt rejection tests®? with NaCl, Na,SO; and MgCl,
since the permeability of roughly 4 Lm=h tbar™ was in the range of pore sizes which can separate
salts by Donnan exclusion (such as NF membranes). However, no rejection was found and thus,
streaming potential measurements were performed to obtain insights about the surface net charge
density o of the membrane.>?

The membrane depicted a reasonable negative charge density (0°=-37.8 mV) that should allow the
rejection of anions if the conditions for Donnan exclusion are given, i.e. pore sizes in the region of NF
and no defects. This result was reasonable, since the poly(TSC) group exhibits an acidic proton
attached to the hydrazide moiety of the TSC-group (chemical shift of the respective proton in a
'H-NMR-spectrum in DMSO-ds was 11.50 ppm,>* see also Scheme 48).

52 Similar to the MWCO test, an aqueous solution containing the respective salt is pumped through the
respective membrane and the permeate and retentate are collected. Comparing the conductivity of the
samples and the feed solution yields the rejection of the respective salt since the conductivity shows linear
dependency of the concentration of an ion.

53 Streaming potential measurements was performed by the author together with M. Irshad Baig, post-doctoral
scientific researcher in the working group of Prof. de Vos at the University of Twente (Netherlands). The author
evaluated the obtained data.

54 For comparison: an aryl carboxylic acid functionality like in benzoic acid exhibits a chemical shift of
12.96 ppm in DMSO-de.
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Scheme 48: Schematic overview of the deprotonation equilibrium in poly(TSC) P1.

Considering i) the incomplete rejection of the PEG solution, ii) the absence of salt rejection and iii)
the negative charged surface, it was assumed that the membrane (16wt% polymer P1 in DMSO) bore
a certain degree of defects. Thus, smaller PEGs and salt ions cannot be retained, even though the
negatively charged surface would facilitate the rejection in the latter case at small pore sizes. This
was probably a result of the before-mentioned fast precipitation of the membrane in the NIPS
process. Thereby, the polymer chains located in the top layer of the polymer film have nearly no time
to relax and, when being arrested by precipitation, a conformation could be obtained exhibiting high
mechanical stress that will ultimately lead to defects.®® In addition, the sub-structure macro-voids
are significantly close to the top layer and could easily act as stress concentration points near the
surface. Such points where the beginning of a macro-void is very close to the top surface can lead to
rupture and formation of a defect/pin-hole upon application in water pressure.

Water contact angle measurements showed a decent degree of hydrophilicity of the membranes
(angles of 79.9 ° and 52.1 ° were obtained in NMP and DMSO, respectively, see also chapter 6.9.5.).%°

To summarize, using DMSO and NMP as solvents and water as a non-solvent for a polymer solution
of P1, membranes via NIPS were obtained depicting permeabilities in the range of UF to RO
(32-0.3 Lm~*h7'bar?, compare Table29). While NMP led to considerable deviation in the
permeabilities, DMSO was a suitable solvent for the membrane formation. Full retention of BSA was
obtained using a 15wt% solution of polymer P1 in DMSO for membrane formation. Furthermore,
streaming potential measurement revealed that a considerable negative surface charge is present
due to the intrinsic acidity of the poly(TSC)s. Nevertheless, no complete rejection for small molecular
weight compounds (e.g. micropollutants) or salts were obtained as most likely defects were present.
By a thorough optimization of the NIPS process, slower precipitation could possibly be obtained, for
instance by using a mixture of DMSO or NMP with water as non-solvent, instead of pure water. This
might allow the formation of defect-free poly(TSC) membranes and could further lead to the
application in the separation of micropollutants and salts.

Application of poly(TSC) membranes in the removal of transition metals

Compared to the separation of salts with membranes by Donnan exclusion in the NF-regime at low
permeabilities (1.4-12 Lm~2h tbar™, see Table 29), the removal of salts by complexation bears some
advantages, since higher flux rates can be maintained as the separation process does not need small
pore sizes relaying on a complexation sieving mechanism (for instance, permeabilities of 180 to
467 Lm~2h7lbar™ were reported with quantitative removal of metals).%?®%1° However, on the other
hand it is challenging to find a suitable polymer capable of sufficient complexation with metals, while
delivering mechanically stability to allow application in a membrane process.??® The TSC-group
exhibits in general a strong affinity to several transition metal ions like Cu, Zn, Au, Hg and Ni via
several different anionic and neutral binding modes.>** These complexation reactions are reported to

55 All water contact angle measurements were performed by M. Irshad Baig, post-doctoral scientific researcher
in the working group of Prof. de Vos at the University of Twente (Netherlands). The author evaluated the
obtained data.
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already take place at room temperatures for several examples.®?522 Furthermore, similar functional
groups, like thioureas and thiosemicarbazides, are known to remove metal ions like Au or Hg with
high sensitivities and selectivities from aqueous solutions.’®%¢18 Thus, it was envisioned to use the
obtained poly(TSC) membranes for the removal of transition metal ions from an aqueous solution
(see Figure 21).

polluted water
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Figure 21: Envisioned water purification using poly(TSC) P1 membrane. Besides size separation (depicted by the bigger black
spheres not able to pass through the membrane), complexation allows the removal of transition metals (blue spheres) as
well, which would otherwise pass through due to their small size. Leaving only the pure water (white spheres) to pass
through the membrane. In addition, the complexation of the metal ions by the TSC-groups is shown exemplarily by a neutral
and anionic chelation on the righthand side.

In a first batch removal experiment, 8 cm? of poly(TSC) P1 membrane made from a 9.5wt% polymer
solution in NMP was immersed in 5 mL of an aqueous solution of 1.25 mM salts.*® Therefore, ZnCl,,
CuCl;*2H,0 and AgNOs; were chosen as suitable test substrates and the membrane was put in the
solution for five days under shaking. Subsequently, a sample was taken from the solution and ion
concentration was determined by ion chromatography. The results are depicted in Table 30:

Table 31: Removal rates of poly(TSC) membrane for ZnCl, CuCl;*2H,0 and AgNO; solutions measured by ion
chromatography.

salt cation-removal/%? | anion-removal/%® | removal rate | active TSC
umol(cation)/cm? | group/%”

ZnCl, 5 0 0.04 0.3

CuCl>*2H,0 23 4 0.18 1.2

AgNO; 45 34 0.45 2.3

a) 8 cm? of poly(TSC) P1 membrane were immersed in 5 mL of an aqueous solution of the respective salt (c(salt)=1.25 mM)
and were shaken for five days at room temperature. b) Value was determined by dividing the amount of removed metal
cation by the amount of used TSC functional groups assuming successful complexation is obtained with one TSC group per
metal ion.

56 8 cm? roughly equaled 25 mg of membrane material and thus depicted a considerable excess of functional
groups which could potentially bind the metal ions:

(TSC) m(P1) 2 25mg 2=112 l
n = X 2= X 2= umo
M(P1) 446.7 19
mmol
Where M(P1) is the mass of the monomer unit while the overall amount of salt was:
mmol

n(salt) = ¢ xV =0.00125 X 5mL = 6.25 uymol
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Nearly no removal of zinc was obtained, while copper ions were removed to an extent of 23%. The
highest removal rate was obtained by using AgNOs3 with 53%. Thus, 0.45 umol of silver ions were
removed per square centimeter of the membrane by complexation of 2.3% of the TSC moieties. Since
not all TSC-groups present in the membrane are accessible for the metal ions, it can be expected that
the percentage of the TSC-groups available for complexation is small. Furthermore, similar values
were reported for membranes, which were applied for metal removal, while also higher values like
15% were reported.®’ Since the highest removal rate was obtained with AgNOs, the kinetic of the
batch adsorption experiment was monitored for membranes made from polymer casting solutions
with different weight-percentages of polymer using DMSO or NMP as solvent (see Figure 22).

Ag*-removal of poly(TSC) membranes NO;-removal of poly(TSC) membranes
55 55
45 » 45
R 35 g 35
\E 25 S 25
2 g
g 15 ¥ 15
o s Q s
< \/ 2
50 20 40 60 80 100 120 50 20 40 60 80 100 120
-15 -15
time/h time/h
——9.5W%NMP 20Ww%NMP 15.5w%DMSO ——9.5Ww%NMP 20Ww%NMP 15.5w%DMSO

Figure 22: Kinetic of the batch removal of AgNO3 by poly(TSC) P1 membranes made from different polymer casting solutions
using DMSO or NMP as solvent. 20 cm? of the respective membrane was put in 20 mL of an aqueous salt solution
(c(AgNO3)=1.25 mM).

Comparing the different membranes, the different morphologies seemed to have a minor impact on
the overall removal rate for the silver ions. On the other hand, the removal of the NOs-ions was more
pronounced for the membrane obtained from a 9.5wt% polymer solution in NMP. The complexation
rate of the silver ions was comparable over times, for instance after one day the membrane made
from 9.5wt% polymer solution in NMP reached a removal rate for silver ions of 18%. Still, by
comparing the removal rates of silver ions for smaller time frames, it can be seen that a certain error
margin is present for the experiment, i.e. negative values obtained after six hours. This was because
the ion chromatography analysis was performed at the lower resolution limit of the respective ion
concentrations.”® For more detailed investigations of the kinetics of the ion removal, different
analysis like inductively coupled plasma optical emission spectroscopy should be applied.5*®
Nevertheless, a clear trend can be obtained in the batch removal experiment analyzed by ion
chromatography verifying metal ions that exhibit a high complexation affinity for TSC-groups.

Comparing the obtained results of the batch removal experiments, metal ions and their counterions
were not removed in the same ratio. For instance, whereas silver ions were removed by 45% after
five days using a membrane made from 9.5wt% polymer casting solution in NMP, the NOs’ion was
only removed by 34% (see Table 30). This difference indicated the presence of anionic and neutral
binding of the metal ion (see Scheme 49). A neutral complexation also leads to the stoichiometric

57 For instance, Peinemann et al. reported the application of poly(thiosemicarbazide)s for the removal of
copper and gold ions obtaining active groups of 1.7 and 15%, respectively (calculation were according to the
calculation in Table 30, data was extracted from the respective paper).®!®

8 The resolution limit for the respective salt was determined by measuring samples with the concentrations 5,
2.5, 1.25, 0.625 and 0.313 mM on the ion chromatography. Evaluation showed that linear dependency of the
integral values of the chromatography signal and the concentration was maintained for concentration of
1.25 mM or higher.
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removal of NOsTion, since charge neutrality has to be maintained, while an anionic TSC-group
substitutes the NOs™-ion under release of nitric acid.

E - - 2n®

sM
S S =N_ 1 I N=
N‘NJ\”/M\NJ\N/N\ +2n MX —> H HM/()\N H é 2nX®
H

P1-complex (neutral)

My
A o N=
NN N/\M/\NJJ\N’N\ onMx | HMQ N
H H 10H H
H

o
w

\

%
.

H H -2n HX

P1-complex (anionic)
Scheme 49: Schematic overview of the neutral (A) and anionic (B) chelation of a metal salt (MX) by poly(TSC) P1.

Since the streaming potential of the poly(TSC) P1 membrane revealed a negative surface charge, the
presence of an anionic binding mode seemed reasonable. Furthermore, anionic binding should lead
to a pH-drop of the aqueous solution since an acid is released. Indeed, a decrease of the pH-value
from 6 (corresponds to the pH-value of Milli-Q® water) to approximately 3.5 for the batch removal of
AgNOs and CuCl>*2H,0 was determined using pHpaper. This assumption was further underpinned by
the reaction of poly(TSC) P1 with AgNOs, ZnCl, and CuCl,*2H,0 in DMSO. The resulting
metallopolymer complexes were analyzed by IR-spectroscopy, depicting typical vibrational bonds for
neutral and anionic TSC complexation (see chapter 6.9.7.).

In a next step, the removal of AgNOs was investigated in a dynamic flow set-up as a proof of concept.
Therefore, the dead-end Amicon cell set-up used for determination of the permeabilities of the
membranes was applied. Thus, 20 mL of a 1.25 mM AgNOs; aqueous solution was pumped through a
poly(TSC) membrane of 3.8 cm? made from a 16wt% polymer solution in DMSO. No drop in
permeability was visible during the experiment. Successful, removal of silver ions could already be
seen by visual observation, as the yellow membrane turned darker on the surface, while the bottom
side remained yellow (see chapter 6.9.8. for pictures). Since the set-up did not allow application of a
larger membranes the removed percentage of silver ions was too low to be detected by ion
chromatography, because of the mentioned resolution limit.>® Therefore, EDX and streaming
potential analysis were chosen as suitable method to determine the content of silver ions after the
experiments.

Due to the complexation of the cations by the TSC-group, it was expected that the surface charge of
the membrane would be less negative after the filtration. Indeed, a reduced negative charge
of -22.9 mV was obtained for a membrane casted by using a 15wt% polymer solution in DMSO
(membrane not being exposed to AgNOs; had a negative charge of -37.8 mV, vide supra). For

59 For the batch kinetic rate experiment 20 cm? membrane were applied, thus since different membrane
depicted similar removal rates, a removal rate of roughly 9% was expected for 3.8 cm? assuming that the
contact time with the membrane was sufficient for the complexation.
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comparison, immersion of a membrane made from a 16wt% polymer solution in DMSO in a high
concentrated, aqueous AgNOs solution (c(AgN0O3)=17.9 mM) for two days yielded a similarly reduced
negative charge of -24.2 mV, indicating that the contact time in the flow experiment allowed
sufficient complexation of the silver ions. In addition, the EDX measurement clearly showed the
presence of silver ions in the membrane (see Table 31).%° Similar weight-percentages of silver were
obtained for the top and bottom layer as well as in the cross-section (CS, 12.1, 7.9 and 14.3,
respectively). As the top layer of an asymmetric membrane is the separation layer, compounds that
pass this layer will also pass the more porous sub structure and thus, the presence of silver ions in
the CS as well as the bottom layer proves that the removal of the salt proceeded not by size exclusion
but complexation. For further comparison, the before-mentioned membrane, which was immersed
in a AgNOs; solution, depicted a higher amount of bound silver ions of 33-36 wt% (for further
information about the EDX-spectra and the respective SEM-pictures see chapter 6.9.9.).

Table 32: Weight-percentages of the elements C, N, O, S and Ag obtained for poly(TSC) membranes exposed to silver in

different procedures by EDX-analysis. Additionally, a membrane obtained by using a 16wt% polymer solution in DMSO is
given as a reference that was not exposed to silver ions.

poly(TSC) membrane layer C/wt% N/wt% o/wt% S/wt% Ag/wt%

16wt% in DMSO top 73 2 1 21 3
() 72 2 2 23 2
bottom | 71 4, 1 25 0
16wt% in DMSO-after | top 55 13 2 18 12
removal of AgNO5? CS 58 7 3 18 14
bottom | 59 15 1 16 8
16wt% in DMSO-after | top 45 7 1 10 36
immersion in AgNO;” | CS 44 0 5 19 33
bottom | 46 0 2 18 35
15wt% in DMSO- top 69 1 1 19 9
exposed to AgNOs and | CS 77 0 1 22 0
immersed in water for | bottom | 73 2 1 24 0

desorption®
a.) Membrane was exposed to 20 mL of an aqueous 1.25 mM AgNOs solution in a dead-end Amicon cell set-up. b)
Membrane was immersed in 1 L of an aqueous 17.9 mM AgNOs solution for two days. c) Membrane was exposed to 20 mL
of an aqueous 1.25 mM AgNOs solution in a dead-end Amicon cell set-up. Subsequently, the membrane was put in ca. 5 mL
of water for seven days. The water was exchanged three times over this period.

As the removal of silver ions was successful, a desorption experiment was performed to complement
this proof of concept.

The desorption of the complexed silver ions is crucial for a reasonable application of the poly(TSC)
membranes for the removal of silver ions from a water stream, allowing their repetitive utilization.
Thus, a membrane obtained using a 15wt% polymer solution in DMSO was exposed to a 1.25 mM
AgNOs solution in a dead-end Amicon cell set-up and subsequently put in ca. 5 mL of water for seven
days. During this time, the water was exchanged three times and afterwards the amount of silver
ions was determined by EDX-analysis (see Table 31). The top layer still depicted the presence of
silver, while the bottom layer and the CS depicted no remaining silver. Thus, the desorption of the
complexed silver ions could be partly performed by immersion in water. It seemed reasonable that
the desorption rate of the sub-structure was higher than the one of the top layer, since the more
open morphology allows an easier access of water by diffusion, while the dense top layer is more
restricting. Concluding, the desorption studies should be further investigated to confirm the

80 All EDX-measurements were performed by M. Irshad Baig, post-doctoral scientific researcher in the working
group of Prof. de Vos at the University of Twente (Netherlands). The author evaluated the obtained data.
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desorption of silver ions by immersion in water. In addition, different pH-values should be tested for
the desorption experiment of the silver ions. Since, the complexation of the metal proceeded at least
partly under release of a proton (vide supra), it seemed reasonable that a low pH-value (e.g. pH=0
using an aqueous 1M HCI solution) might lead to complete and/or faster desorption as the
equilibrium of the complexion reaction is shifted towards the free metal ions (see Scheme 49B).

Lastly, it was attempted to obtain a poly(TSC)-AgNOs; membrane by NIPS using 15 and 16wt%
polymer solution in DMSO and an aqueous AgNOs solution (c(AgNOs)=17.9 mM) as non-solvent,
instead of Milli-Q® water. Thus, it was expected to obtain poly(TSC) membranes bearing a higher
charge density on the surface (presence of anionic TSC-groups and the metal counterion) that could
result in an improved retention of salts by Donnan exclusion. Furthermore, silver salts often depict
antimicrobial properties, which could prevent biofouling.®! The obtained membrane showed a
different coloration (brown instead of yellow) and a surface net charge of only -10.2 mV, which was
less negative than the membranes treated with AgNOs solutions (in batch or flow experiments). This
seemed reasonable, since the silver ions can diffuse inside the polymer film during the precipitation
process and thus, can access more TSC-groups in solution compared to a finished, solid membrane.
However, the rigidity of the membrane strongly increased and zero permeability was obtained after
two days in the Amicon cell setup at 3 bar water pressure. The altered properties were assigned to
the complexation of the silver ions, which could also form cross linking by double-neutral or
neutral-anionic bonding of two TSC-groups. Thus, the rigidity is increased and pore sizes of
membranes with a certain weight-percentage of polymer are decreased, since the polymers are
restricted in their separation during the precipitation by the cross-linking.

In conclusion, removal of copper and silver ions by the use of a poly(TSC) membrane was shown by
batch removal experiments, while the affinity for silver was higher (2.3% active TSC groups for silver
compared to 1.2% for copper). In additions, anionic binding of the TSC groups was proven by
streaming potential, pH-value and IR measurements, while neutral binding modes were also
indicated by IR and batch removal experiments. Finally, silver ion removal was successfully proven in
a flow setup by streaming potential and EDX measurements confirming the use of complexation by
TSC-functional groups as separation mechanism. Further applications of the poly(TSC) membranes
can be envisioned in the field of transition metal ion removal from waste water, since several other
metals could exhibit an even higher affinity for this functional group, while a first desorption
experiment for reuse of the membrane was also promising.

61 The performance of a membrane such as lifetime, permeability and removal capacity is highly influenced by
the presence and degree of fouling taking place on the surface of the membrane.®¥” Fouling can occur due to
several mechanism and describes in general the fact that an inorganic, organic or biological compound will stick
to the surface of a membrane, where it will alter the performance of the membrane. Ultimately, fouling can
lead to rapid decline in flux of the membrane over time and thus, the membrane has to be cleaned or
discarded. For instance, biofouling is a common fouling type due to the accumulation of microorganism on the
membrane surface, which can be decreased by the use of antimicrobial membranes.®*
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5 Conclusion and Outlook

In this work, a more sustainable isocyanide synthesis was established using p-TsCl, a waste product
from the saccharin synthesis, as dehydration reagent, which is less toxic than common ones like
POCl;, phosgene or its derivatives. Thus, non-sterically hindered mono- and di-N-formamides were
converted to the respective isocyanides in high yields (up to 98%) using a feasible reaction set-up.
The E-factor was thereby decreased strongly compared to common procedures (down to 6.45), since
extraction and washing could be applied as sole purification step leading to a high purity underlined
by the high molecular weights obtained from such isocyanides in a P-3CPR.

This synthesis protocol has a strong positive impact on the overall sustainability of isocyanide-based
reactions like IMCRs, since their degree of sustainability is typically diminished by synthesis of the
respective isocyanide starting material. As a result of the more sustainable isocyanide synthesis, the
AM-3CR using isocyanides, amines and elemental sulfur allowed the synthesis of thioureas in a more
sustainable fashion. Furthermore, the use of elemental sulfur, a waste product of the petroleum
industry, as a starting material is desired and the purification of the product was typically performed
by recrystallization and filtration.

Using the more sustainable AM-3CR approach for the synthesis of thioureas, a library of known and
unknown thioureas was synthesized, investigating their catalytic activity and thus, their application
as organocatalyst. It was shown that the AM-3CR allowed an easy access to several thiourea
compounds bearing aliphatic, cyclic, benzylic and aromatic moieties. However, moieties that were
prone to activate the thiourea functional group resulting in catalytic activity, i.e.
electron-withdrawing aromatic motifs, proved to be challenging in their use in an AM-3CR. Due to
the mechanism of the reaction, the electron-deficient aromatic moiety could only be introduced by
the isocyanide component and thus, the use of toxic dehydration agents like POCl; was necessary for
the isocyanide synthesis. In addition, the respective isocyanide is also activated by the moiety and
thus, highly reactive to moisture decreasing the yield and impeding the purification. Still, two
thioureas bearing novel activation moieties, i.e. isophthalicacid ester and p-alkylsulfonyl groups,
were synthesized and depicted similar catalytic activity as thioureas with the often used
3,5-bis(trifluoromethyl)phenyl group in an Ugi reaction as well as a carbonate ring opening reaction.
Compared to the latter activation motif, the isophthalicacid ester and the p-alkylsulfonyl groups can
be tailored in their solubility by introduction of different moieties, for instance aliphatic chains in
different length. This is advantageous considering that organocatalysts are used as homogenous
catalysts, but most often exhibit low solubility parameters in typical organic solvents. Thus, the use of
this motifs might allow organocatalysis of reactions that could not be catalyzed before due to
solubility or concentration issues.

Novel polymeric thiourea catalysts were envisioned bearing the investigated activation motifs. A high
overall sustainability was expected for such recyclable catalysts, even considering the drawbacks
mentioned for the thiourea synthesis using an AM-3CR. Three different approaches were tested.

Firs,t a polycondensation approach with an isophthalicacidester thiourea compound was yielded
insufficient conversions for a step-growth polymerization reaction. The reaction was thoroughly
optimized and several side reactions (decomposition of the thiourea group and formation of
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thionocarbamate acting as chain-stopper) were confirmed, which ultimately makes this approach
non applicable.

A second approach using a poly-Thiol-Ene reaction relied again on the isophthalicacidester motif, but
led to insufficient conversions as well. Typical photo- or thermally initiated radical starters like AIBN
and DMPA were insufficient, even in high amounts (up to 50 mol% in case of DMPA). Since the
proceeding of the radical reaction was highly depending on the used solvent but the scope of solvent
was very limited due to the low solubility of the thiourea compound, this approach seemed to be less
promising.

A third approach based on the ROMP of a norbornene thiourea compound depicted nearly full
conversion of a thiourea containing norbornene using a Grubbs second generation catalyst after only
two hours at 44 °C. Thus, this living polymerization approach was superior compared to the other
two step-growth approaches. Furthermore, it was shown that several parameters of the starting
material can be altered (chemical structure and length of the spacer between thiourea and
norbornene, exo/endo reactivity of norbornene, activation motif for the thiourea compound)
allowing a broad scope of optimization in terms of solubility and recyclability of the polymer. The use
of co-monomers like norbornene and cyclooctene led to a faster conversion of the thiourea
norbornene (full conversion after one hour), while in addition, the solubility could be further altered.
Nevertheless, no purification process could be established in the time frame of this work to fully
verify the proof of concept for the ROMP approach by obtaining a pure polymer. Still, the underlined
high degree of tailorability of this approach is expected to have the potential for the synthesis of
recyclable, homogenous and heterogeneous, polymeric thiourea organocatalysts.

An investigation on the reaction mechanism of the AM-3CR led to the clear identification of
isothiocyanates as key intermediates for this reaction. By using DBU or TBD as amine component, the
reaction proceeding from the isothiocyanate to the respective thiourea could be impeded obtaining
isothiocyanates as main product in the reaction. Thus, a more sustainable synthesis protocol for the
formation of isothiocyanates by sulfurization of isocyanides with elemental sulfur was established.
The feasibility and functional group tolerance of the reaction was underpinned by the synthesis of 20
isothiocyanates in yields up to 95% and E-factors down to 0.989 (not including waste produced by
the work-up). Furthermore, Cyrene™ and GBL were applied as greener solvents for the sulfur
activation compared to typical solvents like DMSO and DMF. The purification was optimized in terms
of sustainability using a short flash column chromatography as sole purification step obtaining the
products in high purity (yield up to 95%). Considering that isocyanides were accessible via the more
sustainable approach also presented in this work, the overall degree of sustainability for the
three-step synthesis of isothiocyanates starting from amines (N-formylation, isocyanides and
isothiocyanate synthesis) was highly increased avoiding toxic compounds like POCls, phosgene,
thiophosgene and carbon disulfide. Finally, even though isothiocyanate are typically obtained in an
one-step reaction from amines, it is expected that this new route is competitive compared to the
classic approached concerning the lower overall toxicity.

Further mechanistical investigations on the C=S double bond formation of base-activated sulfur and
carbene or carbene-like functional group were conducted using benzhydryl carbenes obtained from
the respective tosylhydrazones. Even though thioketones were expected to be the obtained product
in this reaction, two tetraarylethylenes were obtained in high yields after optimization of the
reaction conditions due to formal homo coupling of two benzhydryl moieties (97 and 92%,
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respectively). Thus, this reaction offers the access to tetra substituted olefines and is considered to
extend the toolbox for the synthesis of such compounds besides reactions like the McMurry and the
Barton-Kellogg reaction. Still, clear indications were found that a thioketone might be formed as an
intermediate in this reaction by C=S double bond formation between a carbene and a polysulfane,
leading to the assumption that a Barton-Kellogg-like reaction mechanism seemed to be reasonable.
Besides, several further experiments were suggested to fully validate the proposed reaction
mechanism. Full understanding of the reaction mechanism might also lead to the establishment of a
hetero coupling of two different tosyl hydrazones.

Finally, novel sulfur-containing polymers, i.e. poly(TSC), were obtained by step-growth
polymerization of dialdehydes and dithiosemicarbazides. The latter monomers were obtained by
extending the scope of the AM-3CR using hydrazine monohydrate as amine component. Thus, eight
poly(TSC)s and five co-poly(TSC)s were obtained by reacting two different dithiosemicarazides with
dialdehyde components in good to excellent yields (58-93 %). In addition, high molecular weights
were obtained (up to 38 kDa) and the polymers were fully characterized by NMR-, IR-, SEC-, DSC-,
TGA-analysis. These polymers were envisioned to have a versatile potential of application, for
instance due to the intrinsic complexation ability of the TSC-groups. Transition metals such as
palladium that are prone to catalyze several different reactions, like coupling reactions, could be
complexated yielding recyclable catalysts.

Thus, asymmetric poly(TSC) membranes were formed by using the NIPS process. Permeabilities in
the range of UF to RO were obtained using DMSO and NMP as solvent (32-0.3 Lm2h?bar?). In
addition, the membranes depicted full retention of high molecular weight compounds like BSA. No
salt rejection of removal of micropollutants was observed, probably due to the presence of defects.
Nevertheless, the removal of silver and copper ions was shown in a batch removal experiment and a
proof of concept for the removal of silver ions in a dead-end dynamic flow set-up was also confirmed
using a chelation mechanism. Furthermore, first experiments showed that desorption of the silver
ions from the membrane seemed to be feasible. An optimized washing procedure for the
membranes could yield a protocol that allows for a competitive use of the poly(TSC) membranes for
the removal of transition metals in a water stream.

The several parts of this work clearly highlight the versatility of base-activated sulfur not only as
starting material but also as mediating agents obtaining several different functional groups, while
sulfur can be incorporated in small molecules but also polymers. It is expected that the potential of
elemental sulfur is not completely exploited yet and that this research area will grow in the following
years to obtain full understanding of the versatile reactivity of this compound. This is highly desired
considering that this very abundant, non-toxic waste product is currently underused compared to its
scope of application.
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6 Experimental Section

6.1 Instrumentation

Nuclear Magnetic Resonance Spectroscopy (NMR):

1H- and 13C-NMR spectra were recorded on BRUKER Avance DPX spectrometers (Billerica, MA) with a 5-mm dual
proton/carbon probe (300 and 400 MHz) and on a Bruker Avance Ill with a 5 mm z-gradient cryogenically cooled probe
head (CPTCI, 600 MHz 1H/75.5 MHz). Unless otherwise stated, all spectra were measured at ambient temperature. The
chemical shift for 1H-MR spectra was reported in parts per million (ppm) and referenced to characteristic solvent signals of
partly deuterated solvents e.g. CDCl3 at 7.26 ppm. 13C-MR spectra were reported in ppm relative to characteristic signals of
partly deuterated solvents, e.g. the centroid peak of the CDCl; triplet at 77.2 ppm. The spin multiplicity and corresponding
signal patterns were abbreviated as follows: s = singlet, d = doublet, t = triplet, g = quartet, quint. = quintet, sext. = sextet,
m = multiplet and br = broad signal. Coupling constants / were noted in Hz. Furthermore, 2D-NMR methods, e.g.
heteronuclear multiple quantum coherence (HMQC), heteronuclear single quantum coherence (HSQC), heteronuclear
multiple bond correlation (HMBC) and correlated spectroscopy (COSY) were carried out, if necessary, for signal assignment
and structure elucidation. If conformers (rotamers) of a substance could be observed due to restricted rotation, all species
which could be assigned clearly were labelled with additional appendices (a, b, c. etc.). Hereby, the main conformer was
labelled with the appendix “a”, the second conformer with appendix “b” and so on.

Mass Spectrometry (MS):

Fast-atom-bombardment (FAB) and electron ionization (El) spectra were recorded utilizing a Finnigan MAT 95 mass
spectrometer. A Q Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a
HESI Il probe was employed to record high resolution electrospray ionization—MS (ESI-MS). Calibration was carried out in
the m/z range 74-1,822 using premixed calibration solutions (Thermo Fisher Scientific). A constant spray voltage of 4.7 kV
and a dimensionless sheath gas of 5 were employed. The S-lens RF level was set to 62.0, while the capillary temperature
was set to 250 °C. All samples were dissolved at a concentration of 0.05 mg mL-1 in a mixture of THF and MeOH (3:2)
doped with 100 umol sodium trifluoroacetate and injected with a flow of 5 pul min-1.

Infrared Spectroscopy (IR):

Infrared spectra (IR) were recorded on a BRUKER Alpha-p instrument applying ATR-technology (ATR = Attenuated Total
Reflection) in a frequency range from 3998 to 374 cm-1 . The band intensities were characterized in relation to the most
intense signal as follows: s = strong, m = medium, w = weak. In addition, broad signals were expressed by the term: br =
broad.

Fourier transform infrared (FTIR) spectroscopy was conducted using a Spectrum Two (Perkin Elmer, USA) in attenuated
total reflectance mode in the wavenumber range 600 to 4000 cm™.

Gas Chromatography (GC):

Gas chromatography (GC) was performed on a Bruker 430 GC instrument equipped with capillary column FactorFourTM VF-
5 ms (30.0 m x 0.25 mm x 0.25 um), using flame ionization detection (FID). The oven temperature program was: initial
temperature 95 °C, hold for 1 min, ramp at 15°C min-1 to 220 °C, hold for 4 min, ramp at 15°C min-1 to 300 °C, hold for 2
min, ramp at 15°C min-1 to 325 °C, hold for 3 min. Measurements were performed in split-split mode using nitrogen as the
carrier gas (flow rate 30 mL min‘1),

Size Exclusion Chromatography (SEC):

A PSS SECcurity2 GPC system based on Agilent infinity 1260 Il hardware. The system is equipped with a refractive index
detector SECcurity? RI, a column oven “(Bio)SECcurity’> column compartment TCC6500”, a “standard SECcurity®”
autosampler, isocratic pump “SECcurity? isocratic pump”. THF (flow rate 1 mL/min) at 30 °C was used as mobile phase. The
analysis was performed using the following column system: Two columns PSS SDV analytical (3 pm, 300 x 8.0 mm?2, 1000 A)
with a PSS SDV analytical precolumn (3 um, 50 x 8.0 mm?2). For the calibration, narrow linear poly(methyl methacrylate)
standards (Polymer Standards Service, PPS, Germany) ranging from 102 to 62200 Da were used
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SEC measurements were performed on a SHIMADZU Size Exclusion Chromatography (SEC) system equipped with a
SHIMADZU isocratic pump (LC-20AD), a SHIMADZU refractive index detector (24°C) (RID-20A), a SHIMADZU autosampler
(SIL-20A) and a VARIAN column oven (510, 50°C). For separation, a three-column setup was used with one SDV 3 um, 8x50
mm precolumn and two SDV 3 um, 1000 A, 3x300 mm columns supplied by PSS, Germany. Tetrahydrofuran (THF) stabilized
with 250 ppm butylated hydroxytoluene (BHT, 299.9%) supplied by SIGMA-ALDRICH was used at a flow rate of 1.0 mL min-L.
Calibration was carried out by injection of eight narrow polymethylmethacrylate standards ranging from 102 to 58300 kDa.

SEC measurements were performed in HFIP containing 0.1 wt% potassium trifluoroacetate with Tosoh EcoSEC HLC-8320
SEC system. The solvent flow was 0.40 mL min-1 at 30 °C and the concentration of the samples was 1 mg min-1 . The
analysis was performed on a three-column system: PSS PFG Micro precolumn (3.0 x 0.46 cm, 10000 A), PSS PFG Micro (25.0
x 0.46 cm, 1000 A) and PSS PFG Micro (25.0 x 0.46 cm, 100 A). The system was calibrated with linear poly(methyl
methacrylate) standards (Polymer Standard Service, Mp: 102-981 kDa).

SEC measurements were performed on a Polymer Laboratories PL-GPC 50 Plus Integrated System with an autosampler. The
system was equipped with a PLgel 5 mm bead-size guard column (50 x 7.5 mm), which was followed by three PLgel 5 um
Mixed-C columns and one PLgel 3 um Mixed-E column (300 x 7.5 mm), and a differential refractive index detector. For the
measurements, DMAc was used as eluent containing 0.3 w% LiBr and a pressure of 1mL/min at 50 °C was applied. The
number average molar mass (M,), the weight average molar mass (M) and the mass distribution/dispersity (B=M./M,) of
the polymers were determined using a calibration of linear poly(methyl methacrylate) standards ranging from 476 to
2.5x10° g mol. The polymer samples were dissolved at a concentration of 2 mg mL? in the eluent and filtered over a 0.2 puL
filter prior to the measurement. Signals lower than 1000 g mol correspond to solvent signal.

SEC measurements were performed on a Agilent 1200/1260 Infinity GPC/SEC series, Polymer Standards Service data
centerand column compartment. Milli-Q ultrapure water containing 50 mg:L-1 NaN; was used as the eluent at a flow rate of
1 mL-min~! through the SEC column (10pm Polymer Standards Service Suprema 8x300 mm 1000 A and 10um 30 A,
connected in series)

Dynamic scanning calorimetry (DSC):

DSC experiments were performed on a Mettler Toledo DSC 3 using a Huber Intracooler TC100 and aluminum crucibles (40
and 100 pL). Measurements were performed under nitrogen flow (50 mL min-) in three consecutive heating-cooling cycles
from 25 °C up to 230 °C with a heating rate of 20-30 K min-1. Each measurement was performed using 3-7 mg of substance
for sample preparation. T values were determined as the onset of the transition in the second heating cycle.

Thermogravimetric analysis (TGA):

Thermogravimetric analysis was performed on a TGA5500 from TA instruments. 5-15 mg of a sample was placed in a
aluminum pan and heated at a rate of 10 K min~! from ambient temperature to 600-1000 °C under nitrogen flow. The onset
was evaluated by Trios v5.0.044608 software.

Elemental analysis (EA)

EA was performed on an Elementar Vario Micro cube. 02-Dosage time: 70 s, Auto zero delay N: 10 s, Auto zero delay S: 10
s, Peak expectation N: 50 s, peak expectation C: 100 s, peak expectation H: 80 s, peak expectation S: 70 s, desorpt. CO2: 60
°C, desorpt. H20: 140 °C, desorpt. SO2: 240°C

Thin Layer Chromatography (TLC):

For TLC analysis, precoated aluminium foils with fluorescence indicator from MERCK (TLC Silica gel 60, F254, layer thickness:
0.25 mm) were employed as stationary phase. The spots were firstly visualized by fluorescence quenching under UV-light (A
= 254 nm), fluorescence (A = 365 nm), and by staining with Seebach reagent: solution of 2.50 g cerium(lV) sulfate
tetrahydrate (Ce(SO4); x 4 H,0), 6.25 g ammonium heptamolybdate tetrahydrate (NH4)sM07024 x 4 H,0), 225 mL water and
25.0 mL concentrated sulfuric acid. Or vanillin: solution of 15 g vanillin and 2.5 mL concentrated sulfuric acid in 250 mL
ethanol.

UV/VIS spectroscopy
UV/VIS spectra were recorded using a UV-spectrophotometer (Shimadzu UV-1800, Jpan) at Amax = 280 nm.
lon chromatorgraphy (IC)

IC measurements were performed on an lon Chromatography Eco IC (Metrohm, USA) equipped with a Cation column
(Metrosep C 6 150/4.0), Anion column (Metrosep A Supp 17 - 150/4.0). The cation column eluent was 4 mM HNO;3 and the
anion column eluent was 5 mM Na,COs + 0.2 mM NaHCOs, while the anion suppressor solution was 0.3 M H3PO,.
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Column chromatography
TLC silica gel F254 (Sigma Aldrich) and solvents, which had HPLC-purity, were used.
Scanning electron microscopy (SEM)

The surface and cross-sectional morphology of the membranes were analyzed using scanning electron microscopy SEM
equipped with EDX (JSM-6010LA and JSM-7610F, field-emission electron microscope, JEOL, Japan). For cross-sectional
images, the membrane samples were first immersed in liquid nitrogen before carefully fracturing them to preserve the pore
structure. All the samples were dried at room temperature for at least 24 h before coating them with a 5 nm thick layer of
platinum using a Quorum Q150T ES sputter coater (Quorum Technologies Ltd., UK).

Zeta potential

Zeta potential of the membranes was measured using a SurPASS electrokinetic analyzer (Anton Paar, Graz, Austria). Zeta
potential values were calculated by measuring the streaming current versus pressure in a 5 x 103 M KCl solution using
Equation 5:

n (5)
= — x—KgR
s dP % £gg ks

where ¢ is the zeta potential (V), / is the streaming current, P is the pressure (Pa), n is the dynamic viscosity of electrolyte

solution (Pa s), € is the dielectric constant of the electrolyte solution, & is the vacuum permittivity (F m=2), ks is the bulk
electrolyte conductivity (S m~1), and R is the resistance (Q) inside the streaming channel.
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6.2 Materials

All chemicals were used as received, if not mentioned otherwise. All solvents used in HPLC grade or higher apart from
dichlormethane and diethylether which were technical grade and thus, were distilled beforehand.

Acetic acid (technical grade), adamantly amine (Alfar Aesar 98 % ), adamantylisocyanide (95%, Aldrich Chemistry), allyl
alcohol (Sigma-Aldrich, 299%), 4-aminobenzoic acid (Alfar Aesar 99 %), amino decane (Alfar Aesar, 97 %), amino octadecane
(TCl >85 %), 11l-aminoundecanoic acid (Aldrich Chemistry, 97 %), anisaldehyde (98%, Alfar Aesar), Benzophenone
(Sigma-Aldrich, 99%) benzyl amine (Merck kGaA, >99 %), benzylisocyanide (98%, Acros Organics), biphenyl (99%, Alfar
Aesar), 4,4 -bis(dicarboxyaldehyde) biphenyl (Acros Organics 97%), 1,4-bis(methylamino) benzene (Sigma, 99%),
bis-3,5-(trifluoromethyl) anillin (98% Acros Organics), bis-3,5-(trifluoromethyl)phenyl) thiourea (>98%, TCl), 4-bromo
benzaldehyde (Maybridge, 98%), copper iodide (Sigma-Aldrich, 98%), cis-5-norboronene-exo-2,3-dicarboxylic anhydride
(Sigma-Aldrich, 95%), cyclohexyl amine (Aldrich Chemistry, 99 %), trans-cyclohexyl-1,4-diamine (Aldrich 98%), cyclohexyl
isocyanide (99%, Acros Organics), cyclohexyl isothiocyanate (98%, Sigma-Aldrich), Cyrene™ (Sigma-Aldrich),
4,4-"dimethoyxbenzophenone (Sigma-Aldrich, 97%), 1,4-diaminobenzene (Sigma-Aldrich, 98%), 1,12-diaminododecane
(Aldrich Chemistry 98 %), 1,5-diamino pentane (ACROS Organics, 98 %), 1,4-diazabicyclo[2.2.2]octane (299%, Sigma-
Aldrich), 1,8-diazabicyclo[5.4.0]Jundec-7-en (>98%, TCl), diisopropylamine (99%, abcr), 4-dimethylaminopyridin (99%, Acros
Organics), 2,6-dimethylphenyl isocyanide (298%, Aldrich Chemistry), dodecylamine (Sigma-Aldrich, 299%), ethyl formate
(ACROS 98+%), 4-ethynyl benzaldehyde (BLD Phram, 98%), formic acid (99%, Acros Orgaics), ethyl formate (ACROS 98+ %),
formic acid (ACROS Organics 99 %), furfurylamine (299%, Aldrich Chemistry), heptanal ( Aldrich 95 %), 1,1,1,3,3,3-hexafluro-
2-propanol (HFIP) (fluorochem), hexylbromide (98%, Sigma-Aldrich), hexyl-1,6-diamine (Merck, >99%), hydrazine
monohydrate (Merck KGaA 299%), 6-hydroxyhexyl amine (TCl >97 %), 2-isocyanonaphthalene (95%, Aldrich Chemistry),
isophorendiamine (99%, TCl, mixtures of isomers), methanolic ammonia solution (7 M), 1-methylimidazole (NMI, 299%,
Sigma-Aldrich), 4-methoxyphenyl isocyanide (97%, Aldrich Chemistry), 2-morpholinoethyl isocyanide (>98%, Aldrich
Chemistry), para-toluidine (99%, Aldrich), Pd(PPhs),Cl, (Aldrich, 299.99% trace metal basis), pentylisocyanide (97%, Aldrich
Chemistry), phosphorus oxychloride (99%, Aldrich), potassium 2-isocyanoacetate (technical grade (85%, Aldrich Chemistry),
propylene carbonate (99.5%, Acros Organics), pyridine (Fisher Scientific UK, 99.9 %), oleylamine (Sigma-Aldrich, >98 %),
para-toluenesulfonic acid monohydrate (Acros Organics, 99%), para-toluenesulfonyl chloride (Sigma-Aldrich 298 %), sebacic
acid (Aldrich Chemistry 99 %), sodium sulphate (dry, Bernd Kraft), silica gel modified with dimercaptotriazine (0.50 mmolg?,
Sigma-Aldrich 298 %), sulphur (elemental, technical grade), terephthaldehyde (Sigma-Aldrich, 99%), tetradecane (Sigma-
Aldrich, 299 %), tert-butyl isocyanide (98% Aldrich), thionyl chloride (ACROS Organics 99.5+ % ), tosylmethylisocyanide
(Fluorochem), 3,5,7-triazabicylco[4.4.0]dec-5-en (TCl, >98%), triethylamine (99.5%, Fisher Chemical), triethylphosphor oxide
(97%, Aldrich), 5-Trifluoromethly-1,3-dimaminophenylene (Sigma-Aldrich, 98%), 3,4,5-trimethoxyanilline (97%, Acros
Organics)
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6.3 More sustainable synthesis of isocyanides

6.3.1 Synthesis and characterization of N-formamides

General synthesis of aliphatic N-formamides

The corresponding aliphatic amine (30.0 mmol, 1.00 eq.) and ethyl formate (24.2 mL, 22.2 g, 300 mmol, 10.0 eq.) were
heated under reflux overnight. Afterwards, remaining ethyl formate and ethanol were removed under reduced pressure
and the crude product was used without further purification or analysis.

Exceptions:
Adamantyl N-formamide

Adamantyl amine, chloroform and ethyl formate were heated under reflux for 48 hours. Afterwards, remaining ethyl
formate, chloroform and ethanol were removed under reduced pressure and the crude product was used without further
purification or analysis.

N-(6-Hydroxyhexyl)formamide

6-Amino hexane-1-ol (5.00 g, 42.7 mmol, 1.00 eq.) and ethyl formate (34.4 mL, 34.6 g, 427 mmol, 10.0 eq.) were heated
under reflux for 20 hours. Afterwards, remaining ethyl formate and ethanol were removed under reduced pressure, and the
crude mixture was stored for two weeks at room temperature The product crystalized from the solution and was obtained
as white solid (1.70 g, 11.7 mmol) in a yield of 27 % after filtration and washing with cyclohexane and ethyl acetate.

Rs=0.16 (cyclohexane/ethyl acetate, 1:1) visualized via Seebach staining solution.

1H-NMR (500 MHz, DMSO-ds) 8/ppm = 7.98-7.91 (m, 2H, NH, CH, 1), 4.34 (t, 3/ = 5.1 Hz, 2H, CHa, 2), 3.40-3.35 (m, 2H, CH>, 3),
3.07 (g, ¥ = 6.5 Hz, 2H, CHa, %), 1.43-1.37 (m, 4H, CH,, 5), 1.31-1.25 (m, 4H, CH, 6).
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Figure 23: 1H-NMR-spectrum of N-(6-hydroxyhexyl)fromamide.
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13C-NMR (126 MHz, DMSO-dg) 6/ppm = 164.5, 160.9, 60.7, 40.8, 37.1, 32.5, 31.0, 29.1, 26.3, 25.8, 25.2.
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Figure 24: 13C-NMR-spectrum of N-(6-hydroxyhexyl)fromamide.

EI-MS m/z: [M-H]* calculate for [C;H140,N1]* = 144.1025, found: 144.1025, A = 0.0752 mmu.

IR (ATR platinum diamond): 1/cm™=3374.0 (m), 3307.8 (s), 3035.1 (w), 2933.6 (s), 2854.5 (m), 1640.4 (s), 1523.9 (s),
1463.8 (m), 1362.9 (s), 1282.7 (m), 1240.9 (m), 1215.4 (w), 1107.2 (w), 1062,1 (m),1048.0 (s), 1024.8 (m), 1005.6 (m), 975.4
(m), 781.9 (m), 738.8 (w), 705.3 (s), 638.2 (s).
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11-Formamidoundecanoic acid

11-Aminoundecanoic acid (25.1 g, 125 mmol, 1.00 eq.) was suspended in ethyl formate (101 mL, 92.6 g, 1.25 mol, 10.0 eq.)
and DMF (50 mL), and was stirred at 75 °C until a clear solution was formed (mostly 20 — 26 h). After the reaction was
finished, the solvent was removed under reduced pressure and the product was used without further purification. The
product was obtained as white solid (28.7 g, 125 mmol) in quantitative yield.

1H-NMR (500 MHz, DMSO-dg) 5/ppm = 11.93 (br, 1H, COOH, 1), 7.98 —=7.91 (m. 2H, CH, NH, 2), 3.08 — 3.04 (m, 2H, CHa, 3),
2.19 (t, 3 = 7.4 Hz, 2H, CHy, 4), 1.51 — 1.36 (m, 4H, CHy, 5), 1.25 (m, 12H, CH, 6).
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Figure 26: 1H-NMR-spectrum of 11-formamidoundecanoic acid.
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Figure 25: 13C-NMR-spectrum of 11-formamidoundecanoic acid.

13C-NMR (126 MHz, DMSO-dg) &/ppm =174.6, 164.5, 160.9, 37.1, 33.7, 30.9, 29.0, 29.0, 28.9, 28.9, 27.8, 28.8, 28.7, 28.6,
28.6, 26.4, 25.9, 24.5.

FAB-HRMS m/z: [M+H]* calculated for [C12H24NO3] 230.1756, found: 230.1755 A = -0.107 mmu.
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IR (ATR platinum diamond): v/cm™ =3358.8 (w), 2938.6 (w), 2918.6 (s), 2849.3 (w), 2577.6 (w), 1720.9 (s), 1646.7 (w),
1626.3 (s), 1525.6 (m), 1470.7 (m), 1438.2 (m), 1409.8 (w), 1362.8 (s), 1319.3 (w), 1293.7 (w), 1273.4 (m), 1243.3 (m),
1206.6 (m), 1177.5 (s), 1108.8 (w), 1054.9 (w), 933.6 (m), 896.5 (w), 806.3 (w), 765.2 (w), 740.2 (w), 718.8 (s), 662.5 (m),
548.0 (w), 529.4 (w), 448.3 (s).
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General Synthesis of Aromatic N-formamides

Methyl-4-formamidobenzoate

In a flask equipped with a Dimroth-cooler, methyl 4-aminobenzoate (9.82 g, 65.0 mmol, 1.00 eq.) was dissolved in formic
acid (9.80 mL, 12.0 g, 260 mmol, 4.00 eq.) and was heated to 60°C for 24 h. Afterwards, formic acid and water were
removed under reduced pressure and the product (11.0 g, 61.4 mmol) was obtained as white powder in a yield of 95 %
without further purification.

Rf=0.13 (cyclohexane/ethyl acetate, 2:1) visualized via UV quenching at 254 nm, vanillin and Seebach staining
solution.

1H-NMR (500 MHz, DMSO-dg) 6/ppm =10.56 (s, 1H, CH, 21), 10.47 (d, 3/ = 10.7 Hz, 1H, CH, 1), 8.97 (d, 3/ = 10.7 Hz,
1H, NH, ©2), 8.35 (d, 3/ = 1.7 Hz, 1H, NH, 22), 7.93 - 7.88 (m, 2H, aromatic, 23 b3), 7.71 (d, 3/ = 8.8 Hz, 2H, aromatic, ),
7.31 (d, 3/ = 8.6 Hz, 2H, aromatic, ®4), 3.81 (s, 3H, CHs, 5).
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Figure 27:1H-NMR-spectrum of Methyl-4-formamidobenzoate.
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13C-NMR (126 MHz, CDCl3) §/ppm = 165.8, 163.2, 162.6, 160.2, 142.5, 130.8, 130.4, 124.4, 118.7, 116.5, 51.9.

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm

Figure 28: 3C-NMR-spectrum of Methyl-4-formamidobenzoate.

EI-HRMS m/z: [M]* calculated for [CoHsO3N1]* = 179.0582, found: 179.0584, A = 0.1270 mmu.
IR (ATR platinum diamond): v/cm'1=3182.0 (w), 3052.5 (w), 2961.9 (w), 2883.8 (w), 1715.5 (s), 1610.6 (s), 1522.1

(m), 1437.8 (m), 1419.3 (m), 1273.2 (s)1188.9 (s), 1038.7 (m), 1016.1 (m), 962. 6 (m), 884.5 (m), 847.4 (s), 816.6
(s), 763.1 (s), 687.0 (s), 635.6 (m), 522.5 (s), 506.0 (m), 479.3 (w), 456.6 (m).
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6.3.2 Synthesis of other compounds
Methyl-4-aminobenzoate

4-Aminobenzoic acid (20.0 g, 146 mmol, 1.00 eq.) was dissolved in methanol (594 mL, 468 g, 14.6 mol, 100 eq.) and the
mixture was cooled with an ice bath to 0°C. Subsequently, thionyl chloride (31.7 mL, 52.0 g, 438 mmol, 3.00 eq.) was added
dropwise and the solution was stirred at room temperature overnight. The solution was neutralized with saturated
NaHCOs-solution and then K,COs; was added till a pH-value of eight was acquired. Precipitating salts were dissolved by
addition of water. Afterwards the organic phase was extracted with DCM (7 x 150 mL) and the combined organic layers
were dried over sodium sulfate and filtered off. The product (22.0 g, 146 mmol) was obtained as slightly yellow crystals
after removing the solvent under reduced pressure in quantitative yield.

Rs=0.45 (cyclohexane/ethyl acetate, 2:1) visualized via UV quenching at 254 nm.

1H-NMR (500 MHz, DMSO-dg) 8§/ppm = 7.65 (d, 3/ = 8.7 Hz, 2H, aromatic, 1), 6.58 (d, 3/ = 8.7 Hz, 2H, aromatic, 2), 5.97 (s, 2H,
NH, 3), 3.73 (s, 3H, CHs, 4).

Figure 29: 1H-NMR-spectrum of methyl-4-aminobenzoate.
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13C-NMR (126 MHz, CDCl3) §/ppm = 166.4, 153.5, 131.1, 115.8, 112.7, 51.2.

1:30 1‘50 1:10 1‘30 1‘20 1‘10 :lIUU S0 80 Fl] 60 50 40 30 20 10 o
Figure 30: 13C-NMR-spectrum of methyl-4-aminobenzoate.
EI-HRMS m/z: [M]* calculated for [CsHgO2N1]* = 151.0633, found: 151.0634, A = 0.0897 mmu.

IR (ATR platinum diamond): v/cm™ = 3406.2 (w), 3334.2 (m), 3229.3 (w), 2943.4 (w), 1680.5 (s), 1633.2 (m), 1594.1 (s),

1513.9 (m), 1433.7 (m), 1312.3 (3), 1281.5 (s), 1197.1 (w), 1174.5 (m), 1116.9 (s), 1077.8 (m), 849.5 (w), 767.2 (s), 697.3 (m),
586.2 (w), 506.0 (m).
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Benzyl 11-formamidoundecanoate

11-Formamidoundecanoic acid (22.9 g, 100 mmol, 1.00 eq.) was suspended DCM (50 mL) and DIPEA (19.6 mL, 149g,
115 mmol, 1.15 eq.) was added. Under stirring, benzyl bromide (17.8 mL, 25.7 g, 150 mmol, 1.50 eq.) in DCM (25 mL) was
slowly added via a dropping funnel. The reaction mixture was stirred overnight at room temperature. After full conversion
was indicated via TLC, triethylamine (7.62 mL, 5.57 g, 55.0 mmol, 0.550 eq.) was added and the reaction was stirred for
another hour. Afterwards water (150 mL) was added, the phases were separated, and the aqueous phase was extracted
with DCM (3 x 75 mL). The combined organic extracts were washed with water (3 x 150 mL). The combined organic extracts
were dried over sodium sulfate, filtered and the solvent was removed under reduced pressure. The product was obtained
as a slightly yellow solid (32.6 g, 102%) and was used without further purification. The analytical data is according to the
literature.13

Rs=0.25 (cyclohexane/ethyl acetate, 1:2) visualized via UV quenching at 254 nm and Seebach staining solution.

1H-NMR (500 MHz, CDCls) 8/ppm = 8.15 (s, 1H, CH, 12), 8.03 (d, 3/ = Hz, 1H, CH, %), 7.37 — 7.26 (m, 5H, aromatic, 2), 5.65 (br,
1H, NH, 3), 5.11 (s. 2H, CHa, %), 3.28 (m, 2H, CH,, 59), 3.19 (m, 2H, CHg, 5), 2.34 (t, 3/ = 7.5 Hz, 2H, CHa, ), 1.63 (p, 3/ = 7.5 Hz,
2H, CH,, 7), 1.63 (p, 3/ = 7.4 Hz, 2H, CH,, &), 1.28 — 1.25 (m. 12H, CHa, 9).
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Figure 32: 1H-NMR-spectrum of benzyl-11-formamidoundecanoate.

J|{ I L1

T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 0
ppm

Figure 31: 33C-NMR-spectrum of benzyl-11-formamidoundecanoate.

13C-NMR (126 MHz, DMSO-dg) 6/ppm = 173.8, 173.8, 164.7, 161.3, 145.13, 136.2, 128.7, 128.5, 128.3, 128.3, 66.2, 41.9,
38.3,34.4,31.4,29.6,29.5, 29.5,29.4, 29.3, 29.2, 29.2, 27.0, 26.9, 26.5, 25.2, 25.0.

FAB-HRMS m/z: [M+H]"* calculated for [C19H30NOs]* = 320.2220, found: 320.2222, A = -0.20 mmu.
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IR (ATR platinum diamond): v/cm™ =3265.7 (w), 3069.9 (w), 2914.9 (m), 2877.4 (w), 2848.4 (w), 1731.9 (m), 1652.5 (s),
1556.6 (w), 1496.9 (w), 1470.8 (m), 1450.7 (w), 1417.4 (w), 1380.1 (m), 1351.6 (w), 1330.2 (w), 1300.0 (w), 1268.0 (w),
1246.6 (w), 1234.2 (w), 1213.3 (w), 1200.1 (w), 1160.5 (s), 1108.8 (w), 1083.2 (w), 1055.3 (w), 1029.2 (w), 997.2 (w), 938.8
(m), 923.5 (w), 903.9 (w), 866.6 (w), 825.6 (w), 806.7 (w), 753.5 (m), 718.8 (w), 695.9 (s), 609.4 (w), 520.1 (m), 487.6 (w),
451.7 (m).
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6.3.3 Synthesis Procedure for P-3CR polymer 16
Using column purified diisocyanide 9

Decanedioic acid 14 (405mg, 2.00 mmol, 1.00eq.), heptanal 15 (1.69mL, 1.37mg, 0.12 mmol, 6.00eq.) and
1,12-diisocyanododecane 9 (441 mg, 2.00 mmol, 1.00 eq.) were stirred under argon atmosphere at room temperature for
24 hours. The obtained solid was dissolved in DCM (3 mL) and was then precipitated into diethylether (75 mL). Polymer 16
(886 mg, M, = 10517 Da, My, = 16760 Da, PDI = 1.59) was obtained after filtration and removal of remaining solvent under
reduced pressure as a brownish highly viscous oil in a yield of 67 % (in correspondence to the theoretical, maximal mass of
the polymer).

Using diisocyanide 9 purified by washing

Decanedioic acid 14 (405mg, 2.00 mmol, 1.00eq.), heptanal 15 (1.69mL, 1.37mg, 0.12 mmol, 6.00eq.) and
1,12-diisocyanododecane 9 (441 mg, 2.00 mmol, 1.00 eq.) were stirred under argon atmosphere at room temperature for
24 h. The obtained solid was dissolved in DCM (3 mL) and was then precipitated with diethylether (75 mL). Polymer 16
(886 mg, M, = 10517 Da, My, = 16760 Da, PDI = 1.59) was obtained after filtration and removal of remaining solvent under
reduced pressure as a brownish highly viscous oil in a yield of 63 % (in correspondence to the theoretical, maximal mass of
the polymer).

1H-NMR (500 MHz, CDCls) &/ppm =6.06 (br, 2H, NH, 1), 5.17-5.13 (m, 2H, CH, 2), 3.27-3.21 (m, 4H, CH,, 3), 2.38 (¢,
3) = 7.5 Hz, 4H, CHa, %), 1.88-1.75(m, 4H, CH,, 5), 1.68-1.59 (m, 4H, CHy, 6), 1.52-1.44 (m, 4H, CH,, 7), 1.35-1.24 (m, 40H, CHa,
8), 0.86 (t, 3/ = 7.0 Hz, CH3, 9).
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Figure 33: 1H-NMR-spectrum of passerine polymer 16.

13C-NMR (126 MHz, DMSO-dg) 8/ppm = 172.6, 170.0, 74.1, 39.4, 34.4, 32.1, 31.8, 29.7, 29.2, 29.0, 27.0, 25.0, 24.8, 22.7,
14.2.
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T T T T T T T T
170 160 150 140 130 120 110 100 S0 BO 70 &0 50 40 30 20 10 2]
ppm

Figure 34: 13C-NMR-spectrum of passerine polymer 16.

IR (ATR platinum diamond): v/cm™=3291.3 (w), 2923 (s), 2853.7 (m), 1741.3 (m), 1653.3 (s), 1538.3 (m), 1464.0 (m),
1375.7 (w), 1236.9 (m), 1161.6 (m), 1095.5 (m), 723.0 (w).

GPC: Red curve: Passerini-polymer 16 when 1, 12-diisocyano dodecane 9 was used which was purified by flash column
chromatography beforehand. M, = 10517 Da, M,, = 16760, b = 1.59.

Black curve: Passerini-polymer 16 when 1, 12-diisocyano dodecane 9 was used which was purified purified by washing
beforehand. M, = 8328 Da, M,, = 12615, b = 1.51.

—— P-3CPR - Crude IC
—— P-3CPR - Purified IC

IRID

. . . r : r :
10 12 14 16 18
Retention time / min

Figure 35: SEC-curves of Passerini polymer 16. The red curve shows the polymer obtained using the purified
isocyanide (IC), the black one was obtained using isocyanide that was only purified by washing.

176



Experimental Section

6.3.4 GC-Screening, synthesis and characterization of isocyanides
General isocyanide screening with internal standard (3.00 mmol scale)

In order to determine the concentration of isocyanooctadecane in the GC screening experiments, a gas chromatography
calibration curve with tetradecane as internal standard (IS) was compiled by measuring six samples

Table S1: Six sample of different concentrations of isocyanide 2 and the same concentration of IS were measured and the
ratio of the area of the isocyanide 2 and the area of IS were calculated.*’3

Table 33: GC-screening of compound 2.

Sample A(2) A(IS) c(2) / mg/mL c(1S) / mg/mL c(2) / c(1S) A(2) / A(IS)
1 2.76 E3 289 1.00 0.100 10.0 9.57
2 2.36 E3 289 0.800 0.100 8.00 8.16
3 1.81E3 289 0.600 0.100 6.00 6.27
4 1.11E3 289 0.400 0.100 4.00 3.83
5 492 289 0.200 0.100 2.00 1.70
6 1.69 E3 289 0.500 0.100 5.00 5.85
m  Sample 1-6
1,0 4/~ Linear fit of the six samples -
through the origin

0,8 1

c(2) / mmol / mL
o
D
1

0,4 ] Equation y=a+b*x
intersection with Y-axis 0t--
E slope 0,09892 + 0,0029
Pearson R 0,99776
0,2 - | R-Quadrat (COD) 0,99553
Kor. R-Quadrat 0,99463
T d T . T y T T T 1
2 4 6 8 10

A(2) /A (IS)

Figure 36: Calibration curve calculated using a linear fit (red line). The obtained slope was 0.0989 and the R?-value was
0.996.473

In a typical GC screening experiment, 3.00 mmol of N-formamido octadecane 1 was dissolved in a solvent (various amount)
and then, reacted with a dehydrating agent (various amounts) in presence of a base (various amounts) and a given amount
of tetradecane (mostly 10 mol%). Samples were taken after different reactions times and the resulting areas of the signals
of tetradecane and the product 2 were determined to calculate the yield of each specific reaction condition applying the
following formulas:
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o Ax/Ais (6)
xS Cx/cis
Ry/is is the slope of the calibration curve, whereas Ay, Ais, cx and cis correspond to the measured area and concentration of
standard (is) and analyte (x).

& (7)
is
As the amount of internal standard and therefore its concentration is known, the unknown concentration of analyte (x) and
the corresponding yield can be calculated, respectively.

General isocyanide synthesis in DCM (5.00 mmol scale)

The formamide (5.00 mmol, 1.00 eq.) was dissolved in DCM (5 mL) and pyridine (15.0 mmol, 3.00 eq.) was added.
Subsequently, p-TsCl (7.50 mmol, 1.50 eq.) was added under cooling with a water bath. The cooling was removed, and the
reaction mixture was stirred until full conversion (monitored via TLC, average reaction time of 2 hours) was observed.
Afterwards, aqueous Na,SOs-solution (5 mL, 20 wt%) was added and the biphasic mixture was stirred for another
30 minutes. Water (10 mL) and DCM (10 mL) were added, and the organic phase was separated. The aqueous phase was
extracted with DCM (3 x 5 mL), the organic extracts were combined and washed with water (3 x5 mL) and saturated
sodium chloride solution (2 x5 mL). The organic extract was dried over sodium sulfate, filtered and the solvent was
removed under reduced pressure. Further purification was not necessary in many cases. Nevertheless, purification by flash
column chromatography (mixture of cyclohexane and ethyl acetate) could be applied to obtain the product in higher purity.

General isocyanide synthesis in DMC (5.00 mmol scale)

The formamide (5.00 mmol, 1.00 eq.) was dissolved in DMC (5 mL) and pyridine (15.0 mmol, 3.00 eq.) was added.
Subsequently, p-TsCl (7.50 mmol, 1.50 eq.) was added under cooling with a water bath. The cooling was removed, and the
reaction mixture was stirred until full conversion (monitored via TLC, average reaction time of 24 hours) was observed.
Afterwards, aqueous Na,SOg-solution (5 mL, 20 wt%) were added and the biphasic mixture was stirred for another
30 minutes. Water (10 mL) and DMC (10 mL) were added, and the organic phase was separated. The aqueous phase was
extracted with DMC (3 x5 mL), the organic extracts were combined and washed with water (3 x5 mL) and saturated
sodium chloride solution (2 x5 mL). The organic extract was dried over sodium sulfate, filtered and the solvent was
removed under reduced pressure. Further purification was not necessary in many cases. Nevertheless, purification by flash
column chromatography (mixture of cyclohexane and ethyl acetate) could be applied to obtain the product in higher
purity).
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1-Isocyano octadecane 2

Obtained as rose solid in a yield of 96 % (DCM) or 89 % (DMC).

Rf=0.47 (cyclohexane/ethyl acetate, 15:1) visualized via UV quenching at 254 nm and vanillin staining solution.
1H-NMR (500 MHz, CDCl3) &/ppm =3.31 (tt, 3/=6.8 Hz, 2/=1.8 Hz, 2H, CH, 1), 1.61 (m, 2H, CHy, 2), 1.36 (t,
3/=7.0 Hz, 2H, CHy, 3), 1.23-1.19 (m, 30H, CH,, 4), 0.81(t, 3/ = 7.0 Hz, 3H, CH3, ).

1 3
VN NP NP N N NN
CN
2\ ~ 3 4
4

Figure 37: *H-NMR-spectrum of isocyanide 2.

13C-NMR (126 MHz, CDCls) 8/ppm = 155.7 (t), 41.7 (t), 32.1, 29.8, 29.7, 29.5, 29.3, 28.9, 26.5, 22.8, 14.3.

Figure 38: 3C-NMR-spectrum of isocyanide 2.
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EI-HRMS m/z: [M]* calculated for [Ci9H37N1]* = 279.2925, found: 279.2926, A = 0.1324 mmu.

IR (ATR platinum diamond): v/cm™ =2912.6 (s), 2848.8 (s), 2151.5 (m), 1470.7 (m), 717.9 (m).
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1-Isocyano dodecane 3

Obtained as yellow liquid in a yield of 90 % (DCM) and 94 % (DMC).

Rf=0.58 (cyclohexane/ethyl acetate, 15:1) visualized via UV quenching at 254 nm and vanillin staining solution
(orange).

1H-NMR (500 MHz, CDCl;5) &6/ppm =3.37 (tt, 3/=6.8 Hz, 2/ =1.9 Hz, 2H, CH,, 1), 1.70-1.62 (m, 2H, CH,, 2), 1.42
(quint, 3/ = 7.3 Hz, 2H, CHj, 3), 1.30-1.26 (m, 16H, CH,, 4), 0.87 (t, 3/ = 7.0 Hz, CH3, °).

1 3
CN/\/\/\/\/\/\
2" ~ 42 4
4

Figure 39: 1H-NMR-spectrum of isocyanide 3.

13C-NMR (126 MHz, CDCl3) §/ppm = 155.7 (t), 41.7 (t), 32.0, 29.7, 29.6, 29.5, 29.4, 29.2, 28.8, 26.4, 22.8, 14.2.

- -l )

Figure 40: 13C-NMR-spectrum of isocyanide 3.

EI-HRMS m/z: [M-H]* calculated for [C13H24N1]* = 194.1909, found: 194.1909, A = 0.0392 mmu.

IR (ATR platinum diamond): v/cm™ =2922.9 (s), 2852.9 (s), 2145.4 (s), 1458.3 (m).
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(2)-1-Isocyanooctadec-9-ene 4

Was obtained as yellowish oil in a yield of 97 % (DCM) and 98 % (DMC)
Rf=0.70 (cyclohexane/ethyl acetate, 9:1) visualized via vanillin staining solution (yellow/orange to brown).
1H-NMR-spectra is in accordance with the literature.>93

Benzyl 11-isocyanoundecanoate 5

Obtained as yellowish liquid in a yield of 97 % (DCM) and 87 % (DMC)

Rf=0.63 (cyclohexane/ethyl acetate, 9:1) visualized via UV quenching at 254 nm and vanillin staining solution
(brown).

1H-NMR (500 MHz, CDCls) 8/ppm =7.37-7.30 (m, 5H, aromatic, 1), 5.11 (s, 2H, CHa,2), 3.35 (tt, 3/ =6.8 Hz,
2J= 1.9 Hz, 2H, CHy, 3), 2.35 (t, 3/ = 7.5 Hz, 2H, CH,, 4)1.69-1.61 (m, 4H, CH,, 5), 1.41 (quint, 3/ = 7.3 Hz, 4H, CH,, §),
1,33-1.28 (m, 10H, CH,, 7).

Figure 41: 1H-NMR-spectrum of isocyanide 5.

13C-NMR (126 MHz, CDCl3) §/ppm = 173.6, 155.7 (br), 136.1, 128.5, 128.1, 66.0, 41.5 (t), 34.3, 29.3, 29.1, 29.0, 28.6, 26.3,
24.9.
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T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 50 £ 70 50 50 40 30 20
ppm

Figure 42: 13C-NMR-spectrum of isocyanide 5.
EI-HRMS m/z: [M]* calculated for [C1gH2702N1]* = 301.2042, found: 301.2043, A = 0.1494 mmu.

IR (ATR platinum diamond): v/cm =2924.9 (s), 2855.0 (s), 2145.4 (m), 1734.0 (s), 1454.2 (m), 1162.2 (s), 736.4 (s),
697.3 (s).
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6-Isocyanohexyl benzenesulfonate 6

Obtained as brown oil a yield of 53 % (DCM) and 68 % (DMC).

Rf=0.69 (cyclohexane/ethyl acetate, 2:1) visualized via vanillin staining solution (orange).

1H-NMR (500 MHz, CDCl5) &/ppm =7.79 (d, 3/=8.4 Hz, 2H, aromatic, 1), 7.35 (d, 3/=8.0 Hz, 2H, aromatic, 2), 4.03 (t,
3) = 6.3 Hz, 2H, CHa, 3), 3.35 (tt, 3/ = 6.6 Hz, 2/ = 1.9 Hz, 2H, CH,, 4), 2.45 (s, 3H, CH3, 5), 1.69-1.61 (m, 4H, CH,, 6), 1.44-1.33 (m,
4H, CHs, 7).

0]
1 .03 6
2 g:O/\\./\\./‘\/NC 5
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] I ﬁb thL

Figure 44:13C-NMR-spectrum of isocyanide 6.

Figure 43: 13C-NMR-spectrum of isocyanide 6.
13C-NMR (126 MHz, CDCl3) §/ppm = 156.1 (t), 144.9, 133.2, 130.0, 128.0, 70.3, 41.5 (t), 29.0, 28.8, 25.8, 24.8, 21.8.
EI-HRMS m/z: [M]* calculated for [C14H1903N132S;]* = 281.1086, found: 281.1086, A = 0.0435 mmu.
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IR (ATR platinum diamond): v/cm™ =2938.0 (w), 2862.9 (w), 2147.8 (w), 1597.7 (w), 1454.3 (w), 1353.4 (m), 1306.6 (w),
1187.9 (m), 1173.0 (s), 1096.5 (w), 1019.1 (w), 956.7 (m), 917.6 (m), 814.1 (m), 749.0 (w), 725.1 (w), 688.0 (w), 662.0 (s),
575.2 (m), 553.2 (s).
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1,5-Diisocyano pentane 7

Obtained as brownish liquid in a yield of 48 % (DCM) and 82 % (DMC).
Rf=0.48 (cyclohexane/ethyl acetate, 2:1) visualized via UV quenching at 254 nm and vanillin staining solution

(orange).

1H-NMR (500 MHz, CDCl3) /ppm = 3.37 (tt, 3/ = 6.5 Hz, 2/ = 2.0 Hz, 4H, CHy, 1), 1.71-1.64 (m, 4H, CH,, 2), 1.58-1.52

(m, 2H, CHy, 3).

7.0 65 6.0 5.5 5.0 4.5 4.0 35 3.0

Figure 45: 1H-NMR-spectrum of isocyanide 7.

13C-NMR (126 MHz, CDCl3) §/ppm = 156.3 (t), 41.3 (t), 28.2, 23.3.

Figure 46:13C-NMR-spectrum of isocyanide 7.
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EI-HRMS m/z: [M-H]* calculated for [C;HgN]* = 121.0765, found: 121.0766, A = 0.0416 mmu.

IR (ATR platinum diamond): v/cm™ = 2922.7 (s), 2852.9 (s), 2145.4 (m), 1464.5 (m), 1352.4 (w), 722.0 (w).
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1,10-Diisocyanido decane 8

Obtained as yellow liquid in a yield of 93 % (DCM) and 89 % (DMC).

Rf=0.44 (cyclohexane/ethyl acetate, 4:1) visualized via UV quenching at 254 nm and vanillin staining solution
(orange).

1H-NMR (500 MHz, CDCl;5) &6/ppm =3.37 (tt, 3/=6.8 Hz, 2/ =1.8 Hz, 4H, CH,, 1), 1.69-1.62 (m, 4H, CH,, 2), 1.42
(quint, 3/ =7.1 Hz, 4H, CH; 3), 1.31-1.29 (m, 8H, CH», 4).

CN/I\/S\/\/\/Z\/NC
4 4
1
2 3
| m
|
| _ .J‘ JLJ‘M*\A .

Figure 47: *H-NMR-spectrum of isocyanide 8.

13C-NMR (126 MHz, CDCl3) §/ppm = 155.8 (br), 41.6 (t), 29.2, 29.1, 28.7, 26.3.

ppm

Figure 48: 13C-NMR-spectrum of isocyanide 8.

EI-HRMS m/z: [M-H]* calculated for [C12H19N2]* = 191.1548, found: 191.1547, A = 0.1013 mmu.
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IR (ATR platinum diamond): v/cm™ =2927.0 (s), 2857.0 (s), 2145.4 (s), 1454.2 (m), 1351.4 (w).
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1,12-Diisocyano dodecane 9

Obtained as yellow liquid in a yield of 87 % (DCM) and 97 % (DMC)

Rf=0.44 (cyclohexane/ethyl acetate, 9:1) visualized via UV quenching at 254 nm and vanillin staining solution
(orange).

1H-NMR (500 MHz, CDCl;5) &6/ppm =3.36 (tt, 3/=6.8 Hz, 2/ =1.9 Hz, 4H, CH,, 1), 1.68-1.62 (m, 4H, CH,, 2), 1.41
(quint, 3/ = 7.3 Hz, 4H, CHy, 3), 1,3 -1.23 (m, 12H, CHy, 4).

1 3 2 NG
/\\/\\/\\/\\/\\/\\\/
CN 4
2 V——3 1
4

ppm

Figure 49: 1H-NMR-spectrum of isocyanide 9.

13C-NMR (126 MHz, CDCl3) 8/ppm = 155.6 (br), 41.6 (t), 29.4, 29.3, 29.1, 28.7, 26.3.

Figure 50: 13C-NMR-spectrum of isocyanide 9.

EI-HRMS m/z: [M-H]* calculated for [C14H23N;]* = 219.1861, found: 219.1863, A = 0.2013 mmu.
IR (ATR platinum diamond): v/cm™ =2924.9 (s), 2855.0 (s), 2145.4 (s), 1456.3 (m).
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1-Isocyano cyclohexane 10

Was obtained as yellowish liquid in a yield of 67 % (DCM) and 68 % (DMC)

Rf=0.57 (cyclohexane/ethyl acetate, 9:1) visualized via UV quenching at 254 nm, Seebach staining solution and
vanillin staining solution (orange).

1H-NMR-spectra was in accordance with the literature.23

1-Isocyano methylbenzene 11

Was obtained as dark brown liquid in a yield of 67 % (DCM) and 68 % (DMC)

Rf=0.66 (cyclohexane/ethyl acetate, 10:1) visualized via Seebach staining solution and vanillin staining solution
(orange).

1H-NMR-spectra is in accordance with the literature.>93

1-isocyano adamantane 12

Was obtained white solid in a yield of 79 % (DCM) and 78 % (DMC)
Rf=0.83 (cyclohexane/ethyl acetate, 4:1) visualized via vanillin staining solution (orange).
1H-NMR-spectra is in accordance with the literature.>93
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Methyl 4-isocyanobenzoate 13

The Methyl-4-formamidobenzoate (1.00 g, 5.58 mmol, 1.00 eq.) was dissolved in DCM (5.58 mL) and pyridine (1.53 mL,
1.50 g, 19.0 mmol, 3.40 eq.) was added. Subsequently, p-TsCl (1.81 g, 9.49 mmol, 1.70 eq.) was added under cooling with a
water bath. The cooling was removed, and the reaction mixture was stirred for 165 minutes. Afterwards, aqueous,
saturatedNa,SO4-solution (24 mL) were added and the biphasic mixture was stirred for another 30 minutes. Water (10 mL)
and DCM (10 mL) were added, and the organic phase was separated. The aqueous phase was extracted with DCM
(3 x5mL). The organic layers were dried over sodium sulfate, filtered and the solvent was removed under reduced
pressure. The product was obtained as black solid (120 mg, 0.740 mmol) after purification by column chromatography

(cyclohexane / ethyl acetate, 3 :1) in a yield of 13 %.

1H-NMR (400 MHz, DMSO-d¢) &/ppm =8.02 (d, 3/ = 8.5 Hz, 2H, aromatic, 1), 7.69 (d, 3/ = 8.5 Hz, 2H, aromatic, 2),

3.86 (s, 3H, CHs, 3).
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Figure 51: 'H-NMR-spectrum of isocyanide 13.

13C-NMR (101 MHz, DMSO-dg) §/ppm = 166.6, 164.9, 130.6, 130.5, 129.2, 126.9.

Figure 52: 13C-NMR-spectrum of isocyanide 13.
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EI-HRMS m/z: [M]* calculated for [CoH;0,N;]* = 161.0477, found: 161.0475, A =-0.1514 mmu.
IR (ATR platinum diamond): v/cm = 3088.2 (w, br), 2952.8 (w), 2127.9 (s), 1715.5 (s), 1604.6 (m), 1504.1 (w), 1428.2 (m),

1272.2 (s), 1168.6 (m), 1102.9 (s), 1017.8 (m), 955.2 (m), 864.9 (s), 833.1 (m), 760.3 (s), 686.4 (m), 637.1 (w), 571.5 (m),
513.0 (m), 448.4 (w).

193



Experimental Section

6.4 Synthesis of thioureas via AM-3CR and evaluation of their
catalytic activities depending on their moieties

6.4.1 Quantification of hydrogen bonding strength via 3P-NMR

The hydrogen bonding strength of thiourea compounds was determined adopting the protocol from Franz et al.>27 Here,
less expensive CDCl; (dried over 4 A molecular sieve) was used for the stock solution of POEt; (c = 0.18 M) instead of CD,Cl,.
Dry CH,Cl, was used to prepare a stock solution of the corresponding thiourea (c = 0.135 M) as suggested by Franz. For
every compound, three samples were prepared from the same stock solution, which were measured three times each.
Ab-values were calculated using the average chemical shift § of three measurements of pure POEt; in CDCl3/CH,Cl, (1/4)
solution, which was determined to be 51.40 ppm, and the average chemical shift 6 of the respective thiourea complex. The
31p-spectra (decoupled) were recorded on a 400 MHz-NMR instrument with 32 scans.

Table 34: Chemical shifts & of POEts after complexation by thiourea 17-27. Each complexation was measured three times

and an average is given as well as the A6 and the standard error of the mean (SEM).

thiourea chemical shift 6 | chemical shift 6 | chemical shift& | @(chemical AS/ppm B(SEM)/%
I/ppm Il/ppm /ppm shift 8)/ppm
172 52.91 52.94 52.97 52.94 1.54 1.6
182 52.79 52.77 52.71 52.76 1.36 2.5
19 52.14 52.09 52.15 52.13 0.73 3.6
20 5451 54.54 54.42 54.49 3.09 1.6
21 54.04 53.89 53.89 53.94 2.54 2.8
22 53.36 53.50 53.41 53.42 2.03 2.9
23b) 52.48 52.41 52.44 52.44 1.05 2.7
242) 9 54.27 54.24 - 54.26 2.86 0.5
252) 55.75 55.73 55.69 55.72 4.33 0.6
26 55.88 56.39 56.37 56.21 4.82 4.9
279 56.59 56.51 56.50 56.53 5.14 0.8

a) Compound is not entirely soluble in CH,Cl,. b) Compound was not entirely soluble in CH,Cl,, even in the doubled amount
of solvent, but was measured nonetheless (c=0.0675 M instead of 0.135 M). c) The experiments were performed two times
and the average is given. d) Compound showed poor solubility in CH,Cl,. Careful heating can facilitate the solubilizing
process (e.g. water bath 50 °C).

The three 3!P-NMR measurements of all thioureas are depicted in the following. Please note that for weak hydrogen
bonding, for instance in the case of thiourea 19, a broadening of the signals was sometimes observed, resulting in a higher
uncertainty of the obtained values, as also indicated in the table above (see @(SEM) values).
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N, N’-dicyclohexyl thiourea 17
31p.NMR (400 MHz, CDCl3) §/ppm = 52.97 (1)
52.94 (2)

52.91(3)

@ =52.94 ppm

A =1.54 ppm

T T T T T T T T
54.5 54.0 535 53.0 52.5 52.0 51.5 51.0
&/ppm

Figure 53: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 17.

Compound is not entirely soluble in CH,Cl,.
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N-cyclohexyl thiourea 18
31p-NMR (400 MHz, CDCl3) §/ppm = 52.79 (1)
52.71(2)

52.77 (3)

@ =52.76 ppm

A& =1.36 ppm

\ L
[ 3

T T T T T T T
54.0 53.5 53.0 52.5 52.0 51.5 51.0

T
50.5
o/ppm

Figure 54: 31p-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 18.

Compound is not entirely soluble in CH,Cl, but was measured anyway.
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N-cyclohexylhydrazine carbothioamid 19
31p-NMR (400 MHz, CDCl3) §/ppm = 52.14
52.06

52.28

@ =52.13 ppm

A& =0.73 ppm

S USSP Sy

T T T T T T T T T T T T T T T T T T T T
548 546 544 542 54.0 53.8 536 534 53.2 536.0 52.8 52.6 52.4 52.2 52,0  51.B 516 51.4 51.2 51.0
ppm

Figure 55: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 19.
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N-furfuryl, N'-cyclohexyl thiourea 20
31p-NMR (400 MHz, CDCl3) §/ppm = 54.51 (1)
54.54 (2)

54.42 (3)

@ =54.49 ppm

A& =3.069ppm

T T T T T T T T T T T T T T T T T T T T
5.0 549 548 547 546 545 544 543 542 54.1 . 540 539 538 537 536 535 53.4 53.3 53.2 531
nom

Figure 56:31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 20.
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N-benzyl, N'-cyclohexyl thiourea 21

31p_NMR (400 MHz, CDCl3) 8/ppm = 54.04 (1)
53.89 (2)

53.89 (3)

@ =53.94 ppm

A8 =2.54 ppm

>N~

T T T
522 52,0 51.8

r T T T T r T T T T T T T T T r T T
55.8 556 554 552 550 548 546 544 542 54.gf 53.8 536 534 532 530 528 526 524
ppm

Figure 57: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 21.
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N-phenyl, N’-cyclohexyl thiourea 22

31p_NMR (400 MHz, CDCl3) 8/ppm = 53.50 (1),
53.36 (2),

53.41 (3).

@ =53.42 ppm

A& =2.02 ppm

|
: \
L Py PRy

AP SAPAAN o pAP S il s o M A MM_\.’VV’N’J

T T T T T T T
54.5 54.0 53.5 53.0 52.5 52.0
S{ppm

T T
55.5 55.0

Figure 58: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 22.
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1,4-bis(N-cyclohexylthioureido) benzene 23
31p.NMR (400 MHz, CDCl3) §/ppm = 52.48 (1)
52.41(2)

52.44 (3)

@ =52.44 ppm
A& =1.05 ppm

Compound was not soluble in CH,Cl,, even in the doubled amount of solvent but was measured anyway (c=0.0675 M
instead of 0.135 M).

T T T T T T T T T T T T T T
54.5 54.0 53,5 53.0 52.5 52.0 51.5 51.0 50.5 50.0 49.5 49.0 485
&/ppm

Figure 59: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 23.
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N-(4-(methylbenzoate)), N'-cyclohexyl thiourea 24
31p_NMR (400 MHz, CDCl3) §/ppm = 54.27 (1)
54.24 (2)

55.43 (3)

@ =54.65 ppm

A& =3.25 ppm

Ju

o

T T T T T T T T T
58.0 57.5 57.0 56.5 56.0 55.5 55.0 5 54.5 54.0 535 53.0 52.5 52.0 515 51.0
ppm

Figure 60: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 24.

Compound is not entirely soluble in CH,Cl, but was measured anyway.
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N-(5-(dimethylisophtalate)), N'-cyclohexyl thiourea 25
31p.NMR (400 MHz, CDCl3) §/ppm = 55.75 (1)
55.73 (2)

55.69 (3)

@ =55.72 ppm

A8 =4.33 ppm

T T - T T T T T - T
57.0 56.5 56.0 55.5 55.0 54.5 54.0 53.5
&/ppm

Figure 61: 3'P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 25.

Compound is not entirely soluble in CH,Cl; but was measured anyway.
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N-(4-(n-hexylsulfony)phenyl), N'-cyclohexyl thiourea 26
31p-NMR (400 MHz, CDCl3) 6/ppm = 55.88
56.39

56.37

@ =56.21 ppm

A6 =4.82 ppm

R N

§/ppm

Figure 62: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 26.

204

| — | — T | — | — U | — | — | — L —
8.0 57.8 576 57.4 57.2 57.0 56.8 56.6 56,4 56.2 56.0 55.8 55.6 55.4 55.2 55.0 54.8 54.6 54.4 54.2 54.0

T
¥



Experimental Section

N-3,5-bis(trifluormethyl)phenyl, N'-cyclohexyl thiourea 27

31p-NMR (400 MHz, CDCl3) 6/ppm =

56.59
56.51

56.50

@ =56.53ppm

A& =5.14 ppm

Compound shows bad solubility in CH,Cl,. Careful, heating can facilitate the solubilizing process (e.g. water bath 50 °C).

‘ 3

60.0 59.5 59.0 58.5 58.0

57.5 57.0

56.5 56.0 55.5 55.0 54.5 54.0 53.5
Bd/ppm

Figure 63: 31P-NMR-Spectrum of POEt; depicting the effect of the hydrogen bonding strength of thiourea 27.
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6.4.2 Catalyst-screening for Ugi-four-component-reaction

The reaction was performed in commercially available NMR-tubes. Thus, stock solutions of the tert-butyl isocyanide
(c =1.05 M), acetic acid (c = 0.70 M), p-toluidine (c = 1.05 M) and the respective catalyst were prepared in CDCl; (dried over
MS 3 A). Since most of the catalysts showed low solubility in CDCls, p-methoxy benzaldehyde (c =0.241 M) was added
directly to the stock solution of each catalyst (c =0.0175 M), resulting in a homogeneous solution. Then, 400 uL of the
catalyst-aldehyde stock solution as well as 100 uL of each amine, carboxylic acid and isocyanide stock solution were added
to the NMR-tube. Subsequently, it was closed and well shaken (i.e. turned around eight times) and left at room
temperature for a given time. Thus, the stoichiometry for each reaction was: acetic acid 29 (4.00 uL, 4.20 mg, 70.0 umol,
1.00 eq.), p-methoxy benzaldehyde 31 (11.7 pL, 13.2 mg, 96.6 umol, 1.38 eq.), p-toluidine 30 (11.3 mg, 105 pumol, 1.50 eq.),
tert-butyl isocyanide 32 (11.9 uL, 8.73 mg, 105 uL, 1.50 eq.) and the respective catalyst (7.0 umol, 10.0 mol%) in 700 uL
CDCls.

IH-NMR measurements (500 MHz) were recorded after 66 hours, and after 6 days. Each catalyst was tested three times,
while at least two different stock solutions of each compound were used (summary in Table 34). The conversion of the
acetic acid was determined by integration of the CH3-COOH-signal of the acid (singlet at 2.05 ppm, integral A(X)) and the
CH3-CONR-signal of the Ugi-product 28 (singlet at 1.83 ppm, integral A(Y), for pure product analysis vide infra), since no
overlapping of other signals was observed (including signals of every catalyst tested). Please note that the acetic acid signal
was slightly shifted in the reaction mixture compared to the signal of pure acetic acid, probably due to the different solvent
mixture. All remaining signals in the displayed spectra of the reaction mixture could be assigned to the starting materials
and the formed products. No corresponding Passerini-product (see reference for corresponding Passerini signals®24) or
other side products involving the acetic acid were detected and thus, the conversion was calculated as followed:

. A(Y) (8)
conversion|%] = 100 1 40 x 100

cDcl, A(X)

B A(Y)
J—L_L_iﬁil ul . .\ lLlIA,J___J PN . /.‘ |k, ‘nk,,

Lk ] |

T T T T T T T
T T T T T T r r r r r T - T 240 205 200 195 190 185 180
7.0 65 6.0 55 50 45 40 3.5 3.0 25 20 1.5 1.0 05 00 8/ppm

T T T
9.5 5.0 8 8.0 7.

Figure S2: On the left side, stacked 1H-NMR spectra of the Ugi-4CR reaction mixture after 6 days using thiourea
catalyst 26 (3) (top), the pure acetic acid 29 (2) (middle) and the corresponding isolated, pure Ugi-product 28 (1)
(bottom) in CDCls is shown exemplarily.

On the right side, a zoom-in to the CH3-COOH-signal of the acetic acid as well as the CH3-CONR-signal of the
Ugi- product 28 clearly reveals that no other signals are overlapping.
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Table 35: Summary of catalysis of an Ugi reaction forming product28 by using thiourea compounds. Each

1H-NMR-experiment was performed three times and an average as well as standard error of the mean (SEM) is given.

Catalyst [time] | Conversion I/% Conversion I1/% Conversion I11/% @(Conversion)/% B(SEM)/%
none [66 h] 14.5 13.8 13.8 14.0 2.5
none [6 days] 19.4 18.7 18.7 189 1.6
Schreiner 24.8 27.0 27.0 26.3 3.9
catalyst [66 h]

Schreiner 29.1 32.0 315 30.9 4.1
catalyst [6 d]

Schreiner 324 32.9 329 32.7 0.7
catalyst

20 mol% [6 d]

17 [66 h] 11.5 12.3 11.5 11.8 3.1
17 [6d] 16.7 16.7 16.7 16.7 0.0
18 [66 h] 14.5 15.3 12.3 14.0 9.0
18 [6 d] 20.6 20.6 17.4 19.5 7.9
19 [66 h] 13.0 13.0 9.9 12.0 12.3
19 (6 d] 18.0 17.4 13.8 16.4 11.3
20 [66 h] 14.5 14.5 11.5 13.5 10.5
20 [6d] 20.0 20.0 16.7 18.9 8.3
21[66 h] 10.7 12.3 11.5 11.5 5.6
21[6d] 17.4 16.7 17.4 17.1 1.9
22 [66 h] 19.4 13.0 14.5 15.6 17.2
22 [6d] 18.0 18.7 19.4 18.7 2.9
23 [66 h] 15.3 15.3 13.8 14.8 4.7
23 [6d] 20.6 20.0 18.7 19.8 4.1
24 [66 h] 14.5 14.5 13.8 14.3 2.4
24 [6d] 20.0 20.6 20.6 20.4 1.7
25 [66 h] 16.7 16.7 16.0 16.4 2.0
25 [6d] 21.9 21.3 23.1 22.1 3.4
26 [66 h] 22.5 18.7 22.5 21.2 8.4
26 [6d] 29.6 27.0 28.6 28.4 3.7
26 20 mol% | 32.0 32.0 34.6 32.9 3.8
[6d]

27 [66 h] 21.3 22.5 22.5 22.1 2.6
27 [6d] 25.4 27.5 28.1 27.0 4.3
MeOH 13.0 13.0 14.5 135 5.2
[40 mol%,

66 h]

MeOH 18.0 16.7 18.7 17.8 4.8

[40 mol%, 6 d]
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6.4.2.1 Synthesis of Ugi-product 28

In @ 25 mL round bottom flask, acetic acid 29 (480 uL, 500 mg, 8.33 mmol, 1.00 eq.) was added to 17 mL of methanol.
Subsequently, 4-methoxybenzaldehyde 31 (1.01 mL, 1.13g, 8.33 mmol, 1.00eq.), p-toluidine30 (850 uL, 892 mg,
8.33 mmol, 1.00 eq.) and tert-butylisocyanide 32 (942 uL, 692 mg, 8.33 mmol, 1.00 eq.) were added and the resulting
mixture was stirred for three days at room temperature. The crude reaction mixture was purified via column
chromatography (ethyl acetate/cyclohexane (1:10->1:2)). The product was obtained as a colorless crystalline solid. (1.79 g,

4.86 pmol) in a yield of 58 %.
Rs=0.43 in cyclohexane/ethyl acetate 5/1, visualized via vanillin staining solution.
1H-NMR was according to literature.2>

1H-NMR (500 MHz, CDCl3): 6/ppm = 7.03-6.66 (m, 8H, aromatic), 5.90 (s, 1H, NH), 5.60 (s, 1H, CH), 3.73 (s, 3H, CH3), 2.26 (s,

3H, CHs), 1.82 (s, 3H, CH3), 1.31 (s, 9H, CH3).
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6.4.3 Catalyst-screening in for ring-opening of cyclic carbonate

The screening reactions were performed according to the synthesis protocol of Caillol and Andrioletti et al.*” Propylene
carbonate 33 (85.1 uL, 103 mg, 1.00 mmol, 1.00 eq.) and cyclohexylamine 34 (115 uL, 99.2 mg, 1.00 mmol, 1.00 eq.) were
added to the respective thiourea catalyst (50.0 umol, 5.00 mol%). In addition, biphenyl (18.5 mg, 0.120 eq.) was added as
internal standard (reference used diphenylether) and the reaction mixture was stirred at room temperature for 30 or
60 minutes. Since the reaction mixture became more viscous with increasing conversion, preparing a homogenous
GC-sample of the mixture was not possible (the conversion differed considerably if the experiment was repeated). Thus,
two separate reactions for each reaction time (30 and 60 minutes) were performed and afterwards diluted with 1 mL of
ethyl acetate each. The diluted reaction mixture was stirred for another 5 minutes resulting in a non-viscous, homogeneous
solution appropriate for GC-analysis at the respective conditions (s. above for GC-program). Every reaction was performed
three times, the average conversion of propylene carbonate 33 and the standard error of the mean (SEM) was calculated.

Retention time of the respective compound in the GC-chromatogram:

Propylen carbonate 33
Product (both regioisomers 35a and 35b)

Biphenyl (internal standard) 6.08 min

2.44 min

8.17 min

Table 36: GC-screening of the reaction of propylene carbonate 33 with cyclohexylamine 34 with or without catalyst. The
conversion was determined after 30 and 60 minutes and the experiment was performed three times (conversion [-1ll)
resulting in an average conversion and the respective standard error of the mean (SEM).

Catalyst [time] | Conversion I/% Conversion 11/% Conversion 111/% @(Conversion)/% B(SEM)/%
none [30 min] 4.0 1.6 2.2 2.6 38.4
none [60 min] 7.5 8.5 4.0 4.0 28.7
Schreiner 51.1 449 45.6 47.2 5.9
catalyst

[30 min]

Schreiner 55.1 61.1 57.0 57.8 4.3
catalyst

[60 min]

27 [30 min] 67.8 63.8 60.5 64.1 4.7
27 [60 min] 67.6 71.6 72.0 70.4 2.8
26 [30 min] 62.1 59.1 56.6 59.2 3.8
26 [60 min] 68.6 68.4 67.4 68.1 0.7
25 [30 min] 54.5 54.6 56.1 55.1 1.3
25 [60 min] 66.4 63.9 65.6 65.3 1.6
23 [30 min] 20.5 20.4 23.3 21.4 6.3
23 [60 min] 36.8 29.5 31.3 32.5 9.5
22 [30 min] 27.3 26.8 26.9 27.0 0.8
22 [60 min] 43.4 34.2 36.0 37.9 10.4
20 [30 min] 15.9 17.1 15.2 16.1 4.8
20 [60 min] 34.5 26.6 27.7 29.6 11.9
17 [30 min] 10.7 13.8 11.8 12.11 10.6
17 [60 min] 29.5 21.6 24.2 25.1 13.2
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6.4.4 Synthesis of thioureas

General synthesis of thiourea via MCR (GP1)

Elemental sulfur (0.140 eq., corresponds to 1.12 eq. of sulfur atoms) was suspended in methanol (1.0 M corresponding to
n(isocyanide)), the respective amine (1.10 eq.) was added and a dark red to brownish reaction mixture was usually
observed. Subsequently, the isocyanide component (1.00 eq.) was added and the reaction mixture was stirred at room
temperature or up to 80°C (applying elevated temperature, a pressure tube was used) until full conversion was observed
TLC. Subsequently, the solvent was removed under reduced pressure. The crude product was washed with methanol at
60°C for several minutes and then left to cool down to room temperature. After filtration and washing with minimal
amount of methanol, the solvent was evaporated and the pure product was obtained. Deviations of this procedure are
highlighted in the respective section.
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N, N’-Dicyclohexyl thiourea 7

The synthesis was performed according to GP1. The reaction was conducted in bulk and cyclohexyl isocyanide 10 (228 pL,
200 mg, 1.83 mmol, 1.00 eq.), cyclohexylamine 34 (232 uL, 200 mg, 2.02 mmol, 1.10 eq.) and elemental sulfur (58.9 mg,
230 umol, 0.126 eq.) were used. The reaction mixture was stirred at room temperature for 5 min. Then, 1.5 ml ethanol was
added and the mixture was left overnight. The crude product was then filtered off using a frit and was washed with ethanol
(1 x 0.5 mL). After removal of the remaining solvent, pure product was obtained as colorless solid (308 mg, 128 mmol) in a
yield of 70%. Further product could be obtained by repeating the purification steps with the obtained mother liquor, but
was not performed here.

Ry = 0.37 in cyclohexane/ethyl acetate 4/1 visualized via UV quenching at 254 nm.

1H-NMR (500 MHz, DMSO-ds) 8/ppm = 7.08 (d, 3/ = 8.1 Hz, 2H, NH, 1), 3.96 (m, 2H, CH, 2), 1.93-0.97 (m, 20H, CH>).
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Figure 64: 1H-NMR-spectrum of thiourea 17.

13C-NMR (126 MHz, DMSO-ds) 5/ppm = 179.96 (C=S), 51.46 (CH), 32.35 (CH2), 25.20 (CH,), 24.49 (CH,).
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Figure 65: 13C-NMR-spectrum of thiourea 17.

EI-HRMS m/z: [M]* calculated for [C13H24N3»S1] = 240.1660, found: 240.1662, A = 0.1767 mmu.
IR (ATR platinum diamond): v/cm™ = 3289 (m), 2925 (vs), 2851 (s), 1549 (vs), 1504 (vs), 1450 (m), 1409 (m), 1378

(w), 1360 (w), 1341 (m), 1323 (w), 1296 (w), 1275 (m), 1255 (m), 1226 (vs), 1187 (m), 1154 (m), 1111 (w), 1074 (w),
983 (m), 887 (w), 771 (m), 588 (s), 551 (vs), 481 (w), 401 (w)
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N-Cyclohexyl thiourea 18

The synthesis was performed according to an adapted procedure GP1. Isocyano cyclohexane 10 (342 uL, 300 mg,
2.75 mmol, 1.00 eq.) was reacted with 2.75 mL of 7 M methanolic ammonia solution (449uL, 328 mg, 19.3 mmol, 7.00 eq.)
and elemental sulfur (98.7 mg, 385 umol, 0.140 eq.). The reaction mixture was set under argon atmosphere and was stirred
at 60 °C for 30 minutes. Afterwards, the reaction mixture was cooled to room temperature and was then stirred overnight.
Washing with 2 mL methanol at 60°C as described in GP1 yielded the product after filtration. The mother liquor was
collected, and the solvent was removed and washed again with 1 mL methanol to obtain a second fraction of product. Pure
product was obtained as colorless crystals (345 mg, 2.18 mmol) in a yield of 79%.

Rs=0.21 in cyclohexane/ethyl acetate 1/1 visualized via vanillin staining solution (cyan).

1H-NMR (400 MHz, DMSO-ds) 6/ppm = 7.45 (d, 3/ = 8.3 Hz, 1H, NH, 1), 7.37-6.99 (m, 0.6H, NH>, ), 6.99-6.56 (m,
1.4H, NH», 22), 3.89 (m, 0.7H, CH, 32, 3.24 (m, 0.3H, CH, 3b), 1.96-0.93 (m, 10H, CHa, 4).
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Figure 66: 1H-NMR-spectrum of thiourea 18.

13C.NMR (126 MHz, DMSO-dg) 6/ppm = 181.88 (C=S), 52.16 (CH) 32.24 (CH,), 25.15 (CH3), 24.46 (CH.,).
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Figure 67: 13C-NMR-spectrum of thiourea 18.

EI-HRMS m/z: [M]* calculated for [C;H14N»S;] = 158.0878, found: 158.0876, A =-0.1317 mmu.
IR (ATR platinum diamond): v/cm1=3332 (w), 3264 (w), 3153 (w), 3075 (w), 2919 (w), 2859 (w), 1615 (m), 1557

(s), 1504 (w), 1460 (w), 1452 (w), 1440 (m), 1415 (w), 1368 (m), 1341 (m), 1308 (w), 1286 (w), 1259 (w), 1230 (w),
1185 (w), 1156 (m), 1088 (w), 1072 (w), 1047 (w), 1026 (w), 9869 (m), 891 (w), 728 (m), 621 (w), 586 (s), 520 (s).
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N-Cyclohexylhydrazine carbothioamid 19

The synthesis was performed according to GP1. Isocyano cyclohexane 10 (795 pL, 700 mg, 6.41 mmol, 1.00 eq.) was reacted
with hydrazine monohydrate (343 uL, 353 mg, 7.05 mmol, 1.10 eq.) and elemental sulfur (230 mg, 898 umol, 0.140 eq.) in
6.4 mL methanol. The reaction mixture was stirred at room temperature for 1 day. The precipitate was filtered off and the
solvent of the mother liquor was evaporated. The residue was purified as described in GP 1 using 2 mL methanol for
washing at 60°C. Both fractions were combined, and the product was obtained as a colorless solid (988 mg, 5.70 mmol) in a
yield of 89%.

Ry =0.22 in cyclohexane/ethyl acetate 1/2 visualized via UV quenching at 254 nm.

1H-NMR (400 MHz, DMSO-ds) 6/ppm = 8.54 (s, 1H, NH, 1), 7.50 (d, 3/ = 8.3 Hz, 1H, NH, 2), 4.44 (s, 2H, NH,, 3), 4.03
(m, 1H, CH, 4), 1.91-1.03 (m, 10H, CH, 5).
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Figure 68: 'H-NMR-spectrum of thiourea 19.

13C-NMR (101 MHz, DMSO-ds) 6/ppm = 179.98 (C=S), 51.40 (CH), 32.33 (CH3), 25.12 (CH2), 24.70 (CH2).
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Figure 69: 13C-NMR-spectrum of thiourea 19.

EI-HRMS m/z: [M]* calculated for [C;H1sN3S;1] = 173.0987, found: 173.0988, A = 0.1291 mmu.

IR (ATR platinum diamond): v/cm = 3334 (w), 3295 (w), 3139 (m), 2927 (vs), 2853 (m), 1625 (m), 1522 (vs), 1497
(s), 1448 (s), 1347 (w), 1310 (m), 1300 (m), 1269 (s), 1257 (s), 1232 (vs), 1193 (w), 1152 (m), 1111 (m), 1063 (w),
1053 (w), 1026 (w), 983 (w), 932 (s), 893 (s), 850 (m), 812 (s), 782 (vs), 730 (m), 664 (vs), 615 (vs), 586 (vs), 522 (m),
477 (w), 461 (m), 438 (w)
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N-Furfuryl-N"-cyclohexyl thiourea 20

The synthesis was performed according to GP1. Isocyano cyclohexane 10 (341 pL, 300 mg, 2.75 mmol, 1.00 eq.) was reacted
with furfurylamine (500 pL, 525 mg, 5,41 mmol, 1.97 eq.) and elemental sulfur (96.9 mg, 378 umol, 0.140 eq.) in bulk. The
reaction mixture was stirred at room temperature for 19 hours. Subsequently, 4 mL of 1.0 M aq. hydrochloric acid and 5 mL
of ethyl acetate were added and the biphasic mixture was stirred overnight. Then, water (5 mL) and ethyl acetate (5 mL)
were added and the phases were separated. The aqueous phase was extracted with ethyl acetate (1 x 10 mL) and the
organic layers were combined, dried over sodium sulfate and filtered off. The pure product was obtained after flash column
chromatography (cyclohexane/ethyl acetate 12/1 = 9/1; adding 5 V% of TEA to the eluent) as a brownish, slow crystallizing
solid (508 mg, 2.13 mmol) in a yield of 78%.

Rs=0.32 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (blue to
brown).

1H-NMR (500 MHz, DMSO-dg) 6/ppm = 7.60-7.47 (m, 1H, aromatic, NH, 1), 7.34 (s, 1H, NH, 2), 6.39 (dd, 3/=3.1 Hz,
3/=1.9 Hz, 1H, aromatic, 3), 6.27 (d, 3/ =2.7 Hz, 1H, aromatic, *), 4.69-4.55 (m, 2H, CH,, 5), 3.99 (m, 1H, CH, ©),
1.89-1.06 (m, 10H, CH,, 7).
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Figure 70: 1H-NMR-spectrum of thiourea 20.

13C-NMR (126 MHz, DMSO-dg) 8/ppm = 181.28 (C=S), 152.06 (aromatic), 142.11 (aromatic), 110.46 (aromatic),
107.17 (aromatic), 51.84 (CH), 40.26 (CH,), 32.22 (CH,), 25.17 (CH5), 24.42 (CH,).
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Figure 71: 13C-NMR-spectrum of thiourea 20.

EI-HRMS m/z: [M]* calculated for [C12H18N»S1] = 238.1140, found: 238.1139, A = -0.0818 mmu.

IR (ATR platinum diamond): v/cm =3295 (w), 3221 (s), 3017 (w), 2931 (s), 2855 (m), 1555 (vs), 1545 (vs), 1514
(vs), 1454 (m), 1446 (m), 1419 (m), 1335 (m), 1318 (m), 1306 (s), 1300 (s), 1249 (m), 1236 (s), 1197 (s), 1179 (vs),
1148 (s), 1090 (m), 1076 (s), 1063 (s), 1012 (s), 969 (w), 942 (s), 905 (w), 884 (m), 812 (m), 767 (s), 740 (vs), 642
(vs), 599 (s), 582 (s), 547 (vs), 481 (m), 465 (s), 407 (s)
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N-Benzyl-N’-cyclohexyl thiourea 21

The synthesis was performed according to GP1. Isocyano cyclohexane 10 (342 pL, 300 mg, 2.75 mmol, 1.00 eq.) was reacted
with benzylamine (330 pL mL, 324 mg, 3.02 mmol, 1.10 eq.) and elemental sulfur (97.5 mg, 379 umol, 0.140 eq.) in bulk.
The reaction mixture was stirred at room temperature for 20 minutes. Then, 2 mL of methanol were added to dissolve the
formed precipitate and the mixture was stirred for another 40 minutes. The pure product was obtained after flash column
chromatography (cyclohexane/ethyl acetate 9/1 - 7/3) as a brownish solid (603 mg, 2.43 mmol) in a yield of 88%.

R;=0.48 in cyclohexane/ethyl acetate 7/3 visualized via UV quenching at 254 nm.

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 7.65 (s br, 1H, NH, 1), 7.49-7.14 (m, 6H, aromatic, NH, 2), 4.65 (m, 2H, CH,
3),3.98 (m, 1H, CH, 4), 1.93-1.05 (m, 10H, CH, 5).
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Figure 72: *H-NMR-spectrum of thiourea 21.
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13C-NMR (101 MHz, DMSO-dg) 8/ppm = 181.36 (C=S), 139.42 (aromatic), 128.25 (aromatic), 127.33 (aromatic),
126.81 (aromatic), 51.86 (CH), 46.86 (CH.), 32.28 (CH,), 25.17 (CH>), 24.48 (CH,).
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Figure 73: 13C-NMR-spectrum of thiourea 21.

EI-HRMS m/z: [M]* calculated for [C14H20N2S1] = 248.1347, found: 248.1345, A = -0.1988 mmu.

IR (ATR platinum diamond): v/cm™ = 3308 (w), 3236 (s), 3020 (w), 2929 (s), 2855 (w), 1545 (vs), 1516 (vs), 1493 (s),
1454 (m), 1430 (m), 1405 (w), 1333 (m), 1321 (m), 1304 (m), 1290 (s), 1259 (w), 1214 (s), 1197 (s), 1185 (s), 1162
(w), 1148 (w), 1094 (m), 1068 (m), 1028 (w), 932 (m), 919 (w), 887 (w), 775 (m), 738 (vs), 703 (s), 697 (s), 642 (vs),
597 (s), 582 (s), 553 (vs), 483 (m)
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N-Phenyl, N’-cyclohexyl thiourea 22

Experimental Section

The synthesis was performed according to GP1. Phenyl isocyanide (350 mg, 3.39 mmol, 1.00 eq.) was used directly after its
synthesis (s. phenyl isocyanide synthesis), reacting it with cyclohexylamine 34 (431 uL, 370 mg, 3.73 mmol, 1.10 eq.) and
elemental sulfur (122 mg, 475 umol, 0.140 eq.). The reaction mixture was stirred at 80 °C for 1 hour. Washing was
performed with 2 mL methanol. After filtration, the product was obtained and the mother liquor was collected, and solvent

was removed under reduced pressure. The remaining solid was washed again with methanol to yield a second fraction of
product. The pure product was obtained as colorless solid (446 mg, 1.90 mmol) in a yield of 56%.

Rs=0.64 in cyclohexane/ethyl acetate 1/1 visualized via UV quenching at 254 nm and vanillin staining solution (green).

1H-NMR (400 MHz, DMSO-ds) §/ppm =9.32 (s, 1H, NH, 1), 7.60 (d, 3/=7.4 Hz, 1H, NH, 2), 7.52-7.40 (m, 2H,
aromatic, 3), 7.36-7.23 (m, 2H, aromatic, 4), 7.12-7.02 (m, 1H, aromatic, 3), 4.09 (m, 1H, CH, ¢), 1.90-1.05 (m, 10H,

CH,, 7).
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Figure 74: *H-NMR-spectrum of thiourea 22.

DMSO

13C-NMR (101 MHz, DMSO-dg) &8/ppm =179.18 (C=S), 139.58 (aromatic), 128.42 (aromatic), 123.74 (aromatic),

122.65 (aromatic), 52.11 (CH), 31.87 (CH,), 25.17 (CH,), 24.54 (CH,).
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Figure 75: 13C-NMR-spectrum of thiourea 22.

EI-HRMS m/z: [M]* calculated for [C13H18N»S;1] = 234.1191, found: 234.1189, A =-0.1772 mmu.

IR (ATR platinum diamond): v/cm = 3236 (m), 2937 (m), 2921 (m), 2851 (m), 1590 (w), 1539 (vs), 1506 (vs), 1491
(vs), 1450 (s), 1395 (s), 1356 (m), 1345 (w), 1310 (m), 1290 (s), 1253 (s), 1236 (vs), 1199 (vs), 1183 (s), 1146 (vs),

1111 (s), 1074 (w), 1049 (w), 1024 (w), 983 (s), 893 (w), 854 (w), 823 (w), 790 (m), 740 (vs), 691 (vs), 652 (s), 621
(m), 599 (vs), 574 (vs), 535 (vs), 487 (vs), 436 (w), 420 (s).

222



Experimental Section

1,4-Bis(N-cyclohexylthioureido) benzene 23

The synthesis was performed according to GP1. 1,4-Diisocyano benzene (168 mg, 1.31 mmol, 1.00 eq.) was reacted with
cyclohexylamine 34 (333 uL, 286 mg, 2.89 mmol, 2.20 eq.) and elemental sulfur (94.2 mg, 367 umol, 0.280 eq.). The
reaction mixture was set under argon-atmosphere and was stirred at 80°C for 15 minutes. The crude product was washed
with 5 mL methanol. To remove remaining methanol, an azeotrope was formed by adding 5 mL acetone and then removed
under reduced pressure (3 x). The pure product was obtained as yellow solid (375 mg, 960 umol) in a yield of 73%.

Rs=0.42 in cyclohexane/ethyl acetate 1/1 visualized via UV quenching at 254 nm.

1H-NMR (400 MHz, DMSO-dg) §/ppm =9.26 (s br, 2H, NH, 1), 7.44 (m, 6H, NH, aromatic, 2), 4.07 (s, 2H, CH, 3),
2.06-0.99 (m, 20H, CH>, 4).
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Figure 76: 1H-NMR-spectrum of thiourea 23.

13C-NMR could not be recorded due to the poor solubility of the compound in typical deuterated solvents.
EI-HRMS m/z: [M+H]* calculated for [C20H30N4S,] = 391.1990, found: 391.1988, A =-0.2511 mmu.

IR (ATR platinum diamond): v/cm™ = 3291 (w), 3246 (w), 3240 (w), 3233 (w), 2927 (m), 2851 (w), 1543 (vs), 1516
(vs), 1506 (vs), 1460 (w), 1448 (w), 1430 (m), 1382 (m), 1356 (m), 1302 (m), 1294 (m), 1265 (w), 1251 (m), 1226
(vs), 1199 (s), 1183 (m), 1152 (m), 1119 (m), 1107 (m), 1076 (w), 1047 (w), 1028 (w), 1014 (w), 981 (m), 965 (vw),
891 (w), 864 (w), 843 (w), 812 (w), 798 (w), 780 (w), 650 (m), 619 (w), 566 (s), 559 (s), 543 (vs), 516 (s), 502 (vs),
463 (w), 440 (w), 415 (s).
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N-(4-(Methylbenzoate))-N'-cyclohexyl thiourea 24

The synthesis was performed according to GP1. Methyl 4-isocyanobenzoate 13 (344 mg, 2.13 mmol, 1.00 eq.) was reacted
with cyclohexylamine 34 (269umL, 233 mg, 2.35 mmol, 1.10 eq.), elemental sulfur (76.6 mg, 299 mmol, 0.140 eq.) and
2.1 mL of methanol. The reaction mixture was stirred at room temperature for 3 hours. DCM (2 mL) was added to dissolve
the remaining isocyanide and the reaction was stirred at room temperature for another 24 hours. The solvent was removed
under reduced pressure and a mixture of cyclohexane and ethyl acetate (10 mL, 7/3) were added to the crude product and
the suspension was stored at -18 °C for 5 days. The product was obtained as an ochre solid in a yield of 38% (236 mg,
807 umol) after filtration and washing with a minimal amount of methanol.

Rs=0.38 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (green).

1H-NMR (400 MHz, DMSO-ds) 8/ppm =9.71 (s, 1H, NH, 1), 7.98 (d, 3/ = 7.6 Hz, 1H, NH, 2), 7.87 (d, 3/ = 8.7 Hz, 2H,
aromatic, 3), 7.71 (d, 3/ = 8.7 Hz, 2H, aromatic, 4), 4.10 (m, 1H, CH, 3), 3.81 (s, 3H, CHj3, ¢), 1.99-1.07 (m, 10H, CH>, 7).
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Figure 77: *H-NMR-spectrum of thiourea 24.

13C.NMR (101 MHz, DMSO-ds) 8/ppm = 178.76 (C=S), 165.86 (C=0), 144.52 (aromatic), 129.77 (aromatic), 123.57
(aromatic), 120.47 (aromatic), 52.12 (CH), 51.87 (CH3), 31.66 (CH,), 25.14 (CH2), 24.46 (CH.).
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Figure 78: 3C-NMR-spectrum of thiourea 24.
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EI-HRMS m/z: [M]* calculated for [C1sH2002N,S1] = 292.1245, found: 292.1246, A = 0.0803 mmu.

IR (ATR platinum diamond): v/cm™ =3305 (w), 3186 (w), 3159 (w), 3089 (w), 3077 (w), 3020 (w), 2927 (w), 2853
(w), 1697 (vs), 1606 (m), 1541 (s), 1528 (vs), 1510 (s), 1436 (s), 1388 (w), 1358 (m), 1310 (s), 1284 (vs), 1242 (vs),
1199 (s), 1179 (vs), 1150 (s), 1113 (vs), 1014 (m), 983 (m), 963 (m), 891 (w), 864 (m), 847 (m), 833 (w), 812 (w), 790
(w), 765 (vs), 689 (s), 666 (vs), 594 (vs), 537 (m), 500 (s), 490 (s), 469 (m), 434 (m), 409 (m)
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N-(5-(Dimethylisophtalate))-N"-cyclohexyl thiourea 25

The synthesis was performed according to GP1. 5-Isocyano dimethylisophtalate (1.00 g, 4.56 mmol, 1.00 eq.) was reacted
with cyclohexylamine 34 (575 pL, 498 mg, 5.02 mmol, 1.10 eq.) and elemental sulfur (164 mg, 0.639 mmol, 0.140 eq.) in
5.06 ml methanol (0.90 M corresponding to n(isocyanide)). The reaction mixture was stirred at room temperature for
4 days. Afterwards, 13 ml methanol were added, and the mixture was left to crystallize for 3 days at room temperature.
Filtration of the product and removal of the solvent yielded the pure product as colorless solid (1.31 g, 3.74 mmol) in a yield

of 82%.

R;=0.38 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (green).

1H-NMR (400 MHz, DMSO-de) 86/ppm =9.73 (s br, 1H, NH, 1), 8.39 (d, 4/ =1.6 Hz, 2H, aromatic, 2), 8.15 (m, 1H,
aromatic, 3), 7.92 (s br, 1H, NH, 4), 4.09 (m, 1H, CH, 5), 3.89 (s, 6H, CHj3, ©), 2.00-1.09 (m, 10H, CH>, 7).

Figure 79: 'H-NMR-spectrum of thiourea 25.
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Experimental Section

13C.NMR (101 MHz, DMSO-ds) 6/ppm = 179.36 (C=S), 165.29 (C=0), 141.08 (aromatic), 130.15 (aromatic), 126.69
(aromatic), 124.08 (aromatic), 52.56 (CHs), 52.19 (CH), 31.74 (CH,), 25.15 (CH2), 24.49 (CH.).
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Figure 80: 13C-NMR-spectrum of thiourea 25.

EI-HRMS m/z: [M]* calculated for [C17H2204N5S1]* = 350.1300, found: 350.1300, A =-0.0708 mmu.

IR (ATR platinum diamond): v/cm = 3328 (w), 3020 (w), 2945 (w), 2927 (w), 2913 (w), 2847 (w), 1728 (vs), 1711
(vs), 1598 (w), 1530 (vs), 1448 (m), 1436 (s), 1382 (w), 1343 (vs), 1310 (w), 1300 (w), 1249 (vs), 1197 (vs), 1183 (vs),
1144 (vs), 1123 (m), 1109 (s), 996 (s), 981 (m), 907 (m), 893 (w), 880 (w), 852 (w), 821 (w), 792 (m), 757 (vs), 722
(w), 689 (w), 666 (m), 631 (vs), 605 (w), 592 (w), 547 (w), 510 (w), 483 (w), 455 (w), 434 (w).
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N-(4-(n-Hexylsulfony)phenyl)-N’-cyclohexyl thiourea 26

The synthesis was performed according to GP1. 4-Isocyano hexylsulfoxybenzene (purity (w%=83%), 1.06 g 3.50 mmaol,
1.00 eq.) was reacted with cyclohexylamine 34 (535 pL, 460 mg, 4.64 mmol, 1.33 eq.), elemental sulfur (151 mg, 590 umol,
0.169 eq.) and 4 mL of methanol. The reaction mixture was stirred at room temperature for 17 hours. The pure product was
obtained after column chromatography (cyclohexane/ethyl acetate 6/1->4/1) as a yellowish solid (693 mg, 1.81 mmol) in a

yield of 52%.
Rs=0.25 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (green).

1H-NMR (400 MHz, DMSO-ds) 8/ppm =9.77 (s, 1H, NH, ), 8.04 (d, 3/ = 7.9 Hz, 1H, NH, 2), 7.84-7.78 (m, 2H, aromatic, 3),
7.78-7.73 (m, 2H, aromatic, 4), 4.10 (m, 1H, CH, 5), 3.27-3.17 (m, 2H, CH,, €), 2.00-1.10 (m, 18H, CH,, 7), 0.86-0.76 (t,
3= 6.9 Hz, 3H, CH;, 8).
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Figure 81: 'H-NMR-spectrum of thiourea 26.

13C-NMR (101 MHz, DMSO-dg) &6/ppm = 178.82 (C=S), 144.79 (aromatic), 132.34 (aromatic), 128.36 (aromatic),
120.74 (aromatic), 54.83 (CH,), 52.17 (CH), 31.61 (CH,), 30.64 (CH,), 27.09 (CH,), 25.13 (CH,), 24.44 (CH,), 22.37
(CH3), 21.80 (CH2), 13.80 (CH3).
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Figure 82: 13C-NMR-spectrum of thiourea 26.
EI-HRMS m/z: [M]* calculated for [C19H3002N1S;] = 382.1743, found: 382.1741, A =-0.2105 mmu.

IR (ATR platinum diamond): v/cm™ = 3340 (w), 3223 (vw), 2929 (s), 2867 (w), 2853 (m), 1623 (w), 1596 (m), 1532
(vs), 1497 (s), 1465 (w), 1450 (m), 1419 (w), 1360 (w), 1333 (vs), 1312 (s), 1298 (s), 1273 (vs), 1251 (vs), 1212 (s),
1181 (m), 1135 (vs), 1111 (s), 1086 (vs), 1012 (w), 981 (w), 889 (w), 876 (w), 831 (s), 773 (m), 747 (m), 740 (m), 722
(m), 687 (m), 666 (s), 650 (s), 597 (vs), 572 (s), 549 (vs), 529 (vs), 490 (s), 442 (w).
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N-(3,5-Bis(trifluormethyl)phenyl)-N"-cyclohexyl thiourea 27
Procedure A (MCR):

First, 3,5-bis(trifluormethyl) isocyanobenzene was synthesized using 3,5-bis(trifluoromethyl)phenyl formamide (1.00 g,
3.89 mmol, 1.00 eq.), which was dissolved in 11.8 mL DCM. The reaction mixture was cooled to 0 °C using an ice-water
bath. Subsequently, DIPA (1.69 mL, 1.22 g, 12.1 mmol, 3.10 eq.) was added to the mixture and phosphorus oxychloride
(473 pL, 775 mg, 5.06 mmol, 1.30 eq.) was added dropwise, while keeping the temperature at 0 °C. After addition, the
cooling was removed and the mixture was stirred at room temperature for 3 hours. Afterwards, the reaction mixture was
put directly on a filter column which was packed with cyclohexane and 5 V% of TEA and DCM was applied as eluent. After
column chromatography the solvent and the majority of DIPA was removed under reduced pressure (please note that the
isocyanide sublimes at 50 °C and around 50 mbar) yielding the crude product (673 mg, 2.81 mmol, corresponding to a yield
of 72%), which was used immediately without further analysis since the isocyanide is sensitive to moisture.

The synthesis was performed according to GP1. The isocyanide was reacted with cyclohexylamine 34 (356 pL, 306 mg,
3.09 mmol, 1.10 eq.) and elemental sulfur (101 mg, 393 umol, 0.140 eq.) without any solvent. The reaction mixture was
stirred at room temperature for 1 hour. Then, 2.8 mL methanol was added and the reaction mixture was stirred for 5 days.
The product was obtained after column chromatography (dryload, cyclohexane/ethyl acetate 20/1->13/1) as a slightly
orange solid (376 mg, 1.02 mmol) in a yield of 26% (corresponding to the amount of formamide used).

Procedure B:

Cyclohexyl isothiocyanate (983 uL, 1.00g, 7.08 mmol, 1.00eq.) was dissolved in 7mL DMSO. Subsequently,
3,5-bis(trifluormethyl) aniline (1.21 mL, 1.78 mg, 7.79 mmol, 1.10 eq.) and DABCO (874 mg, 7.79 mmol, 1.10 eq.) were
added and the reaction mixture was stirred at 100 °C for 24 hours. Then, ethyl acetate (10 mL) and water (10 mL) were
added, and the phases were separated. The aqueous phase was extracted with ethyl acetate (2 x 20 mL). The combined
organic layers were washed with 1.0 M aqueous hydrochloric acid solution (2 x 25 mL) and water (2 x 25 mL), dried over
sodium sulfate and filtered off. The crude product was purified by column chromatography (dryload, cyclohexane/ethyl
acetate 30/1, adding 5 V% of acetic acid to the eluent) and the product was obtained as a colorless powder (1.28 g,
3.46 mmol) in a yield of 49%.

Ry = 0.55 in cyclohexane/ethyl acetate 3/1 visualized via UV quenching at 254 nm and vanillin staining solution (green).

1H-NMR (500 MHz, DMSO-dg) 8/ppm =9.85 (s br, 1H, NH, 1), 8.23 (s, 2H, aromatic, 2), 8.15 (s br, 1H, NH, 2), 7.70 (s,
1H, aromatic, 3), 4.11 (m, 1H, CH, 4), 1.96-1.10 (m, 10H, CH,, 3).

19F-NMR (376 MHz, DMSO-d¢) 6/ppm =-61.63.

13C-NMR (126 MHz, DMSO-ds) 8/ppm = 179.22 (C=S), 142.01 (aromatic), 130.08 (g, 2/ = 32.0 Hz, aromatic), 123.27
(9, Y = 273.3 Hz, CF3), 121.71 (aromatic), 115.81 (aromatic), 52.32 (CH), 31.58 (CH,), 25.09 (CH,), 24.43 (CH.).
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Figure 84: 1H-NMR-spectrum of thiourea 27.
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Figure 83: 13C-NMR-spectrum of thiourea 27.
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EI-HRMS m/z: [M+H]* calculated for [C1sH16N2FeS1] = 371.1011, found: 371.1011, A = 0.0181 mmu.
IR (ATR platinum diamond): v/cm = 3285 (vw), 3164 (vw), 3040 (w), 2933 (w), 2859 (w), 1553 (m), 1526 (s), 1467

(w), 1382 (s), 1364 (m), 1337 (m), 1267 (vs), 1177 (vs), 1127 (vs), 1105 (vs), 1039 (w), 1024 (w), 940 (m), 889 (vs),
862 (w), 847 (w), 753 (w), 706 (s), 679 (vs), 617 (w), 586 (w), 549 (w), 516 (w).
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6.4.5 Synthesis of aromatic isocyanides

General synthesis of aromatic isocyanides (GP2)

The corresponding N-formamide (1.00 eq.) was dissolved in DCM (0.33 M corresponding to n(N-formamide)) and DIPA
3.10 eq.) was added. Subsequently, the reaction mixture was cooled to 0°C using an ice-water bath and phosphorus
oxychloride (1.30 eq.) was added dropwise keeping the temperature at 0 °C. Afterwards, the cooling bath was removed,
and the reaction was stirred at room temperature for 2 hours. After completion of the reaction, purification was performed
via flash column chromatography (typically height of silica loading: 5cm). Thereby, the reaction mixture was added
dropwise directly onto the dry silica loaded column to quench the remaining phosphorus oxychloride. Then, the product
was purified by eluting with DCM. Since some of the synthesized isocyanides were sensitive to moisture, purification was
conducted as quickly as possible and the compounds were used directly for further synthesis. Deviations of GP2 are
highlighted in the synthesis of the respective compound.

Methyl 4-isocyanobenzoate 13

The synthesis was performed according to GP2. Methyl 4-formamidobenzoate (10.0 g, 55.8 mmol, 1.00 eq.) was reacted
with DIPA (24.3 mL, 17.5g, 173 mmol, 3.10 eq.) and phosphorus oxychloride (6.78 mL, 11.1g, 72.6 mmol, 1.30 eq.) in
169 mL DCM. First, remaining phosphorus oxychloride was quenched by adding 180 mL saturated sodium hydrogen
carbonate solution to the reaction mixture and the biphasic mixture was stirred for another 30 minutes. The phases were
separated and the aqueous phase was extracted with DCM (1 x 100 mL). The organic layers were combined, dried over
sodium sulfate and filtered off. The crude product was purified via column chromatography (height 10cm,
cyclohexane/ethyl acetate 6/1) yielding the isocyanide as dark black solid with a GC purity of 95% (7.37 g, 45.8 mmol) in a
yield of 82%. Please note that this compound sublimes at 50°C and 4 mbar, yielding needle shaped colorless crystals.

Ry =0.55 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (yellow).
1H-NMR was according to the literature.258

1H-NMR (300 MHz, DMSO-d¢) 6/ppm = 8.08-8.01 (m, 2H, aromatic, 1), 7.76-7.69 (m, 2H, aromatic, 2), 3.87 (s, 3H,
CHs, 3).
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Dimethyl 5-isocyanoisophtalate

The synthesis was performed according to GP2. Dimethyl 5-formamidoisophtalate (5.72 g, 24.1 mmol, 1.00 eq.) was reacted
with DIPA (10.5mL, 7.56 g, 74.8 mmol, 3.10 eq.) and phosphorus oxychloride (2.86 mL, 4.81 g, 31.4 mmol, 1.30 eq.) in
73 mL DCM. After completion of the reaction, remaining phosphorus oxychloride was quenched by adding 70 mL saturated
sodium hydrogen carbonate solution to the reaction mixture and the biphasic mixture was stirred for another 30 minutes.
The phases were separated and the aqueous phase was extracted with DCM (1 x 50 mL). The organic layers were combined,
dried over sodium sulfate and filtered off. Purification of the crude product with flash column chromatography
(cyclohexane/ethyl acetate 11/1) yielded the product as colorless needle-like crystals (3.91 g, 17.8 mmol) in a yield of 74%.

Rs=0.16 in cyclohexane/ethyl acetate 11/1 visualized via UV quenching at 254 nm and vanillin staining solution (orange).

1H-NMR (500 MHz, DMSO-dg) 6/ppm = 8.48 (s, 1H, aromatic, 1), 8.31 (s, 2H, aromatic, 2), 3.92 (s, 6H, CHs, 3).
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Figure 85: 1H-NMR-spectrum of dimethyl 5-isocyanoisophthalate.

13C-NMR (101 MHz, CDCls) 8/ppm = 166.56 (NC), 163.97 (COOMe), 131.91 (aromatic), 131.05 (aromatic), 130.19
(aromatic), 52.94 (CHs).
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Figure 86: 13C-NMR-spectrum of dimethyl 5-isocyanoisophthalate.

EI-HRMS m/z: [M]* calculated for [C11H9N104] = 219.0532, found: 219.0532, A = 0.0674 mmu.
IR (ATR platinum diamond): v/cm™ =3085 (m), 2958 (w), 2137 (m), 1728 (vs), 1454 (w), 1432 (s), 1349 (w), 1316

(s), 1259 (m), 1238 (vs), 1201 (vs), 1172 (vs), 1121 (s), 1105 (s), 983 (vs), 932 (s), 917 (s), 880 (vs), 784 (w), 749 (vs),
726 (s), 664 (m), 588 (w), 551 (w), 463 (vs), 411 (m).
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4-(n-Hexylsulfonyl) isocyanobenzene

The synthesis was performed according to GP2. 4-(n-Hexylsulfonyl) formamidobenzene (500 mg, 1.86 mmol, 1.00 eq.) was
reacted with DIPA (802 L, 582 mg, 5.75 mmol, 3.10 eq.) and phosphorus oxychloride (226 pL, 370 mg, 2.41 mmol, 1.30 eq.)
in 5.6 mL DCM. After completion of the reaction, purification was performed via flash column chromatography (height of
silica loading: 5cm). Thereby, the reaction mixture was added dropwise directly onto the dry silica loaded column to
quench the remaining phosphorus oxychloride. Then, the product was purified by eluting with DCM. The product was
obtained as red-brown solid (295 mg, 1.17 mmol) in a yield of 63%. Please note that the compound is moisture sensitive
and starts decomposing to the starting material while purifying. The purity was determined by *H-NMR and was 83 wt% (s.
below, 9% starting material and 14% DIPA). The crude isocyanide was used directly for synthesis of thiourea 10.

Ry =0.83 in cyclohexane/ethyl acetate 1/1 visualized via UV quenching at 254 nm and vanillin staining solution (orange).

1H-NMR (400 MHz, DMSO-d¢) 8/ppm = 8.03(d, 3/ = 8.5 Hz, 2H, aromatic, 1), 7.87 (d, 3/ = 8.5 Hz, 2H, aromatic, 2),
3.40-3.33 (m, 2H, CH>, 3), 1.60-1.45 (m, 2H, CH,, %), 1.37-1.08 (m, 6H, CH>, 5), 0.82 (t, 3/ = 6.7 Hz, 3H, CHs, 6).
Please note that signals highlighted with the appendix “*” are signals from the starting material.
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Figure 87: 1H-NMR-spectrum of 4-(n-hexylsulfonyl) isocyanobenzene.

Further analysis was not performed due to the sensitivity of the compound.
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1,4-Diisocyanobenzene

The synthesis was performed according to GP2. 1,4-Diformamidobenzene (3.00 g, 18.3 mmol, 1.00 eq.) was reacted with
DIPA (15.8mL, 11.5 mg, 113 mmol, 6.20 eq.) and phosphorus oxychloride (4.44 mL, 7.28 g, 47.5 mmol, 2.60 eq.) in 55.5 mL
DCM. After completion of the reaction, purification was performed via flash column chromatography (height of silica
loading: 5 cm). Thereby, the reaction mixture was added dropwise directly onto the dry silica loaded column to quench the
remaining phosphorus oxychloride. Then, the product was purified by eluting with DCM. The product was obtained as
brown crystalline solid (1.66 g, 13.0 mmol) in a yield of 71%.

R;=0.68 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (yellow).

1H-NMR (400 MHz, DMSO-dg) §/ppm = 7.73 (s, 4H, aromatic, 1).
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Figure 88: 1H-NMR-spectrum of 1,4-diisocyanobenzene.

13C-NMR (126 MHz, DMSO-de) 6/ppm = 166.41 (NC), 128.09 (aromatic).
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Figure 89: 13C-NMR-spectrum of 1,4-diisocyanobenzene.

DMS0

EI-HRMS m/z: [M]* calculated for [CsH4N,] = 128.0374, found: 128.0374, A =-0.0395 mmu.

IR (ATR platinum diamond): v/cm =3092 (w), 2976 (w), 2129 (m), 1732 (w), 1724 (w), 1680 (w), 1502 (m), 1485
(m), 1411 (m), 1284 (s), 1273 (s), 1240 (m), 1203 (m), 1183 (m), 1174 (m), 1154 (m), 1140 (m), 1119 (m), 1024 (m),

996 (m), 843 (vs), 662 (s), 555 (s), 527 (vs), 496 (s), 481 (s), 473 (s), 448 (s).
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6.4.6 Synthesis of aromatic N-formamides

General synthesis of aromatic N-formamides (GP3)

Formic acid (4.00 eq.) was added to the corresponding amine (1.00 eq.) in a flask equipped with a Dimroth-condenser and
the mixture was stirred at 60°C for 24 hours. Subsequently, the remaining formic acid and water were removed under
reduced pressure. The obtained N-formamides were used without further purification.

3,5-Bis(trifluoromethyl)phenyl formamide

The synthesis was performed according to GP3. 3,5-Bis(trifluoromethyl) aniline (1.00 g, 4.36 mmol, 1.00 eq.) was reacted
with formic acid (1.65 mL, 2.01 g, 43.6 mmol, 10.0 eq.). Subsequently, the remaining formic acid and water were removed
under reduced pressure. The product was obtained as colorless needles (1.12 g, 4.36 mmol) in quantitative yield. Please
note that the product exhibits static properties.

Ry =0.39 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (yellow).

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 10.82 (s, 0.8H, CHO, 12), 10.56 (d, 3/ = 10.5 Hz, 0.2H, CHO, ), 9.04 (d,
3/=10.6 Hz, 0.2H, NH, 2b), 8.43 (d, 3/ = 1.5 Hz, 0.8H, NH, 22), 8.22 (s, 1.6H, aromatic, 32), 7.87 (s, 0.4H, aromatic, 3b),
7.72 (s, 0.8H, aromatic, %), 7.67 (s, 0.2H, aromatic, 4b).
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Figure 90: 1H-NMR-spectrum of 3,5-bis(trifluoromethyl)phenyl formamide..

19F-NMR (376 MHz, DMSO-ds) 6/ppm = -66.33.

13C-NMR (101 MHz, DMSO-de) &/ppm = 162.98 (C=0, »), 160.80 (C=0, @), 140.88 (aromatic, 1), 140.05 (aromatic,
1a) 131.34 (g,% = 32.9 Hz, aromatic, 20) 130.91 (q,% = 32.9 Hz, aromatic, 22), 123.13 (q,Y = 273.7 Hz, CFs3), 118.90 (q,
3J = 4.1 Hz, aromatic, 32), 117.24-117.04 (m, aromatic, 3°), 116.40 (sept., 3/ = 4.0 Hz, aromatic, 42), 116.07-115.81
(m, aromatic, 4°).
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Figure 91: 13C-NMR-spectrum of 3,5-bis(trifluoromethyl)phenyl formamide..

EI-HRMS m/z: [M]* calculated for [CoHsO1N1Fg] = 257.0275, found: 257.0274, A = -0.1638.
IR (ATR platinum diamond): v/cm = 3285 (w), 3244 (w), 3106 (vw), 2921 (vw), 1705 (w), 1680 (m), 1623 (w), 1561

(m), 1551 (m), 1471 (m), 1440 (w), 1407 (m), 1372 (m), 1269 (vs), 1168 (s), 1131 (vs), 1107 (vs), 1000 (w), 915 (m),
899 (m), 882 (s), 827 (m), 751 (m), 724 (m), 699 (s), 679 (vs), 510 (m), 405 (m).
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Methyl 4-formamidobenzoate

The synthesis was performed according to GP3. Methyl 4-aminobenzoate (6.50 g, 43.0 mmol, 1.00 eq.) was reacted with
formic acid (6.49 mL, 7.92 g, 172 mmol, 4.00 eq.). Subsequently, the remaining formic acid and water were removed under
reduced pressure. The product was obtained as colorless solid (7.40 g, 41.2 mmol) in a yield of 96%.

R;=0.13 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (yellow).

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 10.56 (s, 0.7H, CHO, 13), 10.47 (d, 3/ = 10.7 Hz, 0.3H, CHO, %), 8.96 (d,
3/=10.7 Hz, 0.3H, NH, 2b), 8.35 (d, 3/ = 1.7 Hz, 0.7H, NH, 22), 7.98-7.83 (m, 2H, aromatic, 3a%), 7.71 (d,3 J = 8.7 Hz,
1.4H, aromatic, 42), 7.31 (d, 3/ = 8.6 Hz, 0.6H, %), 3.81 (s, 3H, CHs, 5).
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Figure 92: 1H-NMR-spectrum of methyl-4-formaidobenzoate.

13C.NMR (101 MHz, DMSO-dg) 8/ppm = 165.76 (COOCHs, 2), 163.21 (COOCHS3, b), 162.59 (C=0, b), 160.18 (C=0, 2),
143.0 (aromatic, 1), 142.53 (aromatic, 1), 130.82 (aromatic, 2°), 130.42 (aromatic, 22), 124.38 (aromatic, 32), 124.28
(aromatic, 32), 118.67 (aromatic, 32), 116.46 (aromatic, 3°), 51.93 (CHs).
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Figure 93: 13C-NMR-spectrum of methyl-4-formaidobenzoate.

EI-HRMS m/z: [M]* calculated for [CoHgsO3N;] = 179.0582, found: 179.2584, A = 0.1270 mmu.
IR (ATR platinum diamond): v/cm™ = 3462 (w), 3367 (w), 3240 (w, br), 3048 (w, br), 1705 (s), 1691 (s), 1680 (s),

1594 (vs), 1567 (s), 1520 (m), 1436 (s), 1310 (s), 1275 (vs), 1181 (vs), 1168 (vs), 1113 (vs), 1014 (m), 963 (s), 884
(m), 850 (s), 833 (s), 817 (s), 808 (s), 763 (vs), 695 (vs), 636 (m), 619 (m), 570 (w), 506 (vs), 498 (vs), 457 (s), 403 (s).
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Dimethyl 5-formamidoisophtalate

The synthesis was performed according to GP3. Dimethyl 5-aminoisophtalate 40 (1.00 g, 4.78 mmol, 1.00 eq.) was reacted
with formic acid (1.44 ml, 1.76 g, 38.2 mmol, 8.00 eq.). Subsequently, the remaining formic acid and water were removed
under reduced pressure. The product was obtained as colourless powder (1.08 g, 4.54 mmol) in a yield of 95 %.

Rs = 0.81 ethyl acetate visualized via UV quenching at 254 nm and vanillin staining solution (deep blue).

1H-NMR (400 MHz, DMSO-ds) 6/ppm = 10.58 (s, 0.8H, CHO, 2), 10.41 (d, 3/ = 10.7 Hz, 0.2H, CHO,), 8.91 (d, 3/ = 10.7 Hz,
0.2H, NH, 2°), 8.40 (d, 4/ = 1.5 Hz, 1.6H, aromatic, 32), 8.35 (d, 3/ = 1.6 Hz, 0.8H, NH, 22), 8.10 (t, 4/ = 1.5 Hz, 0.8H, aromatic, %),
8.07-8.05 (m, 0.2H, aromatic, %), 7.94 (d, %) = 1.1 Hz, 0.4H, 3°), 3.87 (s, 6H, CHs, 5).
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Figure 94: 1H-NMR-spectrum of dimethyl-5-formaidoisophthalate.

13C-NMR (101 MHz, DMSO-dg) 8/ppm = 165.12 (COOCHs), 162.56 (C=0, b), 160.18 (C=0, 2), 139.60 (aromatic, 1b),
139.08 (aromatic, 12), 131.70 (aromatic, 2¢), 130.70 (aromatic, 22), 124.35 (aromatic, 32), 124.14 (aromatic, 3°),
123.46 (aromatic, 42), 121.50 (aromatic, #b), 52.52 (CHs).
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Figure 95: 13C-NMR-spectrum of dimethyl-5-formaidoisophthalate.

EI-HRMS m/z: [M]* calculated for [C11H11NOs] = 237.0637, found: 237.0636, A =-0.1045 mmu.

IR (ATR platinum diamond): v/cm™ = 3315 (m), 3067 (w), 2957 (w), 1688 (s), 1603 (m), 1521 (w), 1441 (m), 1403
(m), 1341 (m), 1314 (m), 1248 (s), 1206 (s), 1133 (m), 1012 (m), 980 (m), 895 (m), 750 (s), 721 (m), 692 (m), 586
(m), 460 (w).
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4-(n-Hexylsulfonyl) formamidobenzene

The synthesis was performed according to GP3. 4-(n-Hexylsulfonyl) aniline (397 mg, 1.64 mmol, 1.00 eq.) was reacted with
formic acid (621 uL, 757 mg, 16.5 mmol, 10.0 eq.). Subsequently, the remaining formic acid and water were removed under
reduced pressure. The product was obtained as brown solid (420 mg, 1.56 mmol) in a yield of 95 %.

R = 0.06 cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm.

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 10.66 (s, 0.8H, CHO, 12), 10.56 (d, 3/ = 10.6 Hz, 0.2H, CHO, °), 9.00 (d, 3/ = 10.6 Hz,
0.2H, NH, 2), 8.38 (d, 3/ = 1.6 Hz, 0.8H, NH, 28, 7.83 (m, 3.6H, aromatic, 32 30 4a), 7.43 (d, 3/ = 8.6 Hz, 0.4H, aromatic, ),
3.30-3.13 (m, 2H, CH,, 5), 1.61-1.42 (quint., 3/ = 7.6 Hz, 2H, CH,, 5), 1.38-1.06 (m, 6H, CH,, 7), 0.80 (t, 3/ = 6.8 Hz, 3H, CHs, 8).
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Figure 96: 1H-NMR-spectrum of 4-(n-hexylsulfonyl) formamidobenzene.
13C-NMR (101 MHz, DMSO-de) &/ppm = 162.70 (C=0, »), 160.38 (C=0, 2), 143.34 (aromatic, 1), 142.73 (aromatic,

1a), 133.25 (aromatic, 22), 133.16 (aromatic, 2°), 129.47 (aromatic, 3b), 129.09 (aromatic, 32), 119.07 (aromatic, 4?),
116.81 (aromatic, %), 54.85 (CH,), 30.63 (CH,), 27.09 (CH,), 22.37 (CH>), 21.79 (CH,), 13.78 (CHs).
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Figure 97: 33C-NMR-spectrum of 4-(n-hexylsulfonyl) formamidobenzene.

EI-HRMS m/z: [M]* calculated for [C13H1903N;1S:1]* = 269.1086, found: 269.1087, A = 0.1205 mmu.
IR (ATR platinum diamond): v/cm™ = 3070 (vw), 2963 (w), 2934 (w), 2857 (vw), 1682 (m), 1589 (m), 1490 (vw),

1468 (w), 1416 (w), 1273 (s), 127 (m), 1134 (s), 1083 (m), 1033 (w), 1012 (w), 833 (w), 767 (m), 723 (w), 707 (w),
618 (m), 536 (m), 496 (m), 462 (w), 423 (vw).
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1,4-Diformamidobenzene

The synthesis was performed according to GP3. p-Phenylendiamin (20.0 g, 185 mmol, 1.00 eq.) was converted using formic
acid (55.8 mL, 68.1 g, 1.48 mol, 8.00 eq.). Subsequently, the remaining formic acid and water were removed under reduced
pressure. The product was obtained as pale-violet powder (30.4 g, 185 mmol) in quantitative yield.

Ry =0.28 ethyl acetate, visualized via UV quenching at 254 nm.

1H-NMR (400 MHz, DMSO-dg) 6/ppm = 10.17-10.03 (m, 2H, CHO, 12 1b), 8.71-8.66 (m, 0.4H, NH, 2°), 8.25-8.21 (m, 1.6H, NH,
2a) ' 7.567-51 (m, 3.2H,aromatic, 32), 7.16-7.12 (m, 0.8H, aromatic, 3°).

Third rotamer is present, but could not be assigned (see below).
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Figure 98: 1H-NMR-spectrum of 1,4-difrmaidobenzene.
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13C_NMR (101 MHz, DMSO-de) 8/ppm = 163.19 (C=0), 162.59 (C=0), 159.45 (C=0), 159.41 (C=0, 2), 134.46
(aromatic), 134.43 (aromatic), 134.09 (aromatic, 2), 134.04 (aromatic), 120.32 (aromatic), 119.74 (aromatic, 2),
119.00 (aromatic), 118.39 (aromatic).

In the TH-NMR, further rotamer signals are present, but could not be assigned due to peak overlapping. However,

13C-NMR clearly shows four signals of each carbon species (C=0, and each aromatic-carbon), resulting from three
rotamers: (Z, Z; one signal), (Z, E; two signals) and (E, E; one signal) of the N, N'-diformamides.
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Figure 99: 13C-NMR-spectrum of 1,4-difrmaidobenzene.
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EI-HRMS m/z: [M]* calculated for [CsHgN,0;] = 164.0586, found: 164.0587, A = 0.0814 mmu.

IR (ATR platinum diamond): v/cm™ = 3153 (w), 3036 (w), 2987 (w), 2939 (w), 2861 (w), 2781 (w), 1699 (s), 1650 (s),
1530 (m), 1489 (s), 1411 (m), 1399 (m), 1296 (vs), 1222 (m), 1111 (w), 1037 (m), 878 (s), 827 (vs), 757 (vs), 537 (vs),
518 (vs), 506 (vs), 424 (s), 411 (vs)
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6.4.7 Synthesis of miscellaneous compounds

Methyl 4-aminobenzoate

4-aminobenzoic acid (20.0 g, 146 mmol, 1.00 eq.) was dissolved in methanol (290 mL, 229 g, 7.15 mol, 49.0 eq.) and 87 mL
of 6 M aqueous hydrochloric acid solution was added. The mixture was stirred under reflux for 2 hours. Water (400 mL) was
added, and the mixture was neutralized using sodium hydrogen carbonate and potassium carbonate. After 12 hours at
room temperature, a precipitate formed, which was filtered off and dried under reduced pressure. The product was
obtained as yellow needle-like crystals (14.9 g, 98.7 mmol) in a yield of 68%.

Ry = 0.45 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (yellow).

1H-NMR (400 MHz, DMSO-d¢) 6/ppm = 7.68-7.63 (m, 2H, aromatic, 1), 6.61-6.54 (m, 2H, aromatic, 2), 5.97 (s, 2H,
NH,, 3), 3.73 (s, 3H, CHs, 4).
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Figure 100: 'H-NMR-spectrum of methyl 4-aminobenzoate.

13C-NMR (101 MHz, DMSO-dg) &/ppm = 166.41 (COOCHs), 153.52 (quaternary-aromatic), 131.13 (aromatic),
115.80 (quaternary-aromatic), 112.70 (aromatic), 51.17 (CHs).
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Figure 101: 13C-NMR-spectrum of methyl 4-aminobenzoate.

EI-HRMS m/z: [M]* calculated for [CsHsO,N;] = 151.0633, found: 151.0634, A = 0.0897 mmu.

IR (ATR platinum diamond): v/cm = 3464 (m), 3369 (s), 3246 (w), 2950 (w), 1678 (s), 1656 (m), 1625 (s), 1592 (vs),
1567 (vs), 1520 (s), 1460 (w), 1434 (vs), 1314 (vs), 1284 (vs), 1181 (vs), 1166 (vs), 1121 (vs), 1074 (s), 1014 (m), 963
(s), 835 (vs), 769 (vs), 697 (vs), 638 (m), 619 (vs), 559 (m), 506 (vs), 494 (vs), 459 (vs), 401 (vs)
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Dimethyl 5-aminoisophtalate 40

5-Aminoisophtalic acid (5.00 g, 27.6 mmol, 1.00 eq.) was dissolved in methanol (112 mL, 88.4 g, 2.76 mol, 100 eq.) and
cooled to 0°C applying an ice-water bath. Subsequently, thionyl chloride (12.0 mL, 19.7 g, 166 mmol, 6.00eq.) was added
dropwise (one drop per five seconds) keeping the temperature below 5 °C. After the addition, the cooling was removed and
the reaction mixture was stirred at room temperature for 16 hours. Subsequently, the remaining thionyl chloride was
quenched and a pH-value of eight was adjusted using saturated aqueous sodium hydrogen carbonate solution and solid
potassium carbonate. Water (300 mL) was added to dissolve precipitated salts and the organic layer was separated. The
aqueous phase was extracted with DCM (2 x 50 mL) and the organic phases were combined, dried over sodium sulfate and
filtered off. The product (5.16 g, 24.7 mmol) was obtained as a slightly yellow crystalline solid in a yield of 89% after
removal of the solvent under reduced pressure.

Ry =0.83 ethyl acetate, visualized via UV quenching at 254 nm and vanillin staining solution (yellow).

1H-NMR (400 MHz, DMSO-d¢) 6/ppm =7.64 (t, 4/ = 1.6 Hz, 1H, aromatic, 1), 7.41 (d, 4/ =1.6 Hz, 2H, 2), 5.73 (s, 2H,
NH,, 3), 3.83 (s, 6H, CHs, 4).
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Figure 102: 1H-NMR-spectrum of dimethyl-5-aminoisophthalate.

13C-NMR (101 MHz, DMSO-ds) &/ppm = 166.01 (COOCHs), 149.56 (quaternary-aromatic), 130.66 (aromatic),
118.13 (aromatic), 116.71 (quaternary-aromatic), 52.15 (CHs).
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DMSO
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Figure 103: 133C-NMR-spectrum of dimethyl-5-aminoisophthalate.
EI-HRMS m/z: [M]* calculated for [C10H11NO4] = 209.0688, found: 209.0687, A = -0.1554 mmu.

IR (ATR platinum diamond): v/cm™ = 3454 (m), 3369 (m), 3251 (w), 2961 (w), 1709 (s), 1645 (m), 1600 (s), 1437 (s),
1250 (s), 1003 (s), 943 (m), 870 (m), 758 (s), 725 (m), 667 (w), 539 (w), 410 (w).
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4-(n-Hexylsulfonyl) aniline

4-(n-Hexylthio) aniline (2.32 g, 11.1 mmol, 1.00 eq.) was dissolved in 22 mL acetonitrile and 9.7 mL of aqueous hydrogen
peroxide solution (35w% in water, 3.43 mL, 3.77 g, 111 mmol, 10.0eq.) was added. The reaction mixture was stirred at 60°C
for 23 hours. Then, the reaction mixture was cooled down to room temperature, same amount of hydrogen peroxide was
added, and the mixture was again stirred at 60°C for another 17 hours. Subsequently, ~25 mL of saturated sodium sulfite
solution was added slowly while cooling the biphasic mixture with a water bath. The organic phase was separated and the
aqueous phase was extracted with ethyl acetate (2 x 30 mL). The organic layers were combined, dried over sodium sulfate,
filtered off and solvent was removed under reduced pressure. The product (2.67 g, 11.8 mmol) was obtained as orange
solid in a quantitative yield.

R¢ = 0.19 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm.

1H-NMR (400 MHz, DMSO-d¢) 6/ppm = 7.48-7.42 (m, 2H, aromatic, 1), 6.67-6.62 (m, 2H, aromatic, 2), 6.11 (s, 2H,
NH,, 3), 3.13-2.94 (m, 2H, CH3, %), 1.52-1.43 (m, 2H, CH, 5), 1.34-1.11 (m, 6H, CH,, 6), 0.82 (t, 3/ = 6.8 Hz, 3H, CH3, 7).
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Figure 104: 'H-NMR-spectrum of 4-(n-hexylsulfony) aniline.

13C-NMR (101 MHz, DMSO-ds) &/ppm =153.54 (quaternary-aromatic), 129.53 (aromatic), 123.72
(quaternary-aromatic) , 112.74 (aromatic), 55.45 (CH,), 30.70 (CH3), 27.12 (CH,), 22.64 (CH3), 21.81 (CH,), 13.81
(CH3).
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DMSO
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Figure 105: 13C-NMR-spectrum of 4-(n-hexylsulfony) aniline.

EI-HRMS m/z: [M]* calculated for [C1oH1602N1S1] = 241.1137, found: 241.1135, A = -0.1221 mmu.
IR (ATR platinum diamond): v/cm™ = 3466 (w), 3377 (m), 2950 (w), 2935 (w), 2917 (w), 2853 (w), 1625 (s), 1594

(vs), 1504 (w), 1465 (w), 1316 (w), 1273 (vs), 1265 (s), 1242 (w), 1216 (w), 1127 (vs), 1078 (vs), 1047 (w), 977 (w),
841 (m), 823 (m), 794 (m), 780 (vs), 726 (w), 650 (m), 564 (vs), 522 (vs), 496 (vs), 475 (vs), 424 (vs).
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4-(n-Hexylthio) aniline

The product was synthesized using synthesis protocol of Wang et al.52® using 4-amino thiophenol (3.33 g, 26.6 mmol,
1.00 eq.), hexyl bromide (3.72 mL, 4.39 g, 26.6 mmol, 1.00 eq.), sodium hydroxide (1.06 g, 26.6 mmol, 1.00 eq.) and 81 mL
ethanol. The product was obtained as brown oil (2.51 g, 12.0 mmol) in a yield of 45%.

Ry =0.55 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (yellow).
1H-and 13C-NMR-measurements were consistent with the measurements in CDCl; of the literature.526

1H-NMR (400 MHz, DMSO-d¢) 6/ppm = 7.09-7.03 (m, 2H, aromatic, 1), 6.54-6.47 (m, 2H, aromatic, 2), 5.20 (s, 2H,
NHa, 3), 2.67 (t, 3/=7.1Hz, 2H, CH,, 4), 1.44 (quint. 3/ =7.2 Hz, 2H, CH,, 5), 1.37-1.14 (m, 6H, CH,, ©), 0.84 (t,
3)=6.9 Hz, 3H, CH3, 7).
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Figure 106: 1H-NMR-spectrum of 4-(n-hexylthio) aniline.

13C-NMR (101 MHz, DMSO-ds) &/ppm =148.27 (quaternary-aromatic), 133.55 (aromatic), 119.12
(quaternary-aromatic), 114.41 (aromatic), 35.70 (CH3), 30.84 (CH,), 28.79 (CH3), 27.62 (CH,), 22.02 (CH;), 13.90
(CHs).
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DMSO
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Figure 107: 13H-NMR-spectrum of 4-(n-hexylthio) aniline.
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6.5 Transferring catalytical active thiourea motifs into polymers

6.5.1 Poly(thiourea)s via step-growth AM-3CPR

6.5.1.1 Decomposition of thiourea 36 to the respective amine 40
OO
= |
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* g H H o

HoN
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Figure 108: Comparison of H-NMR-spectra. Top: the reaction of thiourea 36 with dodecanol 37 (2.00 eq.) and Ti(O'Bu), at
90 °C after one day depicting a certain degree of decomposition of the thiourea to the respective amine 40. Bottom: the
respective amine 40. Signals of the amine in the reaction mixture (top) are highlighted by dashed lines. Integration of the
amine signal (dashed orange line) and referencing on the CHs; groups of the thiourea 36 as well as dodecanol 37 (blue
dashed box) allowed the determination of the degree of decomposition. Full decomposition would result in a ratio of NH; to
CHs signals 2:9. In this example the ratio was 0.42:9 corresponding to a degree of decomposition of the thiourea group of
21%.
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6.5.1.2 SEC-curves of polycondensation between TU 36 and decanol 46
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Figure 109: SEC-curves of the polymers 45 obtained using different titaniumalkoxides after one day depicted in Table16
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6.5.1.3 Synthesis of compounds

5-trifluoromehtylphenyl-1,3-di-N-formamide

The diamine (2.00 g, 11.4 mmol, 1.00 eq.) was put together with formic acid (3.43 mL, 4.18 g, 8.00 eq.) and was stirred
under heating at 65 °C for 24 hours. Afterwards, the remaining formic acid and water were removed under reduced
pressure and the product was obtained as lightly brown powder (1.32 g, 5.66 mmol) in quantitative yield.

Three rotamers were present and assigned as far as possible.

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 10.55 (d, 3/ = 10.9 Hz, 2H, CHO, 22), 10.46-10.36 (m, 2H, CHO, 1<), 8.92 (d,
3)=10.7 Hz, 2H, NH, %), 8.86 (d, 3/ = 10.7 Hz, 2H, NH, 2b), 8.33 (d, 3/ = 1.8 Hz, 2H, NH, 22), 8.05 (d, 4/ = 1.9 Hz, 1H, aromatic,
3a) 7.76 (d, 4/ = 1.9 Hz, 2H, %2), 7.72 (s, 2H, aromatic, 40), 7.59 (d, 4/ = 2.1 Hz, 1H, aromatic, 30), 7.34 (s, 2H, aromatic, 4c).
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Figure 110: 'H-NMR-spectrum of 5-trifluoromethyl phenyl-1,3-N-diformamide.

BBC-NMR (101 MHz, DMSO-dg) 6/ppm=162.81 (C=0), 162.58 (C=0), 160.29 (C=0), 160.22 (C=0 ?), 140.10
(quarternary-aromatic), 139.90 (quarternary-aromatic), 139.56  (quarternary-aromatic, 2), 130.82-129.54
(quarternary-aromatic, @), 123.82 (1 = 821 Hz, CFs3), 112.65 (aromatic, 2), 111.27 (aromatic), 110.82 — 109.67 (aromatic, 2),
108.92 — 107.41 (aromatic).
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DMSO-d,

JJ Lo

T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
&/ppm

Figure 111:13C- NMR-spectrum of 5-trifluoromethyl phenyl-1,3-N-diformamide.

EI-HRMS m/z: [M]* calculated for [CoH;0,N,F3] = 232.0454, found: 232.0453, A = -0.0884 mmu.

IR (ATR platinum diamond): v/cm™ = 3464 (m), 3369 (s), 3303 (w), 3246 (w), 3180 (w), 3044 (w), 3034 (w), 2995
(w), 2950 (w), 2847 (w), 1678 (s), 1656 (m), 1625 (s), 1592 (vs), 1567 (vs), 1520 (s), 1473 (w), 1460 (w), 1434 (vs),
1314 (vs), 1284 (vs), 1181 (vs), 1166 (vs), 1121 (vs), 1074 (s), 1014 (m), 963 (s), 835 (vs), 769 (vs), 697 (vs), 638 (m),
619 (vs), 594 (m), 566 (m), 506 (vs), 494 (vs), 459 (vs), 401 (vs).
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Dimethyl 5-(3-dodecylthioureido)isophthalate 36

Elemental sulfur (339 mg, 1.32 mmol, 0.14 eq., corresponds to 1.12 eq. of sulfur atoms) was suspended in 9.4 mL DMF
(c(isocyanide) = 1.0 M), dodecylamine (2.40 mL, 1.92 mg, 10.4 mmol, 1.10 eq.) was added and a dark brown reaction
mixture was observed. Subsequently, dimethyl-5-isocyanidoisophtalate (2.07 g, 9.43 mmol, 1.00 eq.) was added and the
reaction mixture was stirred at room temperature for 13 hours. Subsequently, the solvent was removed under reduced
pressure. The crude product was washed with 120 mL methanol at 60°C for several minutes and then left to cool down to
room temperature. After filtration and washing with minimal amount of methanol (30 mL), the solvent was evaporated and
the pure product was obtained as colorless, voluminous and static solid (2.85 g, 6.53 umol) in a yield of 69%.

1H-NMR (400 MHz, DMSO-d¢) 6/ppm =9.84 (s, 1H, NH, 1), 8.36 (s, 2H, aromatic, 2), 8.16 (s, 1H, aromatic, 3), 8.00 (s, 1H, NH,
4),3.89 (s, 6H, CHs, 5), 3.47 (s, 2H, CH,, 6), 1.66 — 1.43 (m, 2H, CH>, 7), 1.37-1.14 (m, 18H, CH,, 8), 0.85 (t, 3/ = 6.3 Hz, 3H, CH3,
9),
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Figure 112: 'H-NMR-spectrum of dimethyl 5-(5-dodecylthioureido)isophthalate 36.
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Synthesis of O-hexyl, N-dodecyl thionocarbamate
The synthesis protocol was a modification of the protocol of Gais and Bohme.527

A solution of hexyl alcohol (301 uL, 247 mg, 2.42 mmol, 1.1 eq.) in THF (c(alcohol)=2.25 M, V(THF)=1.08 mL) was slowly
added at 0 °C to a suspension of sodium hydride (60w% in mineral oil, 63.3 mg, 2.64 mmol, 1.20 eq.) in THF (c(NaH)=2.25 M,
V(THF)=1.17 mL). After the suspension was stirred at 0 °C for 1 h, a solution of dodecyl isothiocyanate 41 (500 mg,
2.20 mmol, 1.00 eq.) in THF (c(isothiocyanate)=4.5 M, V(THF)=489 uL) was added via a syringe. The mixture was then stirred
for 80 minutes and then, quenched by the addition of 1.08 mL of saturated aqueous NaHCOs. The aqueous phase was then
extracted with ethyl acetate (3x), and the combined organic phases were dried over sodium sulfate and filtered off.
Concentration of the organic phases in vacuo and purification of the residue by column chromatography (CH:EA, 60:1) gave
the product (499 mg, 1.51 mmol) in a yield of 69%.

Rs=0.48 in cyclohexane/ethyl acetate 50:1 visualized via vanillin staining solution (blue).

Two rotamers were present in a ratio of 0.67:0.33 determined by NH signall. The respective rotamers were assigned if
possible.

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 9.13 — 9.09 (t, 3/ = 5.6 Hz, 1H, NH, 1°), 9.06 (t, 3/ = 5.6 Hz, 1H, NH, 12), 4.34 (t, ¥/ = 6.4
Hz, 2H, CHa, 2), 4.30 (t, 3/ = 6.7 Hz, 2H, CHa, 22), 3.32 (m, 2H, CH>, 32), 3.10 (q, 3/ = 6.1 Hz, 2H, CH3, 3¢) 1.69-1.55 (m, 2H, CHa,
4),1.52-1.40 (m, 2H, CHy, 5), 1.39 — 1.07 (m, 24H, CHa, €), 0.90-0.82 (m, 6H, CH3, 7).
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Figure 113: 1H-NMR-spectra of O-hexyl, N-dodecyl! thionocarbamate.

13C.NMR (101 MHz, DMSO-dg) 8/ppm = 189.95 (C=S, 2), 188.45 (C=S, b), 70.46 (CH»-O, b), 69.45 (CH»-0, 2), 44.97
(CH2-NH, 2), 42.59 (CH2-NH, b), 31.77 (CH2), 31.40 (CH,), 31.34 (CHa), 29.50 (CHa), 29.47 (CHa,), 29.43 (CH,), 29.40
(CH2), 29.17 (CH,), 29.13 (CH,), 29.11 (CH>), 29.00 (CH,), 28.76 (CH,), 28.63 (CHa), 28.21 (CH2), 26.74 (CH,), 26.66
(CH2), 25.60 (CHa), 25.44 (CH,), 22.56 (CH3), 22.50 (CH,), 14.42 (CHs), 14.34 (CHs), 14.29 (CHs).
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6.5.2 Poly(thioether-ester)s bearing thiourea functions in side chains by
poly-Thiol-Ene reaction

Diallyl-5-aminoisophthalate

5-Aminoisophtalic acid (4.00 g, 22.1 mmol, 1.00 eq.) was dissolved in allylalcohol (45.1 mL, 38.5 g, 662 mol, 30.0 eq.) and
cooled to 0°C applying an ice-water bath. Subsequently, thionyl chloride (9.6 mL, 15.8 g, 132 mmol, 6.00eq.) was added

dropwise (one drop per five seconds) keeping the temperature below 5 °C. After the addition, the cooling was removed and
the reaction mixture was stirred at room temperature overnight. Subsequently, the remaining thionyl chloride was
quenched and a pH-value of eight was adjusted using saturated aqueous sodium hydrogen carbonate solution and solid

potassium carbonate. Water was added to dissolve precipitated salts and the organic layer was separated. The aqueous
phase was extracted with DCM (2 times) and the organic phases were combined, dried over sodium sulfate and filtered off.

The product (4.56 g, 17.4 mmol) was obtained as a red to brown crystal solid in a yield of 79% after removal of the solvent

under reduced pressure.

1H-NMR (400 MHz, DMSO-d¢) 6/ppm = 7.68 (t, 4J = 1.5 Hz, 1H, aromatic, 1), 7.44 (d, 4/ = 1.5 Hz, 2H, aromatic, 2), 6.09-5,99

(m, 2H, CH=CH,, 3), 5.78 (s, 2H, NHz, %), 5.42-5.26 (m, 4H, CH=CHa, 5), 4.79 (dt, 3/ = 5.4 Hz, ¥/ = 1.5 Hz, 4H, CH, 5).
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Figure 114: 'H-NMR-spectrum of diallyl-5-aminoisophthalate.

IR (ATR platinum diamond): v/em™ =3474 (w), 3380 (w), 3219 (vw), 3087 (vw), 2941 (vw), 2880 (vw), 1701 (vs), 1625 (m),
1602 (m), 1442 (m), 1372 (s), 1333 (vs), 1271 (m), 1226 (vs), 1162 (w), 1123 (vs), 1094 (m), 985 (vs), 934 (vs), 921 (vs), 897

(vs), 887 (s), 850 (m), 786 (w), 755 (vs), 726 (m), 675 (m), 646 (m), 621 (m), 555 (s), 514 (m), 487 (m), 457 (m), 401 (m).
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Diallyl-5-formamidoisophthalate

5-amino diallylisophthalacid ester (4.04 g, 17.3 mmol, 1.00 eq.) and formic acid (5.2 mL, 6.38 g,
139 mmol, 8.00 eq.) were put in a flask and stirred at 60 °C for 19 hours. Afterwards, the remaining
formic acid and water were removed under reduced pressure. The product was obtained as brown
solid (4.75 g, 16.4 mmol) in a yield of 95%.

1H-NMR (400 MHz, DMSO-dg) 8/ppm = 10.66 (s, 1H, CHO, 1), 10.44 (d, 3/ = 10.9 Hz, 1H, CHO, %), 8.95 (d, 3/ = 10.7 Hz, 1H,
NH, 2b), 8.51 (d, %/ = 1.6 Hz, 2H, aromatic %), 8.38 (d, 3/ = 1.7 Hz, 1H, NH, 3), 8.23-8.18 (m, 1H, “2b), 8.06 (d, %/ = 1.6 Hz, 2H,
aromatic, %), 6.11 — 6.01 (m, 2H, 5), 5.47 — 5.22 (m, 4H, 5), 4.85 (dt, 3/ = 5.5, 4/ = 1.5 Hz, 4H, 7).
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Figure 115: 1H-NMR-spectrum of diallyl-5-fromaidoisophthalate

13C-NMR (101 MHz, DCM-d,) 6/ppm = 164.78 (C=0, ») 164.37 (C=0), 160.40 (C=0, ?), 139.31 (quarternay-aromatic),
132.43 (CH=CH,), 130.86 (quarternay-aromatic), 124.43 (aromatic, ?), 124.21 (aromatic, ®), 123.75 (aromatic, ?),
121.86 (aromatic, ), 118.35 (CH=CH.), 65.65 (CHa).
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DMSO-d,
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Figure 116: 13C-NMR-spectrum of diallyl-5-formamidoisophthalate.

IR (ATR platinum diamond): v/cm™ = IR = 3431 (vw), 3353 (vw), 3308 (w), 3198 (vw), 3087 (vw), 3069 (vw), 3022
(vw), 2989 (vw), 1699 (vs), 1685 (vs), 1650 (m), 1611 (s), 1600 (s), 1520 (w), 1454 (w), 1425 (w), 1399 (w), 1376
(m), 1331 (s), 1312 (vs), 1267 (s), 1234 (vs), 1201 (vs), 1140 (s), 1113 (m), 1010 (m), 983 (s), 950 (w), 926 (s), 899
(m), 753 (vs), 724 (m), 693 (s), 671 (w), 650 (w), 617 (w), 580 (w), 555 (w), 461 (vw), 422 (vw).

266



Experimental Section

Diallyl-5-isocyanidoisophthalate

Diallyl-5-formamidoisophtalate (1.50 g, 5.19 mmol, 1.00 eq.) was reacted with DIPA (2.27 mL, 1.63 g, 16.1 mmol, 3.10 eq.)
and phosphorus oxychloride (630 uL, 1.03 g, 6.74 mmol, 1.30eq.) in 16 mL DCM. After completion of the reaction,
remaining phosphorus oxychloride was quenched by adding 16 mL saturated sodium hydrogen carbonate solution to the
reaction mixture and the biphasic mixture was stirred for another 30 minutes. The phases were separated and the aqueous
phase was extracted with DCM (1 x ). The organic layers were combined, dried over sodium sulfate and filtered off.
Purification of the crude product with flash column chromatography (cyclohexane/ethyl acetate 7/1+3V% TEA) yielded the
product as brown liquid (436 mg, 1.61 mmol) in a yield of 31%. The product was immediately converted in an AM-3CR.

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 8.52 (t, %/ = 1.6 Hz, 1H, aromatic, 1), 8.36 (d, %/ = 1.6 Hz, 2H, aromatic, 2), 6.11 — 6.02
(m, 2H, CH=CH,, 3), 5.48 — 5.26 (m, 4H, CH=CH, 4), 4.87 (dt, 3/ = 5.5 Hz, %J = 1.5 Hz, 4H, CH, 5).
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Figure 117:1H-NMR-spectrum of diallyl-5-isocyanidoisophthalate.
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Diallyl 5-(3-dodecylthioureido)isophthalate 47

Elemental sulfur (26.5 mg, 103 umol, 0.14 eq., corresponds to 1.12 eq. of sulfur atoms) was suspended in 1.5 mL methanol
(c(isocyanide) = 0.5 M), dodecylamine (188 pL, 150 mg, 811 umol, 1.10 eq.) was added and a dark red to brownish reaction
mixture was observed. Subsequently, diallyl-5-ioscyanidoisophtalate (200 mg, 737 umol, 1.00 eq.) was added and the
reaction mixture was stirred at room temperature overnight. Subsequently, the solvent was removed under reduced
pressure. The crude product was washed with methanol at 60°C for several minutes and then left to cool down to room
temperature. After filtration and washing with minimal amount of methanol, the solvent was evaporated and the pure
product was obtained (277 mg, 568 umol) in a yield of 77%.

1H-NMR (400 MHz, DMSO-dg) 6/ppm =9.87 (s br, 1H, NH, 1), 8.42 (d, 4/ = 1.6 Hz, 2H, aromatic, 2), 8.19 (m, 1H, aromatic, 3),
8.01 (s br, 1H, NH, %), 6.11 — 6.01 (m, 2H, CH=CH, 5), 5.45 — 5.28 (m, 4H, CH=CH,, 6), 4.84 (dt, 3/ = 5.4 Hz, 4 = 1.5 Hz, 4H, CHa,
7),3.47 (m, 2H, CHa, 8), 1.59 — 1.50 (m, 2H, CH>, 9), 1.32 — 1.20 (m, 18H, CH,, 19), 0.89 — 0.80 (m, 3H, CH3, 11).
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Figure 118:1H-NMR-spectrum of Diallyl 5-(3-dodecylthioureido)isophthalate 47.

268



Experimental Section

6.5.3 Poly(norbornene)s bearing thiourea functions in their side chains by
ring-opening metathesis polymerization (ROMP)
6.5.3.1 Screening of ROMP of thiourea-norbornene 50

y

* [% Y
/:: _:/ CF3

@ i
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/\/\/\
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=
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Figure 119: Reaction scheme of a ROMP of thiourea norbornene 50 and stacked 'H-NMR-spectra in THF-d;. Bottom: isolated
thiourea norbornene 50 (green). Top: its reaction in a ROMP using 5 mol% Grubbs catalyst 3" generation after 1 hour. Note
that the reaction was performed in non-deuterated THF and thus, the THF-signals are significantly larger while additional
signal in the aromatic region can be assigned to the catalyst. Since polymer will form cis and trans double bonds two signals
are obtained (thus * and *’, see black box).

Conversion can be calculated by using the integral of the double bond of the starting material (blue * and blue box)
comparing to the formed double bonds signal of the polymer (black * and *as well as black box) following the calculation:

I
conversion(%) = (1 — ﬁ) * 100 (9)
Isy + Ip

Whereas Ism and Ip are the integral of the double bond signals of the starting material and the polymer, respectively.
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6.5.3.2 Screening of co-ROMP of thiourea norbornene 50 and
norbornene 52

Table 37: Qualitative screening of solubility of a series of poly(thiourea norbornene 50-co-norbornene 52)s 54 in DCM and
THF obtained by ROMP in dependance of the amount of catalyst used and the ratio between monomer 50 and 52.

@ Grubbs 2M. =" “”Oﬂ:
+ —_—

40°C, THF, o o
OO0 5 44 N

— —n = —x
54
CF,
VN
x; N N CF;
H H
50
entry cat.-loading/mol% My, theo./kDa? ratio 50:52 solubility in DCM®?) | solubility in
THFY)

1 10 3.1 1:1 - -

2 10 2.0 1:3 v v

3 10 1.4 1:9 v v

4 3 6.7 1:3 - v

5 3 4.6 1:9 v v

6 2 6.8 1:9 - -

The respective ratio of the monomers was applied while monomer 50 was first dissolved in THF (dry, c(thiourea 50)=0.1 M)
and the respective amount of Grubbs 2" generation catalyst was added. Subsequently, a stock solution of norbornene 52,
using the same amount of THF as applied in the reaction mixture, was added dropwise over the whole reaction time of one
hour via syringe pump theoretical. a) Molecular weight of the respective co-polymers 54 were calculated according to their
ratio dependent and averaged monomer molecular weight. b) Qualitative determination by naked eye after quenching with
ethyl vinyl ether.

The M, was calculated as depicted for entry 4 of Table 36:

Using 3 mol% of Grubbs 2" generation catalyst and a ratio of monomers 50:52, 1:3 the theoretical M, was calculated as
followed:
(M]
M, =DP X My, (I); DP = W (10); Mgy, = xM(50) +yM(52) (1)
Whereas M,,. is the average molecular weight of the monomer unit considering the applied ratio of monomers x and y, [M]
and [I] are the concentrations of the overall amount of double bonds in both monomers and catalyst, respectively.
Transferring (1) and (Ill) into (1) yield:

M
M, = % x (xM(50) + yM(52))
With M(50)=519.51 g mol* and M(52)=94.16 g mol the M, is obtained:
1 Y Y Y
=——x(0.25%519.51 — + 0.75 X 94.16 —) = 6.68 —
My = 552X (025 X 51951 ——+ 075 X 94.16 —) = 6.68 ——
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6.5.3.3 Synthesis of thiourea norbornene 50
(3aR,4R,7S,7aS)-2-(5-aminopentyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione

The procedure was provided by Dr. D. Barther. 1,5-Diaminopentane (6.4 mL, 5.61 g, 54.9 mmol, 3.00 eq.) was dissolved in
68 mL DMSO and added in a two-necked flask equipped with a rubber septum and an air condenser. The solution was
heated to 130 °C. Subsequently, exo-norbornene-2,3-dicarboxanhydride (3.00 g, 18.3 mmol, 1.00 eq.) was dissolved in
23 mL DMSO and added to the amine solution over a period of five hours via syringe pump. The reaction was stirred at
130 °C overnight. After cooling to ambient temperature, 150 mL DCM were added and the mixture was washed with water
(3 x 150 mL) and brine (100 mL) and dried over MgS0O4. The solvent was removed under reduced pressure. The compound
was obtained after column chromatography (12:1->9:1) as a viscous brown liquid (3.23 g, 13.0 mmol) in a yield of 71%.

Ry = 0.55 in cyclohexane/ethyl acetate 2/1 visualized via UV quenching at 254 nm and vanillin staining solution (yellow).

1H-NMR (400 MHz, DMSO-ds): 8/ppm = 6.30 (m, 2H, 1), 3.36 — 3.26 (m, 4H, 23), 3.09 (t, 3/ = 1.8 Hz, 2H, 4), 2.68 (d, 3/ = 1.4 Hz,
2H, 5), 2.54 (m, 2H, 6), 1.49 — 1.16 (m, 6H, 789), 1.29 — 1. (m, 1H, 102), 1.15 — 1.08 (m, 1H, 100).
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Figure 120: 'H-NMR-spectrum of the amino-norbornene.

13C.NMR (101 MHz, DMSO-ds) 8/ppm = 177.62 (C=0), 137.60 (CH=CH), 47.21 (CH), 44.43 (CH), 40.46 (CH.), 37.83
(CH1), 31.46 (CHa), 27.01 (CH2), 23.63 (CHa).
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Figure 121: 13C-NMR-spectrum of the amino-norbornene.
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1-(3,5-bis(trifluoromethyl)phenyl)-3-(5-((3aR,4R,7S,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-
methanoisoindol-2-yl)pentyl)thiourea 50

(3aR,4R,7S,7aS)-2-(5-aminopentyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione (1.81, 7.30 mmol,
1.00 eq.) was put in a Schlenk-flask that was purged three times with argon and set under an argon atmosphere. Then dry
DCM (V=14.5 mL) was added dissolving the amine. An ice-water bath was used to cool the solution to 0 °C. Then,
3,5-bis(trifluoromethyl)phenyl isothiocyanate (1.33 mL, 1.98, 7.30 mmol, 1.00 eq.) was added dropwise and the resulting
mixture was stirred at room temperature overnight. Subsequently, the solvent was removed under reduced pressure. The
pure products was obtained by column chromatography (dry load, CH:EA, 3:1->1:1) as a yellowish slow crystallizing solid
(2.78 g, 5.35 mmol) in a yield of 73%.

1H-NMR (400 MHz, DCM-d,) 8/ppm = 8.18 (s, 1H, NH, ), 8.04 (s, 2H, aromatic, 2), 7.68 (s, 1H, aromatic, 3), 6.65 (s,
1H, NH, %), 6.29 (s, 2H, CH, 5), 3.57 (br, 2H, CH, ©), 3.49 (t,%) = 6.9 Hz, 2H, CHa, 7), 3.21 (s, 2H, CH, &), 2.68 (s, 2H,
CH, 9), 1.71 (quin., ¥ = 7.1 Hz, 2H, CH3, 1), 1.61 (quin. ¥/ = 6.9 Hz, 2H, CH2, 1%), 1.50 (d, %/ = 9.9 Hz, 1H, CHa, 1?),
1.37 (quin., ¥ = 7.1 Hz, 2H, CHa, %), 1.20 (d, % = 9.9 Hz, 1H, CHa, ).
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Figure 122: 'H-NMR-spectrum of TU-norbornene 50.

13C-NMR (101 MHz, DCM-d,) §/ppm = 181.57 (C=S), 179.23 (C=0), 140.86 (quartenary-aromatic), 138.30 (C=C), 132.51 (q,
2J) = 34.3 Hz, quarternary-aroamtic), 124.09 (aromatic), 123.74 (q, Y = 273.8 Hz, CF3), 118.90 (aromatic), 48.49 (CH), 45.78
(CH), 45.35 (CH,), 43.24 (CH,), 38.11 (CH3), 27.72 (CH>), 27.49 (CH;), 24.28 (CH,).
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Figure 123: 13C-NMR-spectrum of TU-norbornene 50.

19F-NMR (376 MHz, DMSO-d¢) §/ppm = -63.32.
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Figure 124: 19F-NMR-spectrum of TU-norbornene 50

HRMS (FAB): calculated m/z for C23H240,N3F632S, [M+H]* = 520.1488, found: 520.1489, A = 0.0618 mmu

IR (ATR platinum diamond): v/cm™ =3316 (w), 3067 (vw), 2983 (vw), 2941 (w), 2865 (vw), 1769 (w), 1683 (vs),
1623 (w), 1539 (m), 1471 (w), 1438 (w), 1382 (s), 1376 (s), 1343 (m), 1273 (vs), 1218 (w), 1168 (vs), 1123 (vs), 1109
(vs), 1028 (w), 1016 (w), 1000 (w), 946 (w), 882 (m), 847 (w), 782 (w), 720 (m), 701 (m), 681 (s), 664 (w), 642 (m),
615 (w), 599 (w), 522 (w), 428 (w) cm-1
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6.6 A more sustainable isothiocyanate synthesis by amine catalyzed
sulfurization of isocyanides with elemental sulfur

6.6.1 Optimization of the reaction conditions via GC-screening

Every synthesis set up for subsequent GC screening was prepared with the same general procedure. In a 10 mL screw-cap
vial, n-dodecyl isocyanide 41 (195 mg, 1.00 mmol, 1.00 eq.) along with biphenyl (internal standard (IS) 38.6 mg, 250 umol,
0.25 eq.) were dissolved in the respective amount of solvent. After complete dissolution of the isocyanide and biphenyl, a
t0 sample was taken for GC analysis. Subsequently, the appropriate amounts of catalyst and elemental sulfur were added
along with a stirring bar and the mixture was stirred for the duration of the given reaction time and temperature. Unless
there were no specific reaction conditions (runs 18, 39-41), a metal block with twelve slots was used to allow simultaneous
stirring and heating of the reactions. After a certain reaction time, a GC-sample (1.5 mg/mL of substance dissolved in ethyl
acetate and prefiltered) was taken immediately.

The isocyanide conversion was calculated by evaluating the ratio of integrals for the isocyanide and IS using the following
equation:

A(C,tx) x A(IS, t0)
A(IC,t0) x A(IS, tx))

Conversion(Isocyanide)[%] = 100% % (1 —

A(IC, t0) = Integral of the isocyanide peak (t0 = 0 min)
A(IC, tx) = Integral of the isocyanide peak (tx = x min)
A(IS, t0) = Integral of IS peak (t0 = 0 min)
A(IS, tx) = Integral of IS peak (tx = x min)

Table 38: Complete screening of several reaction conditions for the conversion of isocyanides (IC) 3 to isothiocyanates 41.

entry Base{eq.} solvent{V} eq. of Sg T/°C t conversion/%
1 DMAP{1.00} DMSO {1 mL} 2.00 r.t. 2h 38
2 NMI{1.00} DMSO {1 mL} 2.00 r.t. 2h 38
3 DBU{1.00} DMSO {1 mL} 2.00 r.t. 2h 99
4 DABCO{1.00} DMSO {1 mL} 2.00 rt. 2h 84
5 TEA{1.00} DMSO {1 mL} 2.00 rt. 2h 76
6 TBD{1.00} DMSO {1 mL} 2.00 rt. 2h 100
7a TBD{0.50} DMSO {1 mL} 2.00 rt. 2h 96
7b TBD{0.50} DMSO {1 mL} 2.00 r.t. 22 h 100
8a TBD{0.20} DMSO {1 mL} 2.00 r.t. 2h 75
8b TBD{0.20} DMSO {1 mL} 2.00 r.t. 22 h 94
9% TBD{0.10} DMSO {1 mL} 2.00 rt. 2h 36
9% TBD{0.10} DMSO {1 mL} 2.00 rt. 22h 69
10a DBU{0.10} DMSO {1 mL} 2.00 rt. 2h 57
10b DBU{0.10} DMSO {1 mL} 2.00 rt. 24 h 67
11 TBD{0.10} DMSO {1 mL} 2.00 40 2h 85
12 TBD{0.10} DMSO {1 mL} 2.00 60 2h 100
13 TBD{0.10} DMSO {1 mL} 2.00 80 2h 100
14 TBD{0.10} ACN {1 mL} 2.00 40 2h 22
15 TBD{0.10} EA {1 mL} 2.00 40 2h 0.76
161) TBD{0.10} Acetone {1 mL} 2.00 40 2h 69
17 TBD{0.10} Me-THF {1 mL} 2.00 40 2h 3.8
18 TBD{0.10} DMC {1 mL} 2.00 40 2h 4.2
19 TBD{0.10} Cyclohexane {1 mL} 2.00 40 2h 6.4
20 TBD{0.10} GBL {1 mL} 2.00 40 2h 92
21 TBD{0.10} Cyrene™ {1 mL} 2.00 40 2h 100
22 TBD{0.10} MEK {1 mL} 2.00 40 2h 8.2
23 TBD{0.10} Cyrene™ {1 mL} 2.00 40 30 min 85
24 TBD{0.10} Cyrene™ {500 pL} 2.00 40 30 min 99
25 TBD{0.10} Cyrene™ {250 pL} 2.00 40 30 min 100
26 TBD{0.10} Cyrene™ {167 uL} 2.00 40 30 min 100
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28

29

30

31

32
33a
33b
34a
34b
35
36a
36b
372)
383)
39a%)
39b%)
39¢*

1.) The experiment was performed in a pressure vial.
2.) The experiment was performed in a microwave
3.) The experiment was performed in an ultrasonic bath at a frequency of 37 kHz

4.) The experiment was performed in an ultrasonic bath at a frequency of 80 kHz

TBD{0.10}
TBD{0.05}
TBD{0.02}
TBD{0.01}
TBD{0.10}
TBD{0.10}
DBU{0.05}
DBU{0.05}
DBU{0.02}
DBU{0.02}
DBU{0.02}
DBU{0.01}
DBU{0.01}
TBD{0.10}
TBD{0.10}
TBD{0.10}
TBD{0.10}
TBD{0.10}

Cyrene™ {167 uL}
Cyrene™ {167 uL}
Cyrene™ {167 uL}
Cyrene™ {167 uL}
Cyrene™ {167 uL}
Cyrene™ {500 uL}
Cyrene™ {500 uL}
Cyrene™ {500 uL}
Cyrene™ {500 uL}
Cyrene™ {167 uL}
Cyrene™ {167 uL}
Cyrene™ {167 uL}
Cyrene™ {1 mL}

Cyrene™ {1 mL}

Cyrene™ {1 mL}

Cyrene™ {1 mL}

Cyrene™ {1 mL}

2.00
2.00
2.00
2.00
1.50
1.12
1.12
1.12
1.12
1.12
1.12
1.12
1.12
2.00
2.00
2.00
2.00
2.00

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

30 min
30 min
30 min
30 min
30 min
30 min
30 min
4 h

30 min
20 h
4h
4h

20 h
30 min
10 min
10 min
20 min
30 min

Experimental Section

6.7
98
82
40
100
98
59
100
29
99
100
78
96
24
53
63
91
98
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6.6.2 Synthesis of Isothiocyanates
General synthesis of isothiocyanates (GP1-A)

The corresponding solid isocyanide (1.00 eq., mp. >40 °C) was dissolved in dihydrolevoglucosenone (Cyrene™; c(isocyanide)
=2 M) and elemental sulfur (1.12 eq. of sulfur atoms) was added. After addition of 5 mol% of 1,8-diazabicyclo[5.4.0] undec-
7-ene (DBU) the reaction mixture was stirred for 4 hours at 40°C. After completion of the reaction the pure product was
obtained by optimized flash column chromatography applying a dry loaded small column (typically height of silica loading
around 5-8 cm, see Figure 125) and a mixture of cyclohexane and ethyl acetate. Deviations of this procedure are given in
the section of the respective substrate.

General synthesis of isothiocyanates (GP1-B)

The corresponding liquid isocyanide (1.00 eq., mp. <40 °C) was dissolved in dihydrolevoglucosenone (Cyrene™;
c(isocyanide) = 6 M) and elemental sulfur 1.12 eq. of sulfur atoms) was added. After addition of 2 mol% of 1,8-
diazabicyclo[5.4.0] undec-7-ene (DBU) the reaction mixture was stirred for 4 hours at 40°C. After completion of the reaction
pure product was obtained by optimized flash column chromatography applying a dry loaded small column (typically height
of silica loading around 5-8 cm, see Figure 125) and a mixture of cyclohexane and ethyl acetate yielded the pure product.
Deviations of this procedure are given in the section of the respective substrate.

Figure 125: Pictures of the purification of the obtained ITCs by a dry loaded column (height: 5 cm, width: 3 cm). The silica gel
is put in the column (A) and then the crude product is applied directly after full conversion was observed via TLC (B). After
adding sand, the eluent can be applied (C). The solvent frontier of the wetted silica gel can also be easily determined
(compare C and D).
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n-Dodecyl isothiocyanate 41

n-Dodecyl isocyanide 3 (488 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur (89.8 mg,
350 umol, 1.120 eq.), DBU (7.46 pL, 7.61 mg, 50.0 umol, 2 mol%) and 417 pL Cyrene™. Flash column chromatography was
performed using a mixture of cyclohexane yielding the product (499 mg, 2.19 mmol) as colorless liquid in a yield of 88%
(15.5 mmol scale, 87%).

E-factor (2.5mmol): 1.26, E-factor (15.5mmol): 1.31

Purity was 97% according to GC-analysis.

EA: Found: C, 68.85; H, 11.3; N, 6.3; S, 14.75%. Calc. for C13H2sNS: C, 68.7; H, 11.1; N, 6.2; S, 14.1%

R¢ = 0.56 in cyclohexane visualized via UV quenching at 254 nm and vanillin staining solution (deep blue).

1H-NMR (500 MHz, CDCl3) § / ppm = 3.50 (t, 3/ = 6.7 Hz, 2H,2), 1.69 (m, 2H,2), 1.40 (quint., 3/ = 6.7 Hz, 2H,3), 1.28 (m, 16H,4),
0.88 (t, 3/ = 6.9 Hz, 3H,5).

¥l
5 2
S~~~ NCS ("
\ J
Y 3 1
Kl
\'l -
S VA, J
= 5
[1F]
1 T
=
|
CDCl,4 2 3‘
i
J VL |
T AR

5/ppm ’

Figure 126: 1H-NMR-spectrum of ITC 41.
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13C NMR (126 MHz, CDCls) 6 / ppm = 129.54 (NCS), 45.08 (CH-NCS), 30.19 (CH,), 29.98 (CHa), 29.62 (CH,), 29.52 (CH,),
29.41 (CHy), 29.35 (CHy), 28.83 (CH,), 26.58 (CH,), 22.70 (CH,), 14.14 (CH3).
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Figure 127:13C-NMR-spectrum of ITC 41.

HRMS (El): calculated m/z for C13H25N1S; [M*] = 227.1708, found: 227.1706, A = - 0.1871 mmu.

IR: v/cm™ = 2921.3 (vs), 2852.2 (s), 2082.2 (s), 1455.0 (m), 1345.4 (m), 721.5 (w), 446.1 (w).
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n-Pentyl isothiocyanate 56

n-Pentyl isocyanide (243 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur (89.2 mg,
350 umol, 1.12 eq.), DBU (7.46 pL, 7.61 mg, 50.0 umol, 2 mol%) and 417 uL Cyrene™. The reaction mixture was stirred for
5 hours. Flash column chromatography was performed using cyclohexane yielding the product (177 mg, 1.37 mmol) as a

colorless liquid in a yield of 55%.

E-factor: 3.86
Purity was 98% according to GC-analysis.

Rf=0.77 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep

blue).
1H-NMR (400 MHz, CDCl3) 6 / ppm = 3.50 (t, 3J = 6.6 Hz, 2H, CH>, 1), 1.70 (quint., 3/ = 7.0 Hz, 2H, CH>, 2), 1.47 — 1.25

(m, 4H, CHa, 3), 0.92 (t, 3/ = 7.1 Hz, 3H, CH3, 4).
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Figure 128: *H-NMR-spectrum of ITC 56.
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13C NMR (101 MHz, CDCl3) § / ppm = 129.56 (NCS), 45.16 (CH,-NCS), 29.78 (CH.), 28.81 (CH,), 22.05 (CH,), 13.99 (CHs).
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Figure 129: 133C-NMR-spectrum of ITC 56.

HRMS (ESI): calculated m/z for CgH12N1S; [M+H*] = 130.0685, found: 130.0685, A = 0.04 mmu.

IR: v/ cmt = 2956 (m), 2929 (m), 2871 (w), 2860 (w), 2176 (s), 2149 (s), 2081 (vs), 1452 (w), 1344 (s), 921 (w), 731 (w), 684
(w), 640 (w), 524 (w), 450 (w).
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1,10-Diisothiocyanato decane 57

1,10-Diisocyanido decane 8 (481 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur
(180 mg, 700 umol, 2.24eq.), DBU (7.46 uL, 7.61mg, 50.0 umol, 2 mol%) and 417 uL Cyrene™. Flash column
chromatography was performed using cyclohexane yielding the product (531 mg, 2.07 mmol) as a yellowish liquid in a yield
of 83%.

E-factor: 1.27
Purity was 97% according to GC-analysis.
EA: Found: C, 56.95; H, 8.0; N, 10.8; S, 24.3 Calc. for C12H0N,S2: C, 56.2; H, 7.9; N, 10.9; S, 25.0%.

Rf=0.72 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

1H-NMR (400 MHz, CDCls) & / ppm = 3.50 (t, 3/ = 6.6 Hz, 4H, CH>, 1), 1.69 (quint., 3/ = 7.0 Hz, 4H, CH,, 2), 1.46-1.25
(m, 12H, CHa, 34).
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Figure 130: 'H-NMR-spectrum of ITC 57.
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13C NMR (101 MHz, CDCl3) § / ppm = 129.59 (NCS), 45.16 (CH,-NCS), 30.03 (CH), 29.31 (CH,), 28.82 (CH,), 26.62 (CH2).
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Figure 131: 3C-NMR-spectrum of ITC 57.

HRMS (El): calculated m/z for C12H20N2S; [M*] = 256.1062, found: 256.1064, A = 0.1719 mmu.

IR: v/ cm = 2924 (s), 2853 (m), 2176 (s), 2075 (vs), 1449 (m), 1344 (s), 722 (w), 684 (w), 639 (w), 518 (w), 450 (w).
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Experimental Section

1,12-Diisothiocyanato dodecane 58

1,12-Diisocyanido dodecane 9 (551 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur
(180 mg, 700 umol, 2.24 eq.), DBU (7.46 uL, 7.61 mg, 50.0 umol, 2 mol%) and 417 uL Cyrene™. The reaction was stirred for
3 hours. Flash column chromatography was performed using a mixture of cyclohexane/ethyl acetate = 50:1 yielding the
product (569 mg, 2.00 mmol) as a yellowish liquid in a yield of 80%.

E-factor: 1.21
Purity was 98% according to GC-analysis.
EA: Found: C,59.55; H, 8.5; N, 10.1; S, 22.5 Calc. for C14H24N5S;: C, 59.1; H, 8.5; N, 9.85; S, 22.5%.

R¢=0.85 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

1H-NMR was according to literature.28

1H-NMR (400 MHz, CDCls) & / ppm = 3.50 (t, 3/ = 6.6 Hz, 4H, CH,, 1), 1.78-1.60 (m, 4H, CH3, 2), 1.49-1.15 (m, 16H,
CH,, 34).
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Figure 132: 1H-NMR-spectrum of ITC 58.
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Experimental Section

tert-Butyl isothiocyanate 59

tert-Butyl isocyanide 32 (1.75 mL, 1.29 mg, 15.5 mmol, 1.00 eq.) was converted as described in GP1-B using elemental
sulfur (557 mg, 2.17 umol, 1.12 eq.), DBU (46.3 uL, 47.2 mg, 310 umol, 2 mol%) and 2.6 mL Cyrene™. The reaction was
stirred for 5 hours. The product (854 mg, 7.41 mmol) was obtained after distillation (50 °C, 10 mbar) as a colorless liquid in

ayield of 48%.

E-factor: 4.71

Purity was 97% according to GC-analysis.

Rf = 0.82 in cyclohexane/ethyl acetate = 9:1 visualized via UV quenching at 254 nm.

1H-NMR was according to literature.62?

1H-NMR (400 MHz, CDCl3) 6 / ppm = 1.43 (s, CH3, 1).
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Figure 133: 1H-NMR-spectrum of ITC 59.

HRMS (ESI): calculated m/z for CsH1oN;1S; [M+H*] = 116.05306, found: 116.05285, A =- 0.15 mmu.

286



Experimental Section

Adamantyl isothiocyanate 60

Adamantyl isocyanide 12 (403 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-A using elemental sulfur
(89.8 mg, 350 umol, 1.12 eq.), DBU (18.7 mL, 19.0 mg, 125 umol, 5 mol%) and 1.25 mL Cyrene™. The reaction was stirred
for 5 hours. Flash column chromatography was performed using cyclohexane yielding the product (407 mg, 2.10 mmol) as
colorless crystals in a yield of 84%.

E-factor: 4.10
Purity was 99% according to GC-analysis.
EA: Found: C, 68.3; H, 7.8; N, 7.3; S, 16.4 Calc. for C;1H1sNS: C, 68.35; H, 7.8; N, 7.25; S, 16.6 %.

Rf=0.79 in cyclohexane/ethyl acetate = 9:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

1H-NMR was according to literature.®30

1H-NMR (400 MHz, CDCl3) 6 / ppm = 2.10 (s, br, 3H, CH, 1), 1.97 (d, 3/ = 2.9 Hz, 6H, CH,, 2), 1.69-1.60 (m, 6H, CHa, 3).
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Figure 134: 1H-NMR-spectrum of ITC 60.
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Experimental Section

Cyclohexyl isothiocyanate 61

Cyclohexyl isocyanide 10 (273 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur
(89.8 mg, 350 umol, 1.12 eq.), DBU (7.46 uL, 7.61 mg, 50.0 umol, 2 mol%) and 417 uL Cyrene™ or GBL. The reaction mixture
was stirred for 4 hours in Cyrene™ and 23 hours in GBL. Flash column chromatography was performed using cyclohexane
yielding the product (290 mg, 2.06 mmol in Cyrene™ or 238 mg, 1.68 mmol in GBL)) as a colorless liquid in a yield of 82%

(Cyrene™) or 67% (GBL), (15.5 mmol scale in Cyrene™, 5h, 85%).

E-factor (2.50 mmol, Cyrene™): 2.08, E-factor (2.50 mmol, GBL): 2.81, E-factor (15.5 mmol): 1.99

Purity was 97% (Cyrene™), 98% (GBL), 99% (15.5 mmol scale) according to GC-analysis.

Rf=0.77 in cyclohexane/ethyl acetate =9:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep

blue).

1H-NMR was according to literature.3!

1H-NMR (400 MHz, CDCl3) 6 / ppm = 3.68 (tt, 3/ = 7.8, 3.7 Hz, 1H, CH, 1), 1.98-1.29 (m, 10H, CH,, 2).
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Figure 135: 1H-NMR-spectrum of ITC 61.
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Experimental Section

IR: v/ cm™ = 2932 (vs), 2857 (m), 2174 (m), 2091 (vs), 2054 (vs), 1448 (m), 1361 (s), 1347 (w), 1319 (m), 1310 (m),
1262 (w), 1244 (w), 1145 (vw), 1133 (vw), 1088 (vw), 1010 (w), 986 (w), 891 (w), 861 (w), 854 (w), 800 (w), 720
(m), 701 (m), 537 (w), 497 (m), 473 (w), 441 (w).
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Experimental Section

5-Isothiocyanato-1-(isothiocyanatomethyl)-1,3,3-trimethyl cyclohexane 62

5-Isocyanido-1-(isocyanidomethyl)-1,3,3-trimethyl cyclohexane (421 mg, 2.21 mmol, 1.00 eq.) was converted as described
in GP1-B using elemental sulfur (159 mg, 619 umol, 2.24 eq.), DBU (6.60 uL, 6.73 mg, 44.2 umol, 2 mol%) and 368 uL
Cyrene™. Flash column chromatography was performed using cyclohexane yielding the product (511 mg, 2.01 mmol) as a
colorless solid in a yield of 91% (d.r. = 3.95:0 determined via GC).

E-factor: 1.06
Purity was 99% according to GC-analysis.

Rf=0.82 and 0.89 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution
(deep blue).

1H-NMR (400 MHz, CDCl3) 6 / ppm = 3.87 (tt, 3/ = 11.9 Hz, 3.7 Hz, 0.77H, CH, 1), 3.74 (tt, 3/ = 11.8 Hz, 3.8 Hz, 0.21H,
CH, 1b), 3.52 (d, 2 = 14.3 Hz, 0.22H, SCN-CH3, 20), 3.41 (d, 2/ = 14.3 Hz, 0.22H, SCN-CH, 2b), 3.26 (s, 1.55H, SCN-CH,,
23), 2.02-1.86 (m, 2H, CH,, 32*0), 1.52 (m, 0.21H CHy, %), 1.44-1.23 (m, 3H, CH,, 3a+b.4a+b) 1 18-1.06 (m, 4H, CH,, CHs,
4a,5a+b) 1 06-0.96 (m, 6H, CH3, 62+b).
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Figure 136: 1H-NMR-spectrum of ITC 62.
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Experimental Section

13C.NMR (101 MHz, CDCls) & / ppm = 131.65 (NCS), 58.78 (NCS-CH,, 2), 53.16 (NCS-CH,, b), 51.08 (CH, 2), 50.93
(CH, b), 46.38 (CH,, ?), 46.10 (CHa, b), 42.14 (CHy, ®), 41.97 (CHy, 2), 37.16 (Cquart,, ®), 37.13 (Cquart,, ?), 34.61 (CHs, 2),
34.32 (CHs, ®), 31.91 (Cquart, ?), 31.70 (Cquart, °), 29.90 (CHs, b), 27.56 (CHs, 2), 27.30(CHs, ©), 23.53 (CHs, 2).
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Figure 137: 13C-NMR-spectrum of ITC 62.

HRMS (El): calculated m/z for C1oH1sN>S; [M*] = 254.0906, found: 254.0905, A = - 0.1426 mmu.
IR: v/cm® = 2953 (w), 2932 (w), 2870 (w), 2174 (vs), 2067 (vs), 1460 (m), 1446 (w), 1388 (w), 1368 (m), 1360 (s), 1333 (m),

1300 (w), 1249 (w), 1213 (w), 1198 (w), 1142 (w), 1078 (vw), 1064 (vw), 1033 (vw), 1000 (vw), 959 (w), 922 (w), 904 (w),
892 (w), 870 (w), 793 (m), 713 (m), 694 (s), 594 (w), 518 (w), 492 (w), 466 (m), 445 (m), 402 (w).
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Experimental Section

Oleyl isothiocyanate 63

Oleyl isocyanide 4 (694 mg, 81 w%, 2.02 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur
(89.8 mg, 350 umol, 1.38eq.), DBU (7.46 uL, 7.61mg, 50.0 umol, 3 mol%) and 417 uL Cyrene™. Flash column
chromatography was performed using cyclohexane yielding the product (704 mg, 1.90 mmol) as a colorless liquid in a yield

of 94%.
E-factor (2.50 mmol, Cyrene™): 1.22

Purity was 83% according to GC-analysis.

EA: Found: C, 73.3; H, 11.6; N, 5.1; S, 10.5 Calc. for C19H3sNS: C, 73.7; H, 11.4; N, 4.5; S, 10.4%.
R¢ = 0.54 in cyclohexane visualized via UV quenching at 254 nm and vanillin staining solution (deep blue)

1H-NMR (400 MHz, CDCls) 8 / ppm = 5.43 — 5.26 (m, 2H, CH, 1), 3.50 (t, 3/ = 6.6 Hz, 2H, CH>, 2), 1.99 (m, 4H, CH>, 3),
1.68 (p, 3 = 6.8 Hz, 2H, CH,, 4), 1.46 — 1.17 (m, 22H, CH>, 5), 0.87 (t, 3/ = 6.7 Hz, 3H, CH3, 6).
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Figure 138: 1H-NMR-spectrum of ITC 63.
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Experimental Section

13C-NMR (101 MHz, CDCl3) & / ppm = 130.13 (C=C), 129.81 (C=C), 129.69 (NCS), 45.17 (CH,-NCS), 32.03 (CH>), 30.09
(CH>), 29.88 (CH,), 29.80 (CH>), 29.65 (CH>), 29.44 (CH,), 29.40 (CH>), 29.25 (CH,), 28.90 (CH,), 27.33 (CH>), 27.27
(CH>), 26.66 (CH3), 22.81 (CH,), 14.23 (CHs).
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Figure 139: 13C-NMR-spectrum of ITC 63.

HRMS (El): calculated m/z for C19H35N1S: [M*] = 309.2485, found: 309.2486, A = 0.1316 mmu.

IR: v/ecm™ = 3006 (vw), 2921 (vs), 2853 (vs), 2184 (w), 2082 (vs), 1456 (m), 1346 (m), 967 (w), 722 (w), 690 (w), 465 (w), 455
(w).
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Experimental Section

2-Morpholinoethyl isothiocyanate 64

2-Morpholinoethyl isocyanide (351 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur
(89.8 mg, 350 umol, 1.12eq.), DBU (7.46puL, 7.61mg, 50.0 umol, 2mol%) and 417 uL Cyrene™. Flash column
chromatography was performed using cyclohexane = cyclohexane/ethyl acetate = 2:1 yielding the product (307 g,
1.78 mmol) as a yellow liquid in a yield of 71%.

E-factor: 2.16
Purity was 97% according to GC-analysis.
EA: Found: C, 48.4; H, 7.0; N, 15.65; S, 17.5 Calc. for C;H1,N204S51: C, 48.8; H, 7.0; N, 16.3; S, 18.6%.

Rf=0.28 in cyclohexane/ethyl acetate = 1:3 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

1H-NMR was according to literature. 632

1H-NMR (400 MHz, CDCl3) & / ppm = 3.72-3.68 (m, 4H, CH,, 1), 3.60-3.55 (m, 2H, CH>, 2), 2.67-2.62 (m, 2H, CHa, 3),
2.52-2.48 (m, 4H, CH,, 4).
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Figure 140: *H-NMR-spectrum of ITC 64.
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Experimental Section

Methyl-2-isothiocyanato-3-phenyl propionate 65

Methyl-2-isocyanido-3-phenyl propionate (438 mg, 2.31 mmol, 1.00 eq.) was as like described in GP1-B using elemental
sulfur (89.8 mg, 350 umol, 1.21 eq.), DBU (7.46 uL, 7.61 mg, 50.0 umol, 2 mol%) and 417 puL Cyrene™. The reaction was
stirred for 23 hours. Flash column chromatography was performed using cyclohexane/ethyl acetate = 50:1 yielding the

product (267 mg, 1.21 mmol) as a yellow liquid in a yield of 52%.

E-factor: 2.97
Purity was 98% according to GC-analysis.

Rf=0.52 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

EA: Found: C,59.15; H, 4.95; N, 7.2; S, 14.1 Calc. for C;;H11N10551: C, 59.7; H, 5.0; N, 6.3; S, 14.5%.
1H-NMR was according to literature.®30

1H-NMR (400 MHz, CDCl3) & / ppm = 7.40-7.19 (m, 5H, aromatic, 1), 4.48 (dd, 3/ = 8.4, 4.8 Hz, 1H, CH, 2), 3.80 (s, 3H,
CHs, 3), 3.25 (dd, 2 = 13.8, 3/ = 4.7 Hz, 1H, CH,, 4), 3.13 (dd, 2/ = 13.8, 3/ = 8.4 Hz, 1H, CH,, 4).
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Figure 141:1H-NMR-spectrum of ITC 65.
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Experimental Section

Methyl-2-isothiocyanato-4-(methylthio) butanoate 66

Methyl-2-isocyanido-4-(methylthio) butanoate (433 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using
elemental sulfur (89.8 mg, 350 umol, 1.12 eq.), DBU (7.46 puL, 7.61 mg, 50.0 umol, 2 mol%) and 417 uL Cyrene™. The
reaction was stirred for 6 hours. Flash column chromatography was performed using cyclohexane/ethyl acetate = 20:1

yielding the product (296 mg, 1.44 mmol) as a yellow liquid in a yield of 58%.
Purity was >99% according to GC-analysis.

E-factor: 2.55
Rf=0.51 in cyclohexane/ethyl acetate = 5:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep

blue).
EA: Found: C,40.9; H, 5.3; N, 7.0; S, 31.4 Calc. for C;H11N10,S,: C, 41.0; H, 5.4; N, 6.8; S, 31.2%.

1H-NMR was according to literature.30

1H-NMR (400 MHz, CDCls) & / ppm = 4.55 (dd, 3/ = 8.3 Hz, 4.8 Hz, 1H, CH, 1), 3.81 (s, 3H, CHs, 2), 2.71-2.55 (m, 2H,
CHa, 3), 2.23-2.11 (m, 2H, CH,, 4), 2.10 (s, 3H, CH3,5).
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Figure 142: 'H-NMR-spectrum of ITC 66.
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Experimental Section

Benzyl-11-isothiocyanato undecanoate 67

Benzyl-11-isocyanido undecanoate 5 (754 mg, 2.50 mmol, 1.00 eq.) was as like described in GP1-B using elemental sulfur
(89.8 mg, 350 umol, 1.12 eq.), DBU (7.46 uL, 7.61 mg, 50.0 umol, 5 mol%) and 417 uL Cyrene™. The reaction was stirred for
22 hours. Please note that for the 15.5 mmol scale 2 mol% of DBU were used. Flash column chromatography was
performed using cyclohexane/ethyl acetate = 50:1 yielding the product (267 g, 1.21 mmol) as a colorless liquid in a yield of

77% (15.5 mmol scale, 24 h, 83%).

E-factor (2.50 mmol): 1.18, E-factor (15.5 mmol): 0.989

Purity was >99% according to GC-analysis.

EA: Found: C, 68.6; H, 8.5, N, 4.6; S, 9.4 Calc. for C1sH,7N10,5:: C, 68.4; H, 8.2; N, 4.2; S, 9.6 %.

Rf=0.50 in cyclohexane/ethyl acetate = 9:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

1H-NMR (400 MHz, CDCls) 6 / ppm = 7.40-7.29 (m, 5H, aromatic, 1), 5.11 (s, 2H, CHa, 2), 3.50 (t, 3/ = 6.6 Hz, 2H,
CHa, 3), 2.35 (t, 3/ = 7.5 Hz, 2H, 4), 1.74-1.58 (m, 4H, CHa, 5), 1.45-1.21 (m, 12H, CH,, ©).
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Figure 143: 1H-NMR-spectrum of ITC 67.
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Experimental Section

13C.NMR (101 MHz, CDCls) & / ppm = 173.79 (C=0), 136.26 (aromatic), 129.58 (NCS), 128.66 (aromatic), 128.28
(aromatic), 66.19 (CH»-Ph), 45.17 (CH»-NCS), 34.43 (CH,-COOBN), 30.06 (CH>), 29.40 (CH,), 29.38 (CH,), 29.27 (CH>),
29.19 (CH>), 28.88 (CH,), 26.65 (CH.), 25.04 (CH,).
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Figure 144: 13C-NMR-spectrum of ITC 67.

HRMS (El): calculated m/z for C19H270,N1S; [M*] = 333.1757, found: 333.1758, A = 0.0781 mmu.

IR: v/cm = 2925 (s), 2853 (m), 2179 (m), 2092 (vs), 1732 (vs), 1455 (m), 1346 (m), 1256 (m), 1228 (m), 1213 (m), 1160 (vs),
1102 (m), 1027 (w), 1001 (w), 980 (w), 735 (s), 696 (vs), 500 (w), 455 (w).
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Experimental Section

Benzyl isothiocyanate 68

Benzyl isocyanide 11 (304 pL, 298 mg, 2.50 mmol, 1.00 eq.) was as like described in GP1-B using elemental sulfur (89.8 mg,
350 umol, 1.12 eq.), DBU (7.46 uL, 7.61 mg, 50.0 umol, 2 mol%) and 417 pL Cyrene™. The reaction was stirred for 5 hours.
Flash column chromatography was performed using cyclohexane yielding the product (281 g, 1.88 mmol) as a colorless

liquid in a yield of 75%.
E-factor: 2.25

Purity was 97% according to GC-analysis.

Rf=0.69 in cyclohexane/ethyl acetate =9:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).
1H-NMR was according to literature.®3!

1H-NMR (400 MHz, CDCls) 6 / ppm = 7.42-7.30 (m, 5 H, aromatic, ), 4.72 (s, 2H, CHa, 2).
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Figure 145: 1H-NMR-spectrum of ITC 68.

IR: v/ cm™ =3061 (vw), 3030 (vw), 2925 (vw), 2849 (vw), 2166 (m), 2073 (vs), 1495 (w), 1454 (m), 1438 (m), 1345
(s), 1302 (w), 1199 (w), 1072 (w), 1028 (w), 812 (w), 730 (m), 695 (vs), 574 (m), 453 (m).
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Experimental Section

Tosylmethyl isothiocyanate 69

Tosylmethyl isocyanide (488 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-A using elemental sulfur (89.8 mg,
350 umol, 1.12 eq.), DBU (18.7 uL, 19.0 mg, 125 umol, 5 mol%) and 1.25 mL GBL. The reaction was stirred for 24 hours.
Flash column chromatography was performed using cyclohexane/ethyl acetate (10:1->8:1) yielding the product (193 mg,
850 umol) as an orange solid in a yield of 34%.

E-factor: 11.1
Purity was >99% according to GC-analysis.

Rf=0.45 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

1H-NMR (400 MHz, CDCl3) 6 / ppm = 7.86-7.79 (m, 2H, aromatic, 1), 7.55 (d, 3/ = 8.0 Hz, 2H, aromatic, 2), 5.41 (s, 2H,
CH,, 3), 2.45 (s, 3H, CHs, 4).

1 .0
; Ir 2 SI__NCS f
. 3
|

|
| I4 5 1 ‘
DMSO-d,
water
3 4
1 2 J
| | L
4 4 £ 4
B‘.U ‘ .7".5 ‘ 7’.0 6‘.5 6‘. o I 5‘.5 I 5’.0 4‘.5 5‘:‘" 0 I 3‘.5 I 3’.0 2‘.5 2‘,[| I 1‘.5 ' 1’.0 0‘. 5 I 0‘.0

Figure 146: *H-NMR-spectrum of ITC 69.
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Experimental Section

13C-NMR (101 MHz, CDCl3) & / ppm = 145.98 (aromatic), 133.20 (aromatic), 130.28 (aromatic), 128.59 (aromatic),
63.32 (CH3), 21.17 (CHs). Signal of the SCN-carbon was not observed.
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Figure 147: 13C-NMR-spectrum of ITC 69.

HRMS (El): calculated m/z for CoHgO2N1S; [M*] = 227.0069, found: 227.0069, A = -0.0411 mmu.

IR: v/ cm™=2985 (w), 2927 (w), 2853 (vw), 2289 (w), 2057 (vs), 2045 (vs), 1594 (w), 1491 (w), 1417 (w), 1378 (w),
1323 (vs), 1302 (w), 1269 (vs), 1218 (w), 1142 (vs), 1082 (vs), 1041 (w), 1016 (w), 901 (s), 815 (s), 738 (vs), 703 (s),
625 (s), 553 (vs), 508 (vs), 457 (vs), 426 (s).
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Experimental Section

2,6-Dimethyl phenyl isothiocyanate 70

2,6-Dimethylphenyl isocyanide (328 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-A using elemental sulfur
(89.8 mg, 350 umol, 1.12 eq.), DBU (18.7 pL, 19.0 mg, 125 umol, 5 mol%) and 1.25 mL Cyrene™ or GBL, respectively. The
reaction was stirred for 5 (Cyrene™) or 4 (GBL) hours. Flash column chromatography was performed using cyclohexane
yielding the product (322 g, 1.98 mmol Cyrene™ or 388 mg, 2.37 mmol in GBL) as a colorless liquid in a yield of 80%
(Cyrene™) or 95% (GBL, 15.5 mmol scale, 90% in Cyrene™).

E-factor (2.50 mmol in Cyrene™): 5.30, E-factor (2.50 mmol in GBL): 3.84, E-factor (15.5 mmol in Cyrene™): 4.53
Purity was 98% (Cyrene™ and GBL), >99% (15.5 mmol in Cyrene™) according to GC-analysis.

Rf=0.73 in cyclohexane/ethyl acetate = 9:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

1H-NMR was according to literature.®33
1H-NMR (400 MHz, CDCl3) 6 / ppm = 7.09-7.02 (m, 3H, aromatic, 1), 2.38 (s, 6H, CH3, 2).
2
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Figure 148: *H-NMR-spectrum of ITC 70.
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Experimental Section

2-Isothiocyanato naphthalene 71

2-Isocyanido naphthalene (383 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-A using elemental sulfur
(89.8 mg, 350 umol, 1.12eq.), DBU (18.7 uL, 19.0mg, 125 pumol, 5mol%) and 1.25mL Cyrene™. Flash column
chromatography was performed using cyclohexane yielding the product (322 g, 1.39 mmol) as a colorless solid in a yield of

56%.

E-factor (2.50 mmol): 8.45

Purity was >99% according to GC-analysis.

EA: Found: C, 71.35; H, 3.7; N, 7.6; S, 17.1 Calc. for C11H7N1S1: C, 71.3; H, 3.8; N, 7.5; S, 17.3 %.

R¢ = 0.60 in cyclohexane visualized via UV quenching at 254 nm and vanillin staining solution (deep blue).

1H-NMR was according to literature. 631

1H-NMR (400 MHz, CDCl3) & / ppm = 7.86-7.75 (m, 3H, aromatic, 1), 7.68 (d, 4/ = 2.1 Hz, 1H, aromatic, 2), 7.56-7.47
(m, 2H, aromatic, 3), 7.31 (dd, 3/ = 8.7 Hz, 4J = 2.1 Hz, 1H, aromatic, 4).

water
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Figure 149: *H-NMR-spectrum of ITC 71.
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Experimental Section

4-Methoxyphenyl isothiocyanate 72

4-Methoxyphenyl isocyanide (333 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental sulfur
(89.8 mg, 350 umol, 1.12 eq.), DBU (7.46 uL, 7.61 mg, 50 umol, 2 mol%) and 417 puL Cyrene™ or GBL. The reaction was
stirred for 5 hours for Cyrene™ and GBL. Flash column chromatography was performed using cyclohexane yielding the
product (346 mg, 2.09 mmol in Cyrene™, 388, 2.35 mmol GBL) as a colorless liquid in a yield of 85% (Cyrene™) or 94% (GBL).

E-factor (2.50 mmol in Cyrene™): 1.74, E-factor (2.50 mmol in GBL): 1.32

Purity was 99 (Cyrene™) and 95% (GBL)% according to GC-analysis.

Rf=0.67 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep

blue).

EA (Cyrene™): Found: C, 57.2; H, 4.3; N, 8.5; S, 18.9 Calc. for CgHsNS: C, 58.2; H, 4.3; N, 8.5; S, 19.4%.

EA (GBL): Found: C, 57.9; H, 4.5; N, 8.2; S, 18.1 Calc. for CgHsNS: C, 58.2; H, 4.3; N, 8.5; S, 19.4%.

1H-NMR was according to literature.3!

1H-NMR (400 MHz, CDCl3) 6 / ppm = 7.16 (d, 3/ = 8.9 Hz, 2H, aromatic, 1), 6.85 (d, 3/ =9.0 Hz, 2H, aromatic, 2), 3.80

(s, 3H, CHs3, 3).

1 3
2 NCS
s T
Reggl!
| ]2
|
[
1 2
[}
8 water
_L‘____JL_ 4A_J __J A —
4 g g
7.0 6.5 6.0 3.5 5.0 4.0 ﬁl,r:”;rz 3.0 2.0 1.5 1.0 0.5 0.0

Figure 150: *H-NMR-spectrum of ITC 72.
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Experimental Section

3,4,5-Trimethoxyphenyl isothiocyanate 73

3,4,5-Trimethoxyphenyl isocyanide (483 mg, 2.50 mmol, 1.00 eq.) was converted as described in GP1-B using elemental
sulfur (89.8 mg, 350 umol, 1.12 eq.), DBU (7.46 pL, 7.61 mg, 50.0 umol, 2 mol%) and 417 uL Cyrene™. Flash column
chromatography was performed using cyclohexane yielding the product (390 mg, 1.73 mmol) as a colorless solid in a yield
of 69%.

E-factor (2.50 mmol): 1.85
Purity was >99% according to GC-analysis.

Rf=0.62 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (deep
blue).

EA: Found: C, 53.5; H, 5.0; N, 6.1; S, 13.6 Calc. for C10H11N1035:1: C, 53.3; H, 4.9; N, 6.2, S, 14.2%.

1H-NMR (400 MHz, CDCl3) 6 / ppm = 6.59 (s, 2H, aromatic, 1), 3.84 (s, 6H, CHs, 2), 3.83 (s, 3H, CHs,3).
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Figure 151: 1H-NMR-spectrum of ITC 73.
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Experimental Section

13C-NMR (101 MHz, CDCl3) &/ ppm =163.18 (aromatic), 153.52 (aromatic), 139.24 (aromatic), 122.00 (NCS),
104.13 (aromatic), 61.09 (CHs), 56.41 (CHs).

cDCl,
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Figure 152: 133C-NMR-spectrum of ITC 73.

HRMS (EI): calculated m/z for C1oH1103N;S; [M*] = 225.0454, found: 225.0453, A = -0.1382 mmu.
IR: v/cm™ = 2972 (w), 2943 (w), 2921 (w), 2836 (w), 2114 (vs), 2096 (s), 1582 (vs), 1499 (s), 1465 (s), 1456 (s), 1430 (s),

1415 (vs), 1339 (s), 1304 (w), 1230 (vs), 1185 (m), 1164 (m), 1119 (vs), 1014 (m), 991 (vs), 870 (w), 827 (vs), 808 (vs), 761 (s),
728 (vs), 671 (m), 605 (m), 525 (s), 483 (m), 430 (m).
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Experimental Section

5-Isothiocyanatodimethyl isophthalate 74

5-isocyanidodimethyl isophtlate (438 mg, 2.00 mmol, 1.00 eq.) was converted as described in GP1-A using elemental sulfur
(71.8 mg, 280 umol, 1.12 eq.), DBU (14.9 uL, 15.2 mg, 100 umol, 5 mol%) and 1.0 mL GBL. Conventional flash column
chromatography was performed using cyclohexane/ethyl acetate = 10:1 yielding the product (224 mg, 89.2 mmol) as a
colorless solid in a yield of 45%.

E-factor: 7.37

Rf=0.37 in cyclohexane/ethyl acetate = 10:1 visualized via UV quenching at 254 nm and vanillin staining solution (blue to
greenish).

1H-NMR (400 MHz, DMSO-dg) 6 / ppm = 8.32 (t, 4/ = 1.6 Hz, 1H, aromatic, 1), 8.11 (d, 4/ = 1.5 Hz, 2H, aromatic, 2), 3.86 (s, 6H,
CHjs, 3). Please note that, the compound is decomposing in DMSO-dg over time probably depending on the amount of water.
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Figure 153: 1H-NMR-spectrum of ITC 74.
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Experimental Section

13C-NMR (126 MHz, CDCls) 6 / ppm = 164.23 (COOMe), 136.44 (SCN), 131.81 (aromatic), 131.75 (aromatic), 130.49
(aromatic), 128.05(aromatic), 52.84 (CHs).
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Figure 154: 13C-NMR-spectrum of ITC 74.

HRMS (El): calculated m/z for C11H1004N1S; [M+H]* = 252.0331, found: 252.0331, A =- 0.1892 mmu

IR: v/cm? = 3085.1 (w), 2953.1 (w), 2129.0 (s,), 1722.9 (vs), 1600.1 (m), 1431.5 (s), 1336.5 (s), 1228.5 (vs), 1120.9 (s),
1102.3 (m), 994.3 (s), 945.8 (m), 911.1 (m), 872.7 (m), 814.0 (w), 751.3 (s), 721.0 (s), 664.7 (m), 480.1 (m), 439.7 (w), 412.3

(m).
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6.6.3 Synthesis of isocyanides
5-Isocyanido-1-(isocyanidomethyl)-1,3,3-trimethyl cyclohexane

5-Formamido-1-(formamidomethyl)-1,3,3-trimethyl cyclohexane (5.30g, 23.4 mmol, 1.00eq.) and diisopropylamine
(20.4 mL, 14.7 g, 145 mmol, 6.20 eq.) was dissolved in DCM (71 mL) and cooled to 0 °C with an ice-water bath. Then,
phosphoryl chloride (5.7 mL, 9.34g, 60.9 mmol, 2.60eq.) were added dropwise keeping the tempearute at O °C.
Afterwards, the ice-water bath was removed and the colorless reaction solution was stirred at room temperature for
4 hours. The yellow reaction mixture was quenched by adding 71 mL saturated, aqueous sodium hydrogen carbonate
solution and stirred for further 15 minutes until CO, formation had ceased. The organic layer was separated and the
aqueous phase was extracted with DCM (1 x 30 mL). The combined organic layers were removed from solvent under
reduced pressure and purification by flash column chromatography using cyclohexane/ethyl acetate (10:1) yielded the
product (2.88 mg, 15.1 mmol, mixture of isomers) as a yellow viscous liquid in a yield of 65% (d.r. = 2.96:1 determined via
NMR).

R¢ = 0.68 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (orange).

1H-NMR (400 MHz, CDCls) & / ppm = 3.80 — 3.71 (m, 0.73H, CN-CH, 1), 3.66 —3.54 (m, 0.24H, CN-CH, 1°), 3.44 — 3.23 (q,
2 =14.3 Hz, 0.48H, CN-CH,, 2%), 3.12 (s, 1.42H, CN-CH,, 22), 2.09 — 1.89 (m, 2H, CH,, 3*), 1.68 — 1.07 (m, 7H, CH,, CHs,

3a+3b+4a+4b)l 1.05-0.96 (m’ GH, CHS, Sa+b).
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Figure 155: 1H-NMR-spectrum of 5-isocyanido-1-(isocyanidoomethyl)-1,3,3-trimethyl cyclohexane.
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Experimental Section

13C-NMR (101 MHz, CDCls) 6 / ppm = 158.24-158.01 (m, CN-CH,, a+b), 155.51 (t, CN-CH, b), 155.33 (t, CN-CH, a), 55.58 (t,
CN-CH,, a), 49.92 (t, CN-CH,, b),47.20-46.89 (m, CN-CH, a+b), 45.92 (CH,), 45.88 (CH,, a), 45.69 (CHa, b), 41.49 (CHa, b),
41.38 (CH,, a), 35.25 (Cquart, @), 35.11 (Cquart, b), 34.42 (CH3, a), 34.23 (CHs, b), 31.48 (Cquart, a), 31.34 (Cquart, b), 29.52 (CHs,
b), 27.36 (CHs, a), 26.79 (CHs, b), 23.18 (CHs, a).
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Figure 156: 13C-NMR-spectrum of 5-isocyanido-1-(isocyanidoomethyl)-1,3,3-trimethyl cyclohexane.

HRMS (ESI): calculated m/z for C1oH19N2 [M+H*] = 191.1543, found: 191.1541, A = - 0.18 mmu.

IR: v/ cm = 2956 (w), 2936 (w), 2874 (w), 2142 (vs), 1463 (m), 1391 (w), 1368 (w), 1251 (vw), 1201 (vw), 1145 (vw), 1017
(vw), 967 (w), 943 (m), 921 (w), 897 (vw), 864 (w), 769 (vw), 620 (vw), 503 (w), 442 (vw), 390 (vw).
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Experimental Section

Methyl-2-isocyano-3-phenyl propionate

Methyl-2-formamido-3-phenyl propionate (21.5g, 104 mmol, 1.00 eq.) was dissolved in 343 mL dichloromethane and
diisopropylamine (347.5 mL, 4.10 g, 321 mmol, 3.10 eq.) were added and the reaction mixture was cooled to 0 °C using an
ice-water bath. Subsequently, phosphorous oxy chloride (12.6 mL, 20.6 g, 134 mmol, 1.30 eq.) was added dropwise keeping
the temperature at 0 °C. Afterwards, the ice-water bath was removed and the reaction solution was stirred at room
temperature for two hours. Subsequently, the reaction was quenched by addition of sodium carbonate solution (20 %,
126 mL) at 0 °C using an ice-water bath. After stirring this mixture for 30 minutes, 60 mL water and 60 mL dichloromethane
were added. The aqueous phase was separated and the organic layer was washed with water (3 x 50 mL) and brine (50 mL).
The combined organic layers were dried over sodium sulfate and the solvent was evaporated under reduced pressure. The
crude product was then purified by column chromatography (cyclohexane / ethyl acetate 6:1). The product was obtained as
slightly yellow oil (16.4 g, 86.7 mmol) in a yield of 84%.

R¢ = 0.42 in cyclohexane/ethyl acetate = 4:1 visualized via UV quenching at 254 nm and vanillin staining solution (orange).

1H-NMR was according to literature.®34

1H-NMR (400 MHz, CDCl3) & / ppm = 7.26-7.11 (m, 5H, aromatic, 1), 4.35 (dd, 3/ =8.3, 4.9 Hz, 1H, CH, 2), 3.68 (s, 3H, CH3s, 3),
3.14 (dd, & = 13.8 Hz, 3/ = 4.9 Hz, 1H, CH,, #), 3.03 (dd, 2/ = 13.8 Hz, 3/ = 8.3 Hz, 1H, CH,, ).
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Figure 157: 1H-NMR-spectrum of methyl-2-isocyanido-3-phenyl propionate.
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Experimental Section

Methyl-2-isothiocyanato-4-(methylthio) butanoate

Methyl-2-formamido-4-(methylthio) butanoate (4.00 g, 20.9 mmol, 1.00 eq.) was dissolved in 69 mL dichloromethane and
diisopropylamine (9.15 mL, 6.56 g, 64.8 mmol, 3.10 eq.) was added and the reaction mixture was cooled to 0 °C using an
ice-water bath. Subsequently, phosphorous oxy chloride (2.54 mL, 4.17 g, 27.2 mmol, 1.30 eq.) was added dropwise
keeping the temperature at 0 °C. Afterwards, the ice-water bath was removed and the reaction solution was stirred at room
temperature for two hours. The reaction was quenched by addition of sodium carbonate solution (20 %, 20 mL) at 0 °C
using an ice-water bath. After stirring this mixture for 30 minutes, 15 mL water and 15 mL dichloromethane were added.
The aqueous phase was separated and the organic layer was washed with water (3 x 25 mL) and brine (25 mL). The
combined organic layers were dried over sodium sulfate and the solvent was evaporated under reduced pressure. The
crude product was then purified by column chromatography (cyclohexane/ethyl acetate 9:1->8:1). The product was

obtained as slightly yellow oil (2.86 g, 16.5mmol) in a yield of 79%.
R¢ = 0.32 in cyclohexane/ethyl acetate = 5:1 visualized via UV quenching at 254 nm and vanillin staining solution (orange).

1H-NMR was according to literature.®34

1H-NMR (400 MHz, CDCls) & / ppm = 4.54 (dd, 3/ = 8.0 Hz, 5.3 Hz, 1H, CH, 1), 3.82 (s, 3H, CHs, 2), 2.75-2.60 (m, 2H, CH, 3),
2.24-2.13 (m, 2H, CH,, %), 2.10 (s, 3H, CHs, 5).
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Figure 158: 1H-NMR-spectrum of methyl-2-isocyanido-4-(methylthio) butanoate.
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3,4,5-trimethoxypehnyl isocyanide

3,4,5-Trimethoxyphenyl formamide (1.04g, 4.95 mmol, 1.00 eq.) was dissolved in 15 mL dichloromethane and
diisopropylamine (2.16 mL, 1.55 g, 15.34 mmol, 3.10 eq.) was added and the reaction mixture was cooled to 0 °C using an
ice-water bath. Subsequently, phosphorous oxy chloride (587 uL, 986 mg, 6.43 mmol, 1.30 eq.) was added dropwise
keeping the temperature at 0 °C. Afterwards, the ice-water bath was removed and the colorless reaction solution was
stirred at room temperature for two hours. The reaction mixture was quenched by adding 15 mL saturated, aqueous
sodium hydrogen carbonate solution and stirred for further 15 minutes until CO, formation had ceased. The organic layer
was separated and the aqueous phase was extracted with DCM (1 x 10 mL). The combined organic layers were removed
from solvent under reduced pressure and purification by flash column chromatography using cyclohexane/ethyl
acetate (14:1->10:1) yielded the product (819 mg, 4.24 mmol) as a yellowish liquid in a yield of 86%.

R¢ = 0.46 in cyclohexane/ethyl acetate = 3:1 visualized via UV quenching at 254 nm and vanillin staining solution (orange).

1H-NMR (400 MHz, DMSO-ds) & / ppm = 6.94 (s, 2H, aromatic, 1), 3.80 (s, 6H, CHs, 2), 3.67 (s, 3H, CHs, 3).
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Figure 159: 1H-NMR-spectrum of 3,4,5-trimethoxyphenyl isocyanide.
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Experimental Section

13C.NMR (101 MHz, DMSO-ds) &/ ppm=162.92 (aromatic-quaternary), 153.21 (aromatic-quaternary), 138.67
(aromatic-quaternary), 121.16 (CN), 104.35 (aromatic), 60.18 (CHs), 56.33. (CHs).
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Figure 160: 13C-NMR-spectrum of 3,4,5-trimethoxyphenyl isocyanide.

HRMS (El): calculated m/z for C10H1:N103 [M*] = 193.0733, found: 193.0734, A = 0.0446 mmu.
IR: v/ cmt = 3009 (vw), 2972 (w), 2939 (w), 2832 (w), 2131 (m), 1590 (s), 1502 (s), 1456 (s), 1444 (s), 1430 (m), 1417 (s),

1331 (m), 1230 (vs), 1177 (w), 1125 (vs), 1000 (vs), 961 (s), 839 (vs), 817 (m), 810 (m), 778 (s), 747 (w), 679 (w), 617 (m), 522

(w), 500 (w).
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6.6.4 Synthesis of N-formamides

5-Formamido-1-(formamidomethyl)-1,3,3-trimethyl cyclohexane

Isophorendiamine (5.43 mL, 5.00 g, 29.4 mmol, 1.00 eq.) was dissolved in ethyl formiate (23.6 mL, 21.7 g, 294 mmol,
10.0 eq.) and was stirred under reflux for 24 hours. Afterwards, the remaining ethylformiate as well as the ethanol were
removed under reduced pressure and the crude formamide (5.30 g) was used without further purification.

3,4,5-Trimethoxyphenyl formamide

3,4,5-trimethoxyphenyl amine (1.50g, 8.19 mmol, 1.00 eq.) was dissolved in formic acid (1.24 mL, 1.51 g, 32.8 mmol,
4.00 eq.) and was stirred under reflux for 18 hours. Afterwards, the remaining formic acid as well as water were removed
under reduced pressure and the crude formamide (1.83 g) was used without further purification.
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6.6.5 Synthesis of PolyTUs
General synthesis of polyTUs (GP2)

The diisothiocyanate (1.00 eq.) was dissolved in DMF (c(diisothiocyaante) =1.0 M) and diamino pentane 76
(1.00 eq.) was added. The reaction was stirred at room temperature until full conversion of the diisothiocyanate
was indicated by TLC. Subsequently, methanol (5 times the amount of used DMF) was added to precipitate the
polythiourea. After filtration, the product was washed with minimal amounts of methanol and dried under
reduced pressure to remove the remaining solvent. Deviations of this procedure are given in the section of the
respective substrate.

PolyTU 77

The polymer was synthesized according to procedure GP2. Diisothiocyante 57 (256 mg, 1.00 mmol, 1.00 eq.) and
diamino pentane 76 (117pL, 102 mg, 1.00 mmol, 1.00 eq.) were dissolved in 1 mL DMF and the reaction mixture
was stirred for 2 h. The product was obtained as a colourless solid (314 mg) in a yield of 88%.

1H-NMR (400 MHz, CDCl) & / ppm = 7.30 (br, 4H, NH, ), 3.34 (br, 8H, CH, 2), 1.47 (p, 3/ = 7.2 Hz, 8H, CH,, 3), 1.25 (br, 14H,
CHa, 9).
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Figure 161: 1H-NMR-spectrum of polyTU 77.
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13C-NMR (101 MHz, CDCl3) & / ppm = 181.55 (br, HNC=SNH), 43.41 (NHC=SNH-CH>), 29.01 (CH>), 28.82 (CH,), 28.59
(CH3), 26.43 (CH3), 23.82 (CH,).
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Figure 162: 13C-NMR-spectrum of polyTU 77.

IR: v/ cm™ =3237 (br, m), 3065 (br, w), 2917 (s), 2849 (s), 1544 (vs), 1460 (m), 1349 (vs), 1290 (vs), 1237 (s), 1054 (m), 728
(s), 674 (vs), 579 (s), 540 (vs)
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Inorm.
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Figure 163: SEC-trace of polyTU 77.
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Experimental Section

PolyTU 78

The polymer was synthesized according to the procedure GP2. Diisothiocyante 58 (284 mg, 1.00 mmol, 1.00 eq.)

and diamino pentane 76 (117uL, 102 mg, 1.00 mmol, 1.00 eq.) were dissolved in 1 mL DMF and the reaction
mixture was stirred for 2 h. Remaining solvent was removed in a vacuum oven (80 °C, 10 mbar, 16 hours). The

product was obtained as a colourless solid (387 mg) in a quantitative yield.

1H-NMR (400 MHz, CDCl3) & / ppm = 7.29 (br, 4H, NH, ), 3.35 (br, 8H, CHz, 2), 1.46 (p, 3/ = 7.2 Hz, 8H, CH,, 3), 1.25 (br, 18H,

CHy, 4).
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Figure 164: 1H-NMR-Spectrum of polyTU 78.
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Experimental Section

13C-NMR (101 MHz, CDCl3) 6 / ppm = 181.89 (br, HNC=SNH), 43.45 (HNC=SNH-CH,), 29.08 (CH,), 28.85 (CH.), 28.61 (CH,),
26.45 (CH,), 23.84 (CH,).
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Figure 165: 13C-NMR-Spectrum of polyTU 78.

IR: v/ cm™ = 3237 (br, w), 3071 (br, w), 2919 (vs), 2850 (s), 1551 (vs), 1466 (w), 1353 (s), 1319 (m), 1285 (s), 1242 (m), 1064
(w), 728 (w), 669 (m), 577 (m), 544 (m), 509 (w), 475 (w).
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| IM.=55.1 kDa
071M,=131 kDa
1|p=2.68
0,8 4
g 0,6
0,4 1
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Retention time/min

Figure 166: SEC-trace of polyTU 78.
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PolyTU 79

The polymer was synthesized according to the procedure GP2. Diisothiocyante 62 (254 mg, 1.00 mmol, 1.00 eq.)
and diamino pentane 76 (117uL, 102 mg, 1.00 mmol, 1.00 eq.) were dissolved in 1 mL DMF and the reaction
mixture was stirred for 2 h. The crude product was obtained as a hollow polymer orb and thus, was crushed with a
mortar. Remaining DMF was removed by vacuum oven (80 °C, 10 mbar, overnight) followed by washing in minimal
amount of methanol under reflux to remove remaining DMF. The product was obtained as a colourless solid
(376 mg) in a quantitative yield.

1H-NMR (400 MHz, CDCl3) & / ppm = 7.58-6.89 (m, 4H, NH, 1), 4.41 (br, 0.76H, CH, 2), 4.09 (br, 0.61H, CH,, 2), 3.57-3.07 (m,
5.63H, CH,, CH, 2), 1.81-0.76 (m, 21H, CH3, CHa, 3).
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Figure 167: 1H-NMR-Spectrum of polyTU 79.

13C-NMR (101 MHz, CDCl3) & / ppm = 183.53 (br, HNC=SNH), 181.34 (br, HNC=SNH), 57.48, 48.60, 47.24, 46.78,
45.32,43.59, 43.35, 41.24, 36.33, 35.81, 34.93, 31.66, 31.50, 29.86, 28.62, 27.52, 23.89, 23.22.
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Figure 168: 13C-NMR-Spectrum of polyTU 79.
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IR: v/ cm™ = 3248 (br, s), 3060 (br, w), 2924 (br, s), 2850 (br, m), 1734 (w), 1534 (vs), 1460 (m), 1305 (s), 1235 (vs), 1210

(vs), 1196 (vs), 1068 (s), 1014 (vs), 696 (w), 660 (w), 507 (m), 456 (s)
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Figure 169: SEC-trace of polyTU 79.
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6.6.6 E-factor calculation

E-factors were calculated with the following equation:

n L — . 10
E Myaste Zi=1((nl Vi * nproduct) * Ml) + Meqt + Msolvent (10)
mproduct mproduct
Mproduct = isolated mass of product considering the GC-purity
Nproduct = isolated molar amount of product
n; = originally used molar amount of reactant i
Vi = stoichiometric coefficient of reactant i (1 for IC, 0.125 for Sg)
Meat = mass of used DBU
Msolvent = Mass of reaction solvent

m(product): was calculated considering the purity obtained by GC.
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6.7 Reaction of activated sulfur with benzhydryl
carbenes-unexpected alkene formation

6.7.1 Pictures of the work-up of 83

Figure 170: Pictures of the work-up of tetra(4-methoxyphenyl)ethylene 83 obtained after the reaction of the respective
tosylhydrazone 82 with elemental sulfur and sodium hydride. The top part depicts the column chromatography in which the
product fraction can be seen by visual observation due to a blue coloration, which arises not from product 83 but probably
from the respective thioketone 84 that is formed as an intermediate in this reaction exhibiting a very similar Rg-valuer. In
addition, the obtained fractions from the column chromatography and product 83 in high purity (pure according to *H-NMR)
are depicted (bottom) exhibiting also the characteristic blue coloration, which can probably be assigned to the presence of
thioketone 84.
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6.7.2 Synthesis of tetraarylethylenes
Tetraphenylethylene 85

Benzophenone tosylhydrazone (600 mg, 1.71 mmol, 1.00 eq.) was dissolved in 1.7 mL DMSO. Then, elemental sulfur
(87.8 mg, 342 umol, 0.20 eq. corresponding to 1.60 eq. of sulfur atoms) and potassium carbonate (284 mg, 2.05 mmol),
1.20 eq.) were added and the dark brown suspension was heated to 100 °C for 30 minutes. After cooling to ambient
temperature, 3 mL of methanol was added. Subsequently, DCM and water were added and the organic layer was
separated. The aqueous layer was extracted (3x) and the combined organic extracts were washed with water (2x), dried
over sodium sulfate and filtered off. The crude product was purified by column chromatography (CH:EA, 99:1) yielding the
pure product (275 mg, 827 umol) as colorless solid in a yield of 97%.

Rf = 0.67 in cyclohexane/ethyl acetate = 49:1 visualized via UV quenching at 254 nm and fluorescence at 365 nm.

1H-NMR (400 MHz, CDCl3) 6 / ppm = 7.12-7.07 (m, 12H, aromatic, 1), 7.04-7.01 (m, 8, aromatic, 2)

2|
1 O O water
1 2
1
CHC|3
2
ﬂJLJ p
7‘.5 7‘.0 6;.5 6‘.0 5;.5 5‘.0 4‘.5 4‘.0 3‘ 5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 6.5 0‘.0

3/ppm-

Figure 171: 'H-NMR-spectrum of tetraphenylethylene 85.

13C-NMR (101 MHz, CDCl3) &/ ppm =143.72 (quarternary-aromatic), 140.95 (C=C), 131.32 (aromatic), 127.63
(aromatic), 126.40 (aromatic).
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CHCl,
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Figure 172: 133C-NMR-spectrum of tetraphenylethylene 85.

HRMS (El): calculated m/z for CagHaz0 [M*] = 332.1560, found:3321.1557, A =-0.2189 mmu.
IR: v/ cm™ = 3077 (vw), 3050 (vw), 3015 (vw), 2923 (w), 2853 (vw), 1954 (vw), 1886 (vw), 1814 (vw), 1746 (vw), 1594 (w),

1574 (vw), 1489 (w), 1442 (m), 1154 (vw), 1074 (w), 1026 (w), 1002 (vw), 981 (w), 913 (vw), 907 (vw), 778 (w), 759 (m), 745
(), 695 (vs), 625 (s), 615 (m), 568 (M), 471 (w), 465 (w), 442 (vw)
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Tetra(4-methoxyphenyl)ethylene 83

4,4-"dimethoxybenzophenone tosylhydrazone 82 (600 mg, 1.46 mmol, 1.00 eq.) was dissolved in 1.5 mL DMSO. Then,
elemental sulfur (75.0 mg, 292 pumol, 0.20 eq. corresponding to 1.60 eq. of sulfur atoms) and potassium carbonate (242 mg,
1.75 mmol, 1.20 eq.) were added and the dark brown suspension was heated to 100 °C for 30 minutes. After cooling to
ambient temperature, the crude product was directly applied for column chromatography (CH:EA, 8:1) yielding the pure

product (331 mg, 730 umol) as colorless solid in quantitative yield.

R¢ = 0.41 in cyclohexane/ethyl acetate = 5:1 visualized via UV quenching at 254 nm and fluorescence at 365 nm.

1H-NMR (400 MHz, DMSO-dg) & / ppm = 6.85 (d, 3/ = 8.8 Hz, 8H, aromatic, ), 6.70 (d, 3/ =8.9 Hz, 8H, aromatic, 2),

3.68 (s, 12H, CHs, 3).
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Figure 173: 1H-NMR-spectrum of tetra(4-methoxyphenyl)ethylene 83.
1BC.NMR (101 MHz, DMSO-d¢) &/ppm=157.43  (quarternary-aromatic), 137.98 (C=C), 136.24

(quarternary-aromatic), 131.97 (aromatic), 113.19 (aromatic), 54.88 (CHs).
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Figure 174: 133C-NMR-spectrum of tetra(4-methoxyphenyl)ethylene 83.

HRMS (El): calculated m/z for C3oH,s [M*] = 452.1982, found: 452,1981, A = -0.0641 mmu.

IR: v/cm™ = IR = 3050 (vw), 3026 (vw), 3001 (vw), 2948 (vw), 2890 (vw), 2828 (w), 1896 (vw), 1882 (vw), 1862 (vw), 1604
(m), 1571 (w), 1506 (vs), 1454 (m), 1440 (w), 1409 (w), 1294 (s), 1271 (w), 1238 (vs), 1183 (w), 1168 (vs), 1105 (m), 1031
(vs), 1012 (m), 977 (w), 954 (vw), 862 (w), 829 (vs), 808 (vs), 765 (m), 745 (w), 708 (vw), 588 (vs), 568 (w), 525 (m), 510 (w)

cm-1
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6.7.3 Synthesis of benzhydryltosylhydrazones
Benzophenonetosylhydrazone

This protocol followed the procedure of Wang et al.53> Benzophenone (2.50 g, 13.7 mmol, 1.00 eq.) was dissolved in 10 mL
ethanol. Then, tosylhydrazine (2.55 g, 13.72 mmol, 1.00 eq.) and p-toluenesulfonic acid monohydrate (26.1 mg, 137 umol,
0.01 eq.) were added and the mixture was stirred at reflux overnight. After cooling to ambient temperature the precipitate
was filtered off, recrystallized from ethanol yielding the product as colorless solid (4.01 g, 11.4 mmol) in a yield of 83%.

1H-NMR (400 MHz, DMSO-ds) & / ppm = 10.45 (s, 1H, NH, 1), 7.91 — 7.77 (d, 3J = 8.2 Hz, 2H, aromatic, 2), 7.56 — 7.48 (m, 3H,
aromatic, 3), 7.44 (d, 3/ = 8.1 Hz, 2H, aromatic, ), 7.41 — 7.30 (m, 3H, aromatic, ®), 7.28 — 7.18 (m, 4H, aromatic, &7), 2.40 (s,
3H, CH3, 7).
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Figure 175: INMR-spectrum of benzophenonetosylhydrazone.'3C-NMR (101 MHz, DMSO-dg) 6 / ppm = 154.55 (C=N), 143.35
(quarternary-aromatic), 137.16 (quarternary-aromatic), 136.06 (quarternary-aromatic), 132.56 (quarternary-aromatic),
129.70 (quarternary-aromatic), 129.44 (aromatic), 129.38 (quarternary-aromatic), 128.82 (aromatic), 128.35 (aromatic),
127.75 (aromatic), 127.22 (aromatic), 21.06 (CHs).
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Figure 176: 13C-NMR-spectrum of benzophenonetosylhydrazone.

HRMS (El): calculated m/z for CyoH18N20,32S; [M*] = 350.1084, found: 350.1082, A = -0.1130 mmu.
IR: v/cm?=IR =3213 (w), 3063 (vw), 3030 (vw), 1954 (vw), 1896 (vw), 1818 (vw), 1771 (vw), 1446 (w), 1376 (s), 1349 (s),

1318 (m), 1302 (w), 1168 (vs), 1055 (m), 1026 (w), 977 (m), 874 (m), 812 (m), 771 (vs), 697 (vs), 666 (vs), 640 (m), 609 (w),
553 (vs), 543 (vs), 508 (s), 477 (w), 453 (m).
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4,4-'Dimethoxy benzophenonetosylhydrazone 82

This protocol followed the procedure of Wang et al.53> Benzophenone (5.00 g, 20.6 mmol, 1.00 eq.) was dissolved in 10 mL
ethanol. Then, tosylhydrazine (3.84 g, 20.6 mmol, 1.00 eq.) and p-toluenesulfonic acid monohydrate (39.2 mg, 206 umol,
0.01 eq.) were added and the mixture was stirred at reflux overnight. After cooling to ambient temperature the precipitate
was filtered off, recrystallized from ethanol yielding the product as colorless needles (5.64 g, 13.7 mmol) in a yield of 67%.

1H-NMR (400 MHz, DMSO-dg) 6 / ppm = 10.20 (s, 1H, NH, %), 7.80 (d, 3/ = 8.2 Hz, 2H, aromatic, 2), 7.42 (d, 3/ = 8.0 Hz,
2H, aromatic, 3), 7.19 (d, 3/ = 8.8 Hz, 2H,aromatic, #), 7.16 (d, 3/ = 8.8 Hz, 2H, aromatic, °), 7.07 (d, 3/ = 8.8 Hz, 2H,
aromatic, °), 6.89 (d, 3/ = 8.8 Hz, 2H, 7), 3.83 (s, 3H, CHs, &), 3.75 (s, 3H, CHs3, °), 2.40 (s, 3H, CHs, ).
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Figure 177: 1H-NMR-spectrum of 4,4°-dimethoxybenzophenonetosylhydrazone 82.

13C-NMR (101 MHz, DMSO-dg) &/ ppm = 160-46 (quarternary-aromatic), 159.84 (quarternary-aromatic), 154.47 (C=N),
143.19 (quarternary-aromatic), 136.12(quarternary-aromatic), 130.48(aromatic), 129.99 (quarternary-aromatic), 129.35
(aromatic), 128.91 (aromatic), 127.76 (aromatic), 124.76 (quarternary-aromatic),.114.10 (aromatic), 113.70 (aromatic),
55.23 (CHs), 21.05 (CH3).
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Figure 178: 13C-NMR-spectrum of 4,4 dimethoxy benzophenonetosylhydrazone 82.

HRMS (El): calculated m/z for C2,H23N20432S; [M+H]+ = 411.1373, found: 411.1375, A = 0.1535 mmu.

IR: v/ cm™=3201 (w), 3063 (vw), 3030 (vw), 3005 (vw), 2954 (vw), 2925 (vw), 2832 (vw), 2032 (vw), 1909 (vw), 1808 (vw),
1609 (m), 1578 (w), 1510 (s), 1495 (w), 1440 (w), 1419 (w), 1388 (m), 1341 (m), 1310 (s), 1298 (m), 1251 (vs), 1187 (w),
1174 (m), 1158 (vs), 1113 (w), 1092 (w), 1053 (m), 1031 (s), 1012 (m), 985 (s), 954 (w), 887 (m), 831 (vs), 812 (s), 784 (w),
734 (w), 706 (m), 689 (m), 662 (vs), 631 (w), 617 (w), 597 (m), 580 (m), 545 (vs), 518 (s), 498 (m), 481 (m), 444 (w), 413 (w),
405 (w).
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6.8 Polythiosemicarbazones by Condensation of Dithiosemicarbazides
and Dialdehydes

6.8.1 Dialdehyde synthesis
4,4'-(Ethyne-1,2-diyl) dibenzaldehyde 93

4-Bromo benzaldehyde (685 mg, 3.70 mmol, 1.00eq.), 4-ethynyl benzaldehyde (482 mg, 3.70 mmol, 1.00 eq.),
Pd(PPhs),Cl;,(130 mg, 185. umol, 0.05 eq.) and Cul (35.3 mg, 185 pumol, 0.05 eq.) was added to a pressure tube with 20 mL
dry THF (c(4-bromo benzaldehyde) = 0.133 M)). The mixture was purged for 5 minutes with an argon balloon and then was
set under an argon funnel. Subsequently, TEA (9.3 mL, 6.74 g, 66.6 mmol, 18.0 eq.) was added with a syringe and the tube
was closed. The black mixture was heated to 85 °C and stirred for two hours until TLC showed full conversion of the alkyne.
After cooling to room temperature, all volatiles were removed under reduced pressure. Purification via column
chromatography using DCM as eluent yielded the product as white crystals (527 mg, 2.25 mmol) in a yield of 61%. Proton
NMR-analysis showed that the purity of the obtained compound was >96%, while the impurity was the respective Glaser
product.

Rf (cyclohexane/ethyl acetate[5:1] = 0.41 visualizable via fluorescence quenching at 254 nm.
1H-NMR was in accordance with literature. 636

1H-NMR (400 MHz, CDCl3) &/ppm = 10.04 (s, 2H, CH, 1), 7.90 (d, ¥ = 8.4 Hz, 4H, aromatic, 2), 7.71 (d,3 J=8.2 Hz, 4H,
aromatic, 3).
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Figure 179: Proton NMR-spectrum of 93.
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6.8.2 Di-N-formamide syntehsis
1,6-Diisocyano hexane
A modified synthesis protocol of Meier et al. was used:>92

1,6-N-formamido hexane (3.31 g, 19.22 mmol, 1.00 eq.) was dissolved in 58.2 mL DCM (c(di-N-formamide) = 0.33 M) and
TEA (16.6 mL, 12.1 g, 119 mmol, 6.20 eq.) was added. Subsequently, the reaction mixture was cooled to 0°C using an ice-
water bath and phosphorus oxychloride (4.67 mL, 7.66g, 50.0 mmol, 2.60eq.) was added dropwise, keeping the
temperature at 0 °C. Afterwards, the cooling bath was removed, and the reaction was stirred at room temperature for 2
hours. After completion of the reaction, the reaction mixture was quenched with 60 mL of aqueous saturated NaHCO3
solution. Subsequently, the organic layer was separated, the aqueous phase was extracted with DCM (1x30 mL) and the
combined organic layers were washed with water (1x40 mL). The organic mixture was concentrated to a volume of ca.
5 mL. Purification was performed via flash column chromatography (typical height of silica loading: 6 cm). The reaction
mixture was added dropwise directly onto the dry silica loaded column. Then, the product was purified by eluting with
cyclohexane/ethyl acetate (2:1). The product was obtained as yellowish liquid (1.35 g, 9.91 mmol) in a yield of 52 %

R (cyclohexane/ethyl acetate[2:1] = 0.45 visualizable via vanillin staining (orange).
1H-NMR was in accordance with spectra provided by Sigma-Aldrich.

1H-NMR (400 MHz, CDCls) §/ppm =3.41 (tt, 3/ = 6.5 Hz, 2Jnu = 1.9 Hz, 4H, CHa, %), 1.77-1.64 (m, 4H. CHy, ?), 1.53-1.48
(9, = 7.4, 3.5 Hz, 4H, CHy, 3).
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Figure 180: Proton NMR-spectrum of 1,6-diisocyano hexane.
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Trans-1,4-diisocyano cyclohexane
A modified synthesis protocol of Meier et al. was used:>92

Trans-1,4-di-N-formamido  cyclohexane (2.02g, 11.9mmol, 1.00 eq.) was dissolved in 36mL DCM
(c(di-N-formamide) =0.33 M) and TEA (10.3 mlL, 7.46g, 73.7 mmol, 6.20 eq.) was added. Subsequently, the reaction
mixture was cooled to 0°C using an ice-water bath and phosphorus oxychloride (2.89 mL, 4.74 g, 30.9 mmol, 2.60 eq.) was
added dropwise keeping the temperature at 0 °C. After completion of the reaction, the reaction mixture was quenched with
35 mL of aqueous saturated NaHCOs solution, and the precipitated salt was filtered off. Subsequently, the organic layer was
separated, the aqueous phase was extracted with DCM (3x30 mL) and the combined organic layers were washed with
water (1x60 mL). The organic mixture was concentrated to a volume of ca. 5 mL. Purification was performed via flash
column chromatography (typically height of silica loading: 9 cm) eluting with cyclohexane/ethyl acetate (8:1 = 6:1). The
product was obtained as colorless solid (1.19 g, 8.80 mmol) in a yield of 74%.

Rf (cyclohexane/ethyl acetate[8:1] = 0.26 visualizable via vanillin staining (orange).

1H-NMR (400 MHz, DMSO-dg) 8/ppm = 3.88 (s, 2H, CH, 1), 1.99-1.89 (m, 4H, CH>, ?), 1.67-1.58 (m, 4H, CH>, ?).
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Figure 181: Proton NMR-spectrum of trans-1,4-diisocyano cyclohexane.
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13C-NMR (126 MHz, DMSO-ds) 6/ppm = 156.24 (t, CN), 49.63 (t, CH), 26.75 (CHa).
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Figure 182: Carbon NMR-spectrum of trans-1,4-diisocyano cyclohexane.
HRMS (El): calculated m/z for CgsH1sNeS> [M+] = 262.1029, found: 262.1030, A = 0.0945 mmu.

IR: v / em™ = 3270 (m), 3075 (w), 2956 (w), 2935 (w), 2859 (w), 2137 (s), 1652 (vs), 1551 (m), 1446 (s), 1393 (s), 1331 (m),
1257 (m), 1220 (s), 1006 (w), 971 (w), 921 (s), 761 (w), 730 (w), 673 (w), 500 (m), 420 (m) cm™2.
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1,4-Bisisocyanomethyl benzene
A modified synthesis protocol of Meier et al. was used:>%2

N,N-"(1,4-Phenylenebis(methylene)) diformamide (3.22g, 16.8 mmol, 1.00 eq.) was dissolved in 50.8 mL DCM
(c(di-N-formamide) = 0.33 M) and TEA (14.5 mL, 10.5 g, 104 mmol, 6.20 eq.) was added. Subsequently, the reaction mixture
was cooled to 0°C using an ice-water bath and phosphorus oxychloride (4.07 mL, 6.68 g, 43.6 mmol, 2.60 eq.) was added
dropwise keeping the temperature at 0 °C. After completion of the reaction, the reaction mixture was quenched with 60 mL
of aqueous saturated NaHCOj3 solution and 20 mL of DCM was added. Subsequently, the organic layer was separated, the
aqueous phase was extracted with DCM (2x20 mL) and the combined organic layers were washed with water (1x40 mL).
The organic mixture was dried over sodium sulfate and concentrated to a volume of ca. 5 mL. Purification was performed
via flash column chromatography (typically height of silica loading: 6 cm). Thereby, the reaction mixture was added
dropwise directly onto the dry silica loaded column. Then, the product was purified by column chromatography eluting with
cyclohexane/ethyl acetate (4:1) + 3V% of TEA. The product was obtained as brown solid (1.87 g, 12.0 mmol) in a yield of
71%.

Rf (cyclohexane/ethyl acetate[2:1] = 0.66 visualizable via vanillin staining (orange).
1H-NMR was in accordance with literature.537

1H-NMR (400 MHz, CDCls) 6/ppm = 7.43 (s, 4H, aromatic, 1), 4.88 (t, Znn = 2.1 Hz, 4H, 2).
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Figure 183: Proton NMR-spectrum of 1,4-bisisocyanomethyl benzene.
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6.8.3 Dithiosemicarbazide syntehsis
General procedure for dithiosemicarbazide synthesis

The respective diisocyanide (1.00 eq.) was dissolved in methanol (c(diioscyanide) = 1 M) and elemental sulfur was added
(0.28 eq., corresponding to 2.24 eq. of S atoms). Subsequently, hydrazine monohydrate (2.00 eq.) and DBU (10 mol%) were
added, whereas a dark brown colored mixture was formed. The reaction was stirred at room temperature for the
respective amount of time. The formed precipitate was filtered and washed with a minimal amount of methanol. After
removing the remaining amount of solvent under reduced pressure, the pure product was obtained.

N,N'-(Dodecane-1,12-diyl) bis(hydrazinecarbothioamide) 86

1,12-Diisocyano dodecane (1.91g, 8.66 mmol, 1.00 eq.), elemental sulfur (622 mg, 2.42 mmol, 0.28 eq.), hydrazine
monohydrate (842 uL, 867 mg, 17.3 mmol, 2.00 eq.) and DBU (129 uL, 132 mg, 866 umol, 0.10 eq.) were used in 8.7 mL
methanol following the general procedure. The reaction was complete after two hours. After work-up, the product was
obtained as colorless powder (2.50 g, 7.17 mmol) in a yield of 83%.

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 8.53 (s, 2H, NH, 1), 7.78 (br, 2H, NH, 2), 4.43 (br, 4H, NH, 3), 3.42 (g, 3/ = 6.7 Hz, 4H,
CHa, %), 1.49 (quint., 3/ = 7.1 Hz,4H, CHa, 5), 1.25 (m, 16H, CH, 5).
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Figure 184: Proton NMR-spectrum of 86.
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13C-NMR (101 MHz, DMSO-dg) 6/ppm = 181.10 (C=S), 42.84 (CH,-NH), 29.10 (CH,), 29.03 (CH,), 28.84 (CH,), 26.34 (CH,).

DMSO-d

T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
&/ppm

Figure 185: Carbon NMR-spectrum of 86.
HRMS (El): calculated m/z for C14H3,NgS, [M+] = 348.2126, found: 348.2124 A =0.1713 mmu.

IR: v / em™ = 3355 (w), 3312 (m), 3293 (m), 3227 (w), 3219 (w), 3192 (m), 3161 (m), 3151 (m), 3096 (w), 2964 (w), 2931 (m),
2913 (vs), 2847 (vs), 1623 (w), 1604 (s), 1530 (vs), 1495 (vs), 1469 (vs), 1438 (m), 1388 (w), 1321 (m), 1304 (m), 1279 (s),
1261 (vs), 1242 (vs), 1222 (s), 1195 (m), 1162 (w), 1156 (w), 1133 (w), 1096 (w), 1078 (w), 1051 (s), 1031 (w), 1016 (w), 930
(s), 882 (w), 833 (w), 798 (m), 773 (s), 718 (m), 636 (vs), 603 (s), 584 (s), 562 (s), 543 (s), 537 (s), 483 (w), 469 (w) cm
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N,N'-(Hexane-1,5-diyl)bis(hydrazinecarbothioamide) 87

1,5-Diisocyano hexane (1.31g, 9.62 mmol, 1.00eq.), elemental sulfur (691 mg, 2.69 mmol, 0.28 eq.), hydrazine
monohydrate (935 pL, 963 mg, 19.2 mmol, 2.00 eq.) and DBU (144 uL, 146 mg, 962 umol, 0.10) were used in 9.6 mL
methanol following the general procedure. The reaction was complete after three hours. After work-up, the product was
obtained as colorless fine powder (2.21 g, 8.36 mmol) in a yield of 87%.

1H-NMR (400 MHz, DMSO-dg) §/ppm = 8.52 (s, 2H, NH, 1), 7.78 (t, 3/ = 6.0 Hz, 2H, NH, 2), 4.43 (br, 4H, NH,, 3), 3.42 (q,
3) = 6.7 Hz, 4H, CH,, %), 1.48 (quint., 3/ = 6.8 Hz, 4H, CHa, 5), 1.31-1.16 (m, 4H, CHa, ).
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Figure 186: Proton NMR-spectrum of 87.
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13C-NMR (101 MHz, DMSO-ds) 8/ppm = 181.08 (C=S), 42.84 (CH,), 29.12 (CH,), 26.19 (CH,).

DMSO-d,

T T T T T T T T T T T T T T T T T T T
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Figure 187: Carbon NMR-spectrum of 87.
HRMS (El): calculated m/z for CgsHy0NeS> [M+] = 264.1185, found: 264.1184, A =-0.1726 mmu.

IR: v / em™ = 3338 (w), 3316 (w), 3252 (w), 3176 (m), 3110 (w), 2987 (w), 2954 (w), 2925 (w), 2847 (w), 1621 (m), 1537 (s),
1510 (s), 1469 (m), 1444 (w), 1425 (w), 1390 (w), 1362 (w), 1323 (w), 1296 (w), 1257 (s), 1222 (m), 1179 (s), 1096 (w), 1061
(m), 1010 (w), 950 (s), 794 (w), 771 (w), 732 (w), 708 (w), 586 (vs), 572 (vs), 481 (w), 428 (w) cm~L,
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N,N'-(Trans-cyclohexane-1,4-diyl) bis(hydrazinecarbothioamide) 88

Trans-1,4-diisocyano cyclohexane (825 mg, 6.15 mmol, 1.00 eq.), elemental sulfur (442 mg, 1.72 mmol, 0.28 eq.), hydrazine
monohydrate (598 pL, 616 mg, 12.3 mmol, 2.00 eq.) and DBU (91.8 uL, 93.6 mg,615 umol, 0.10) were used in 6.2mL
methanol following the general procedure. The reaction was complete after one hours. After work-up, the product was
obtained as colorless solid (1.40 g, 5.32 mmol) in a yield of 87%.

1H-NMR (400 MHz, DMSO-dg) 5/ppm = 8.56 (s, 2H, NH, 1), 7.53 (d, 3/ = 8.7 Hz, 2H, NH, 2), 4.44 (s, 4H, NH,, 3), 4.04 (br, 2H,
CH), 1.86 (m, 4H, CHz, %), 1.36 (m, 4H, CH,, 4).
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Figure 188: Proton NMR-spectrum of 88.
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13C-NMR (101 MHz, DMSO-ds) 8/ppm = 180.08 (C=S), 51.14 (CH), 31.00 (CH,).

DMSO-d,
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Figure 189: Carbon NMR-spectrum of 88.
HRMS (El): calculated m/z for CgH1sNeS, [M+] = 262.1029, found: 262.1030, A = 0.0945 mmu.

IR: v / em! = 3330 (w), 3301 (w), 3190 (m), 3122 (w), 2989 (w), 2943 (w), 2904 (vw), 2851 (vw), 1637 (m), 1534 (vs), 1506
(vs), 1456 (w), 1360 (vw), 1312 (w), 1302 (w), 1277 (m), 1234 (vs), 1133 (w), 1061 (w), 987 (vw), 950 (vs), 903 (w), 889 (w),
817 (vs), 607 (vs), 564 (vs), 525 (w), 471 (vw) cm™,

344



Experimental Section

N,N'-(1,4-Phenylene-bis(methylene))-bis(hydrazinecarbothioamide) 89

1,4-bisisocyanomethyl Benzene (1,70 g, 10.9 mmol, 1.00 eq.), elemental sulfur (166 mg, 1.09 mmol, 0.28 eq.), hydrazine
monohydrate (1.06 mL, 1.09 mg, 21.77 mmol, 2.00 eq.) and DBU (162 uL, 166 mg, 1.09 mmol, 0.10) were used in 10.9 mL
methanol following the general procedure. The reaction was complete after 2.5 hours. After work-up, the product had to
be recrystallized from 112 mL of a mixture of MeOH/DMSO (53/47) for three days. By adding 60 mL DMSO and seven days
in the freezer, additional product could be precipitated. After filtration and washing with a minimal amount of methanol,
the remaining solvents were removed at 10 mbar at 120 °C. The product was obtained as colorless solid (2.07 g, 7.29 mmol)
in a yield of 67%.

1H-NMR (400 MHz, DMSO-ds) 6/ppm = 8.72 (s, 2H, NH, 1), 8.24 (br, 2H, NH, 2), 4.67 (d, 3/ = 6.0 Hz, 4H, CH,, 3), 4.49 (s, 4H,
NH,, 4).
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Figure 190: Proton NMR-spectrum of 89.
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13C-NMR (101 MHz, DMSO-de) 6/ppm = 181.46 (C=S), 138.21 (quaternary-aromatic), 127.22 (aromatic), 45.93 (CH,).

DMSO-d,
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Figure 191: Carbon NMR-spectrum of 89.

HRMS (El): calculated m/z for C10H16NsS, [M+] = 284.08779, but not found. However, several fragments were assigned:

® ® ®
.C* _NH
N H,N H,N
57
Exact Mass: 220.01234 Exact Mass: 210.09337 Exact Mass: 195.08247
found: 220.20 found: 210.02 found: 195.20

IR: v / em't = 3308 (s), 3250 (m), 3194 (m), 2919 (w), 1615 (m), 1532 (vs), 1514 (s), 1481 (vs), 1427 (m), 1306 (m), 1267 (s),
1224 (s), 1199 (vs), 1105 (m), 1051 (m), 940 (s), 884 (m), 852 (s), 763 (s), 745 (s), 671 (s), 609 (vs), 582 (vs), 520 (vs), 461 (m)
cml,
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N,N'-(1,4-Phenylene) bis(hydrazinecarbothioamide) 90

1,4-bisisocyano Benzene (743 g, 5.80 mmol, 1.00 eq.), elemental sulfur (417 mg, 1.62 mmol, 0.28 eq.), hydrazine
monohydrate (564 uL, 581 mg, 11.6 mmol, 2.00 eq.) and DBU (86.6 uL, 88.3 mg, 580 umol, 0.10) were used in 5.8 mL
methanol following the general procedure. After work-up, the product was obtained as beige solid (820 g, 3.20 mmol) in a
yield of 55%.

However, the substance underwent rapid decomposition in solution and no carbon NMR spectra was taken.

HRMS (El): calculated m/z for CgH12NgS; [M+] = 256.05649, found: 255.9, HRMS was not possible. Additionally, several
fragments were assigned:

@
NCS NC NC
Exact Mass: 191,98104 Exact Mass: 128,03690 Exact Mass: 160,00897
found: 191.9 found: 127.9 found: 159.9

IR: v/ cm=3322 (w), 3293 (w), 3233 (w), 3188 (m), 3168 (m), 3032 (w), 3003 (w), 2997 (w), 2958 (w), 2902 (w), 2133 (vw),
1619 (m), 1592 (w), 1545 (vs), 1508 (vs), 1493 (vs), 1415 (w), 1358 (w), 1302 (m), 1271 (vs), 1207 (vs), 1100 (w), 1065 (m),
1016 (w), 971 (w), 905 (s), 829 (vs), 788 (m), 765 (m), 730 (s), 689 (s), 664 (s), 638 (s), 594 (s), 586 (s), 512 (vs), 477 (m), 407
(m) cmL.

In solid state, the compound is bench stable to at least 8 months, although the isothiocyanate group had formed due to
decomposition in minor extent, as seen by the vibration at 2133 cm-1.
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6.8.4 Poly(Thiosemicarbazone) ((co-)poly(TSC)) synthesis
General procedure of polyTSC synthesis

The respective dithiosemicarbazide (100mg, 1.00eq.) and dialdehyde (1.00eq.) were added to DMSO
(c(dithiosemicarbazide) = 1.5 M) and the reaction was stirred at r.t. for 2-4 hours. In some cases, due to bulkier moieties
introduced by either dithiosemicarbazide or aldehyde, additional reaction time at 100 °C and 500 mbar for 17 hours was
required. Subsequently, the formed polymer was first completely solubilized by addition of DMSO, in some cases under
sonification (50 °C and 37 kHz), and then precipitated by dropwise addition of the polymer solution to 30 mL of cold water.
The polymer was filtered, suspended in 30 mL water, and refluxed for one hour and subsequently cooled and filtered to
remove DMSO. This process was repeated three times. The polymer was obtained after drying at 100 °C and 12 mbar for at
least 20 hours. Any deviations from this general procedure are described for the respective polymer.

General procedure of co-polyTSC synthesis

The respective dithiosemicarbazides (varying in ratios of 70:30, 50:50 and 90:10, 1.00 eq. of thiosemicarbazide group) and
terephthaldeyhde 6 (1.00 eq. of aldehyde group) were added to DMSO (c(total amount of dithiosemicarbazide) = 1.5 or
1.0 M) and the reaction was stirred at r.t. for 3 hours. Subsequently, the formed polymer was first completely solubilized by
addition of DMSO, in some cases under sonification (50 °C and 37 kHz), and then precipitated by dropwise addition of the
polymer solution to 30 mL of cold water. The polymer was filtered, suspended in 30 mL water, and refluxed for one hour
and subsequently cooled and filtered to remove DMSO. This process was repeated three times. The polymer was obtained
after drying at 100 °C and 12 mbar for at least 20 hours. Any deviations from this general procedure are described for the
respective polymer.

The ratio of dithiosemicarbazide monomers incorporated into the polymer backbone was determined by comparison of
integrals of respective signals of each monomer moiety clearly distinct from other signals, see respective co-polymer
analysis.
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PolyTSC P1

N,N'-(Dodecane-1,12-diyl) bis(hydrazinecarbothioamide) 86 (100 mg, 287 mmol, 1.00 eq.) and therephthaldehyde 91
(38.5 mg, 287 mmol, 1.00 eq.) were used in 191 uL DMSO following the general procedure. The reaction was finished after
2 hours at room temperature. No additional DMSO was added to the reaction mixture for solubilizing the polymer for
precipitation. After work-up, the product was obtained as yellow polymer ball (108 mg) in a yield of 84%.

N,N'-(Dodecane-1,12-diyl) bis(hydrazinecarbothioamide) 86 (1.00 g, 2.87 mol, 1.00 eq.) and therephthaldehyde 91 (385 mg,
2.87 mmol, 1.00 eq.) were used in 1.9 mL DMSO following the general procedure. The reaction was finished after 2 hours at
room temperature. 2 mL NMP were added to the reaction mixture for solubilizing the polymer using a sonification bath
(50 °C, 80 kHz) for precipitation out of 400 mL of water. After work-up, the product was obtained as yellow polymer balls
(1.25 g) in a yield of 98% containing less than 1 w% DMSO.
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Figure 192: SEC-trace of P1.

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 11.50 (s, 2H, NH, 1), 8.54 (t, 3/ = 6.0 Hz, 2H, NH, 2), 8.05 (s, 2H, CH, 3), 7.82 (s, 4H,
aromatic, %), 3.54 (g, 3/ = 6.7 Hz, 4H, CHa, 5), 1.62-1.52 (m, 4H, CH,, 6), 1.32-1.17 (m, 16H, CH,, 7).
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Figure 193: Proton NMR-spectrum of P1.
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13C-NMR (101 MHz, DMSO-ds) 6/ppm = 176.82 (C=S), 141.09 (C=N), 135.37 (quaternary-aromatic), 127.41 (aromatic), 43.55
(CH,), 30.53-28.32 (m, CH,), 26.39 (CH,).

DMSO-dj

T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
&/ppm

Figure 194: Carbon NMR-spectrum of P1.

IR: v / em™ = 3270 (vw, br), 3147 (vw, br), 2921 (m), 2851 (w), 1530 (vs), 1485 (vs), 1415 (w), 1318 (w), 1290 (w), 1226 (s),
1201 (s), 1117 (w), 1096 (m), 940 (w), 829 (vw), 784 (vw), 720 (vw), 582 (w), 535 (m), 496 (w) cm™™.
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Figure 195: Left: DSC-curve of P1 from 25-210 °C at 30 K/min. Right: TGA-curve from 25-900 °C.
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PolyTSC P2

N,N'-(Hexane-1,6-diyl) bis(hydrazinecarbothioamide) 87 (100 mg, 378 mmol, 1.00 eq.) and therephthaldehyde 91 (38.5 mg,
378 mmol, 1.00 eq.) were used in 252 puL DMSO following the general procedure. The reaction was finished after 2 hours at
room temperature. 1.1 mL of DMSO were added to the reaction mixture for solubilizing the polymer for precipitation. After
work-up, the product was obtained as yellow flakes (124 mg) in a yield of 90%.
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Figure 196: SEC-trace of P2. M,=13.2 kDa, M,=24.1 kDa, D=1.83 (crude SEC displayed: M,=14.9 kDa, M,,=20.0 kDa, D=1.34).

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 11.49 (s, 2H, NH, 1), 8.57 (t, 3/ = 6.1 Hz, 2H, NH, 2), 8.04 (s, 2H, CH, 3), 7.82 (s, 4H,
aromatic, 4), 3.65-3.49 (m, 4H, CH, 5), 1.69-1.53 (m, 4H, CH,, 6), 1.41-1.24 (m, 4H, CH,, 7).
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Figure 197: Proton NMR-spectrum of P2.
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13C-NMR (101 MHz, DMSO-ds) 8/ppm = 176.85 (C=S), 141.14 (C=N), 135.34 (quaternary-aromatic), 127.41 (aromatic), 43.49
(CH,), 28.88 (CH3), 26.19 (CH,).
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Figure 198: Carbon NMR-spectra of P2.

IR: v/ cm™ = 3324 (vw, br), 3155 (w, br), 2927 (w), 2855 (w), 1697 (vw), 1627 (vw), 1530 (vs), 1485 (vs), 1415 (w), 1318 (w),
1290 (w), 1230 (s), 1195 (s), 1172 (m), 1117 (m), 1092 (s), 1014 (w), 938 (w), 827 (w), 780 (vw), 730 (vw), 642 (vw), 584 (w),
535 (w), 516 (w), 492 (w), 477 (w) cm™,
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Figure 199: Left: DSC-curve of P2 from 25-210 °C at 30 K/min. Right: TGA-curve from 25-1000 °C.
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PolyTSC P3

N,N'-(Trans-cyclohexane-1,4-diyl) bis(hydrazinecarbothioamide) 88 (100 mg, 381 mmol, 1.00 eq.) and
therephthaldehyde 91 (51.1 mg, 381 mmol, 1.00 eq.) were used following the general procedure. As the monomer
exhibited low solubility, the concentration was set to 1.0 M, leading to addition of in 381 uL DMSO. The reaction mixture
was stirred at room temperature for 4 hours and then for 17 hours at 100 °C ad 500 mbar. Since the polymer was not
soluble in DMSO anymore, it was suspended in 10 mL water and was stirred for one hour at 1400 rpm. The polymer was
filtered, suspended in 30 ml water, and washed under reflux for one hour. This process was repeated three times. The
polymer (137 mg) was obtained after drying at 100 °C and 12 mbar for at least 24 hours as orange powder in quantitative
yields.

IR: v/ cm™ = 3291 (w, br), 3153 (w, br), 2929 (w), 2853 (w), 1691 (w), 1602 (vw), 1514 (vs), 1477 (vs), 1415 (m), 1372 (w),
1329 (w), 1290 (m), 1261 (m), 1224 (m), 1187 (vs), 1125 (s), 1086 (s), 1022 (w), 1012 (w), 975 (w), 965 (w), 936 (w), 907 (w),
868 (w), 825 (w), 808 (m), 656 (vw), 594 (w), 533 (w), 477 (w) cm=L.
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Figure 200: Left: DSC-curve of P3 from 25-210 °C at 30 K/min. Right: TGA-curve from 25-1000 °C.
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PolyTSC P4

N,N'-(1,4-Phenylenebis(methylene)) bis(hydrazinecarbothioamide) 89 (100 mg, 352 mmol, 1.00 eq.) and
therephthaldehyde 91 (47.2 mg, 352 mmol, 1.00 eq.) were used in 234 uL DMSO following the general procedure. The
reaction mixture was stirred at room temperature for 4 hours and then for 17 hours at 100 °C ad 500 mbar. Since the
polymer was not soluble in DMSO anymore, it was suspended in 10 mL water and was stirred for one hour at 1400 rpm. The
polymer was filtered, suspended in 30 ml water, and washed under reflux for one hour. This process was repeated three
times. The polymer (134 mg) was obtained after drying at 100 °C and 12 mbar for at least 24 hours as yellow solid in
quantitative yields.

IR: v / em = 3342 (vw, br), 3151 (w, br), 2991 (w), 2921 (vw), 1693 (vw), 1602 (vw), 1520 (vs), 1485 (vs), 1415 (w), 1321
(w), 1284 (m), 1273 (m), 1224 (s), 1187 (vs), 1115 (m), 1098 (m), 1074 (m), 1018 (w), 965 (w), 934 (m), 825 (w), 782 (w), 638
(w), 619 (w), 580 (w), 564 (w), 531 (s) cm™
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Figure 201: Left: DSC-curve of P4 from 25-230 °C at 30 K/min. Right: TGA-curve from 25-800 °C.
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Co-PolyTSC P5

N,N'-(1,4-Phenylenebis(methylene)) bis(hydrazinecarbothioamide) 89 (50.0 mg, 176 umol, 1.00 eq.), N,N'-(dodecyl-1,12-
diyl) bis(hydrazinecarbothioamide) 86 (26.3 mg, 75.4 umol, 0.43 eq.), terephthaldehye 91 (33.7 mg, 251 umol, 1.43 eq.)
were used in 168 pL DMSO following the general procedure. 1.25 mL of DMSO were added to the reaction mixture for
solubilizing the polymer for precipitation. After work-up, the product was obtained as yellow brittle solid (74.6 mg) in a
yield of 74%.
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Figure 202: Left: SEC-trace of P5. Right: Zoom-in of proton NMR-spectrum of P5 for ratio determination of
dithiosemicarbazide moieties. Ratio A:A’(see also Figure S25 below) = 52:48.

H-NMR (500 MHz, DMSO-ds) 8/ppm = 11.66 (s, 2H. NH, 1), 11.49 (s, 2H, NH, 2), 9.09 (s br, 2H, NH, 3), 8.55 (s br, 2H, NH, ¢),
8.10-8.00 (m, 4H, CH, 5), 7.82 (s, 8H, aromatic, 6), 7.30 (s, 4H. aromatic, 7), 4.81 (s, 4H, CH,, 8), 3.54 (s, 4H, CHa, ©), 1.57 (s, 4H,
CHy, 19), 1.33-1.17 (m, 16H, CHy, 11).
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Figure 203: Proton NMR-spectrum of P5.
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Experimental Section

BBC-NMR (126 MHz, DMSO-dg) &/ppm = 177.49 (C=S), 176.80 (C=S), 141.53 (C=N), 141.10 (C=N), 137.80
(quaternary-aromatic), 135.37 (quaternary-aromatic), 127.41 (aromatic), 127.09 (aromatic), 46.41 (CH,), 43.54 (CH,), 29.05
(CH,), 28.84 (CH>), 26.37 (CH,).
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Figure 204: Carbon NMR-spectrum of P5.

IR: v / cm™ = 3338 (vw, br), 3145 (w, br), 2991 (w), 2921 (w), 2849 (w), 1693 (w), 1598 (vw), 1520 (vs), 1483 (vs), 1415 (w),
1321 (w), 1286 (m), 1271 (m), 1224 (s), 1187 (vs), 1115 (s), 1096 (s), 1018 (w), 963 (w), 934 (m), 825 (w), 782 (w), 576 (w),
533 (m), 479 (w), 457 (w) cm™t
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Figure 205: Left: DSC-curve of P5 from 25-200 °C at 30 K/min. Right: TGA-curve from 25-900 °C.
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Experimental Section

Co-PolyTSC P6

N,N'-(1,4-Phenylenebis(methylene)) bis(hydrazinecarbothioamide) 89 (50.0 mg, 176 umol, 1.00 eq.), N,N'-(dodecyl-1,12-
diyl) bis(hydrazinecarbothioamide) 86 (61.3 mg, 176 umol, 1.00 eq.), terephthaldehye 91 (47.2mg, 352 umol, 2.00 eq.) were
used in 234 uyL DMSO following the general procedure. 1.25 mL of DMSO were added to the reaction mixture for
solubilizing the polymer for precipitation. After work-up, the product was obtained as yellow brittle solid (85.8 mg) in a
yield of 59%.
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Figure 206: Left: SEC-traces of P6. Right: Zoom-in of proton NMR-spectra of P6 for ratio determination of
dithiosemicarbazide moieties. Ratio A:A’” (see also Figure S29 below) = 56:44.

1H-NMR (400 MHz, DMSO-dg) 6/ppm = 11.66 (s, 2H. NH, 1), 11.49 (s, 2H, NH, 2), 9.10 (t, 3/ = 6.5 Hz, 2H, NH, 3), 8.56 (s br, 2H,
NH, 4), 8.10-8.00 (m, 4H, CH, 3), 7.82 (s, 8H, aromatic, ), 7.32-7.28 (m, 4H. aromatic, 7), 4.81 (s, 4H, CH,, 8), 3.53 (s, 4H, CH,,
9), 1.57 (s, 4H, CHa, 19), 1.33-1.17 (m, 16H, CH,, 12).
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Figure 207: Proton NMR-spectrum of P6.
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Experimental Section

3C-.NMR (101 MHz, DMSO-dg) &/ppm = 177.51 (C=S), 176.81 (C=S), 141.51 (C=N), 141.10 (C=N), 138.82
(quaternary-aromatic), 135.37 (quaternary-aromatic), 127.41 (aromatic), 127.10 (aromatic), 46.42 (CH;), 43.53 (CH,), 29.04
(CH,), 28.83 (CH>), 26.36 (CH,).
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Figure 208: Carbon NMR-spectrum of Pé6.

IR: v / cm™ = 3310 (vw, br), 3147 (w, br), 2987 (w), 2921 (w), 2849 (w), 1693 (vw), 1604 (vw), 1522 (vs), 1483 (vs), 1415 (w),
1318 (w), 1286 (m), 1271 (m), 1224 (s), 1187 (vs), 1115 (m), 1096 (s), 1016 (w), 963 (w), 934 (w), 825 (w), 782 (w), 722 (vw),
642 (vw), 572 (w), 533 (m), 479 (w) cm™L,
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Figure 209: Left: DSC-curve of P6 from 25-200 °C at 30 K/min. Right: TGA-curve from 25-900 °C.
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Experimental Section

Co-PolyTSC P7

N,N'-(1,4-Phenylenebis(methylene)) bis(hydrazinecarbothioamide) 89 (25.0 mg, 87.9 umol, 1.00 eq.), N,N'-(dodecyl-1,12-
diyl) bis(hydrazinecarbothioamide) 86 (71.4mg, 205 pumol, 2.33 eq.), terephthaldehye 91 (39.3 mg, 293 umol, 3.33 eq.) were
used in 195 puL DMSO following the general procedure. 850 uL of DMSO were added to the reaction mixture for solubilizing
the polymer for precipitation. After work-up, the product was obtained as yellow powder (76.9 mg) in a yield of 62%.
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Figure 210: Left: SEC-traces of P7. Right: Zoom-in of proton NMR-spectra of P7 for ratio determination of
dithiosemicarbazide moieties. Ratio A:A’ (see also Figure S33 below) = 30:70.

1H-NMR (400 MHz, DMSO-dg) 6/ppm = 11.66 (s, 2H. NH, 1), 11.49 (s, 2H, NH, 2), 9.10 (t, 3/ = 5.6 Hz, 2H, NH, 3), 8.56 (s br, 2H,
NH, 4), 8.10-8.00 (m, 4H, CH, 3), 7.82 (s, 8H, aromatic, ), 7.32-7.28 (m, 4H. aromatic, 7), 4.81 (s, 4H, CH,, 8), 3.54 (s, 4H, CH,,
9), 1.57 (s, 4H, CHy, 19), 1.33-1.15 (m, 16H, CH,, 12).
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Figure 211: Proton NMR-spectrum of P7.
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Experimental Section

B3C-.NMR (101 MHz, DMSO-dg) &/ppm = 177.51 (C=S), 176.81 (C=S), 141.53 (C=N), 141.10 (C=N), 138.82
(quaternary-aromatic), 135.37 (quaternary-aromatic), 127.41 (aromatic), 127.10 (aromatic), 46.42 (CH;), 43.53 (CH,), 29.04
(CH,), 28.83 (CH>), 26.36 (CH,).
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Figure 212: Carbon NMR-spectrum of P7.

IR: v / em® = 3320 (vw, br), 3147 (w, br), 2923 (m), 2851 (w), 1693 (vw), 1602 (vw), 1526 (vs), 1485 (vs), 1415 (w), 1316 (w),
1288 (m), 1224 (s), 1189 (s), 1096 (s), 1014 (w), 936 (w), 827 (w), 780 (w), 722 (vw), 640 (w), 576 (w), 564 (w), 533 (m), 500
(w), 483 (w) cm™L,
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Figure 213: Left: DSC-curve of P7 from 25-200 °C at 30 K/min. Right: TGA-curve from 25-1000 °C.
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Experimental Section

Co-PolyTSC P10

N,N'-(Trans-cyclohexane-1,4-diyl) bis(hydrazinecarbothioamide) 88 (25.0 mg, 98.3 umol, 1.00 eq.), N,N'-(dodecyl-1,12-diyl)
bis(hydrazinecarbothioamide) 86 (77.4mg, 222 umol, 2.33 eq.), terephthaldehye 91 (42.6 mg, 317 umol, 3.33 eq.) were
used in 408 pL DMSO (c(TSC)=0.75 M) following the general procedure. 5 mL of DMSO were added to the reaction mixture
for solubilizing the polymer, however, it was only partially dissolved. Thus, the insoluble part was filtered and the soluble
part was precipitated in 30 ml cold water. Both fractions were combined and the usual work-up was applied. The product
was obtained as yellow flakes (76.7 mg) in a yield of 58%.
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Figure 214: Left: SEC-traces of P10. Right: Zoom-in of roton NMR-spectra of P10 for ratio determination of
dithiosemicarbazide moieties. Ratio A:A” (see also Figure S37 below) = 29:71.

1H-NMR (400 MHz, DMSO-dg) §/ppm = 11.54 (s, 2H, NH, 1), 11.50 (s, 2H, NH, 2), 8.55 (t, 3/=6.3 Hz, 2H, NH, 3), 8.16 (d,
3J=7.8 Hz, 2H, NH, %), 8.08-8.02 (m, 4H, CH, %), 7.83 (s, 4H, aromatic, ©), 7.82 (s, 4H, aromatic, 7), 4.30 (s br, 2H, CH, 8), 3.54
(9,3 = 6.9 Hz, 4H, CHa, 9), 1.96 (s br, 4H, CH>, 1), 1.69-1.50 (m, 8H, CHa, 19), 1.34-1.17 (m, 16H, CH,, 11).
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Figure 215: Proton NMR-spectrum of P10.
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Experimental Section

BC-NMR (101 MHz, DMSO-dg) &/ppm = 176.82 (C=S), 175.90 (C=S), 141.58 (C=N), 141.09 (C=N), 135.48
(quaternary-aromatic), 135.36 (quaternary-aromatic), 135.21 (quaternary-aromatic), 127.56 (aromatic), 127.41 (aromatic),
52.17 (CH), 43.54 (CH,), 30.43 (CH,), 29.05(CH>), 28.85 (CH3), 26.38 (CH,).
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Figure 216: Carbon NMR-spectrum of P10.

IR: v / cm™* = 3349 (vw, br), 3143 (vw, br), 2923 (w), 2851 (w), 1691 (vw), 1594 (vw), 1524 (vs), 1485 (vs), 1415 (w), 1370
(vw), 1321 (w), 1290 (m), 1226 (s), 1191 (vs), 1119 (m), 1096 (s), 1014 (w), 975 (w), 938 (w), 872 (vw), 827 (w), 786 (w), 726
(w), 638 (w), 564 (m), 535 (s), 490 (m) cm=,
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Figure 217: Left: DSC-curve of P10 from 25-210 °C at 30 K/min. Right: TGA-curve from 25-900 °C.
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Experimental Section

Co-PolyTSC P11

N,N'-(Trans-cyclohexane-1,4-diyl) bis(hydrazinecarbothioamide) 88 (7.00 mg, 26.7 umol, 1.00 eq.), N,N'-(dodecyl-1,12-diyl)
bis(hydrazinecarbothioamide) 86 (83.7 mg, 240 umol, 9.00 eq.), terephthaldehye 91 (35.8 mg, 267 umol, 10.0 eq.) were
used in 267 uL DMSO following the general procedure. 950 uL of DMSO were added to the reaction mixture for solubilizing
the polymer for precipitation. After work-up, the product was obtained as yellow porous solid (98.0 mg) in a yield of 84%.
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Figure 218: Left: SEC-traces of P11. Right: Zoom-in of proton NMR-spectra of P11 for ratio determination of
dithiosemicarbazide moieties. Ratio A:A’ (see also Figure S41 below) = 9:91.

1H-NMR (400 MHz, DMSO-dg) 5/ppm = 11.54 (s, 2H, NH, 1), 11.50 (s, 2H, NH, 2), 8.55 (t, 3/=6.3 Hz, 2H, NH, 3), 8.16 (d,
3J=7.8 Hz, 2H, NH, %), 8.08-8.02 (m, 4H, CH, %), 7.83 (s, 4H, aromatic, ©), 7.82 (s, 4H, aromatic, 7), 4.30 (s br, 2H, CH, 8), 3.54
(9,3 = 6.9 Hz, 4H, CHa, 9), 1.96 (s br, 4H, CH2, 1), 1.69-1.50 (m, 8H, CHa, 19), 1.34-1.17 (m, 16H, CH,, 11).
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Figure 219: Proton NMR-spectrum of P11.
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Experimental Section

13C-NMR (101 MHz, DMSO-ds) 6/ppm = 176.81 (C=S), 141.08 (C=N), 135.36 (quaternary-aromatic), 127.41 (aromatic), 52.65
(CH), 43.54 (CH,), 30.41 (CH,), 29.05 (CH,), 28.86 (CH,), 26.38 (CH2).

Carbon signals arising of monomer 88 are not all visible due to low intensity, compare P10.
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Figure 220: Carbon NMR-spectrum of P11.

IR: v / cm™ = 3345 (vw, br), 3151 (vw, br), 2923 (w), 2851 (w), 1623 (vw), 1526 (vs), 1485 (vs), 1415 (w), 1316 (w), 1288 (w),
1226 (s), 1191 (s), 1117 (w), 1096 (m), 938 (w), 827 (w), 786 (vw), 716 (vw), 640 (w), 574 (w), 535 (m), 498 (w) cm™™.
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Figure 221: Left: DSC-curve of P11 from 25-210 °C at 30 K/min. Right: TGA-curve from 25-800 °C.
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Experimental Section

PolyTSC P12

N,N'-(Dodecyl-1,12-diyl) bis(hydrazinecarbothioamide) 86 (100 mg, 287 mmol, 1.00 eq.) and
biphenyl-4,4"dicarbaldehyde 92 (60.3 mg, 287 mmol, 1.00 eq.) were used in 191 uL DMSO following the general procedure.
The reaction was stirred for 4 hours at room temperature and then at 100 °C and 500 mbar for 17 hours. 1.1 mL of DMSO
were added to the reaction mixture for solubilizing the polymer for precipitation. After work-up, the product was obtained
as yellow solid (131 mg) in a yield of 87%.

N,N'-(Dodecyl-1,12-diyl) bis(hydrazinecarbothioamide) 86 (1.00 g, 2.87 mol, 1.00 eq.) and biphenyl-4,4"-dicarbaldehyde 92
(603 g, 2.87 mol, 1.00 eq.) were used in 1.9 mL DMSO following the general procedure. The reaction was stirred for 4 hours
at room temperature and then at 100 °C and 500 mbar for 17 hours. 5 mL of NMP were added to the reaction mixture for
solubilizing the polymer for precipitation using a sonification bath (50 °C, 80 kHz) out of 400 mL of water. After work-up, the
product was obtained as yellow solid (1.46 g) in a yield of 92% containing less than 2 w% of DMSO.
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Figure 222: SEC-trace of P12. M,=17.0 kDa, M,=30.8 kDa, B=1.81 (crude SEC displayed: M,=15.4 kDa, M,=34.9 kDa,
D=2.27).
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Experimental Section

1H-NMR (400 MHz, DMSO-dg) 8/ppm = 11.47 (s, 2H, NH, 1), 8.54 (s br, 2H, NH, 2), 8.08 (s, 2H, CH, 3), 7.88 (d, 3/ = 7.9 Hz, 4H,
aromatic, 4), 7.75 (d, 3/=8.1 Hz, 4H, aromatic, >), 3.55 (q, 3/=7.0 Hz, 4H, CH,, ¢), 1.78-1.46 (m, 4H, CH,, 7), 1.32-1.14 (m,

16H, CH, 8).
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Figure 223: Proton NMR-spectrum of P12.
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Experimental Section

BBC-NMR (126 MHz, DMSO-d¢) &/ppm = 176.80 (C=S), 141.22 (C=N), 140.38 (quaternary-aromatic), 133.72
(quaternary-aromatic), 127.87 (aromatic), 126.80 (aromatic), 43.53 (CH3), 29.03 (CH3), 28.84 (CH), 26.36 (CH,).

DMSO-d,

LL, L

T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
&/ppm

Figure 224: Carbon NMR-spectrum of P12.

IR: v / emt = 3320 (vw, br), 3149 (vw, br), 2921 (m), 2851 (w), 1697 (vw), 1606 (w), 1530 (vs), 1487 (vs), 1403 (vw), 1327
(w), 1288 (w), 1230 (s), 1205 (m), 1098 (m), 1004 (w), 956 (vw), 930 (vw), 819 (m), 796 (vw), 722 (vw), 640 (vw), 590 (w),
578 (w), 559 (w), 520 (w) cm™L.,
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Figure 225: Left: DSC-curve of 12 from 25-200 °C at 30 K/min. Right: TGA-curve from 25-600 °C.
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Experimental Section

PolyTSC P13

N,N'-(Hexyl-1,6-diyl) bis(hydrazinecarbothioamide) 87 (100 mg, 378 mmol, 1.00 eq.) and biphenyl-4,4’-dicarbaldehyde 92
(79.5 mg, 378 mmol, 1.00 eq.) were used in 378 uL DMSO (c(dithiosemicarbazide)=1.0 M) to improve the solubility
following the general procedure. The reaction was stirred for 4 hours at room temperature and then at 100 °C and
500 mbar for 17 hours. 1.1 mL of DMSO were added to the reaction mixture for solubilizing the polymer for precipitation.
After work-up, the product was obtained as yellow static flakes (149 mg) in a yield of 90%.
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Figure 226: SEC-trace of P13. M,=16.8 kDa, M,=28.0 kDa, B=1.67 (crude SEC displayed: M,=18.8 kDa, M,=26.3 kDa,
b=1.40).

1H-NMR (400 MHz, DMSO-ds) §/ppm = 11.49 (s, 2H, NH,1), 8.58 (t, 3/=6.2 Hz, 2H, NH, 2), 8.09 (s, 2H, CH, 3), 7.89 (d,
3= 8.0 Hz, 4H, aromatic, %), 7.7 (d, 3/ = 8.1 Hz,4H, aromatic, 5, 3.59 (q, ¥/ = 6.9 Hz, 4H, CH, 6), 1.64 (t, 3/ = 7.5 Hz, 4H, CH,,
7), 1.40-1.33 (m, 4H, CH,, 8).
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Figure 227: Proton NMR-spectrum of P13.
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Experimental Section

BBC-NMR (126 MHz, DMSO-d¢) &/ppm = 176.84 (C=S), 141.27 (C=N), 140.38 (quaternary-aromatic), 133.71
(quaternary -aromatic), 127.87 (aromatic), 126.85 (aromatic), 43.51 (CH;), 28.90 (CH), 26.22 (CH,).
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Figure 228: Carbon NMR-spectrum of P13.

IR: v/ cm™ = 3324 (vw, br), 3133 (vw, br), 2929 (w), 2855 (w), 1693 (vw), 1606 (w), 1530 (vs), 1485 (vs), 1423 (w), 1401 (w),
1327 (w), 1294 (w), 1230 (s), 1212 (m), 1195 (m), 1172 (m), 1092 (s), 1016 (w), 1004 (w), 930 (w), 817 (s), 716 (vw), 588 (w),
580 (w), 557 (w), 518 (w), 467 (w) cm™L.,
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Figure 229: Left: DSC-curve of P13 from 25-210 °C at 30 K/min. Right: TGA-curve from 25-700 °C.
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Experimental Section

PolyTSC P14

N,N'-(Dodecyl-1,12-diyl) bis(hydrazinecarbothioamide) 86 (100 mg, 287 mmol, 1.00 eq.) and
4,4'-(ethyne-1,2-diyl) dibenzaldehyde 93  (67.2mg, 287 mmol, 1.00eq.) were used in 287uL DMSO
(c(dithiosemicarbazide)=1.0 M) to improve the solubility following the general procedure. The reaction was stirred for
4 hours at room temperature and then at 100 °C and 500 mbar for 17 hours. 1.45 mL of DMSO were added to the reaction
mixture for solubilizing the polymer for precipitation. After work-up, the product was obtained as brown solid (146 mg) in a
yield of 93%.
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Figure 230:SEC-trace of P14. M,=38.1 kDa, M,=91.1 kDa, B=2.41 (crude SEC displayed: M,=25.7 kDa, M,=46.6 kDa, D=1.81).

1H-NMR (400 MHz, DMSO-dg) 8/ppm = 11.50 (s, 2H, NH, 1), 8.58 (t, 3/ = 7.0 Hz, 2H, NH, 2), 8.05 (s, 2H, CH, 3), 7.85 (d,
3J = 8.2 Hz, 4H, aromatic, #), 7.58 (d, 3/ = 8.0 Hz, 4H, aromatic, °), 3.54 (q, 3/ = 7.0 Hz, 4H, aromatic), 1.66-1.48 (m, 4H, CH,, 7),
1.32-1.12 (m, 16H, CH,, 8).
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Figure 231: Proton NMR-spectrum of P14.
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13C-NMR (101 MHz, DMSO-d¢) 6/ppm = 176.85 (C=S), 140.67 (C=N), 134.65 (quaternary-aromatic), 131.61 (aromatic),
127.42 (aromatic), 123.00 (quaternary-aromatic), 91.01 (C=C), 43.56 (CH3), 29.04 (CH,), 28.84 (CH,), 26.37 (CH,).
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Figure 232: Carbon NMR-spectra of P14.

IR: v / em = 3371 (w), 3133 (w), 2991 (w), 2919 (s), 2849 (s), 1693 (w), 1604 (w), 1528 (vs), 1512 (vs), 1487 (vs), 1409 (m),
1316 (w), 1284 (s), 1230 (vs), 1203 (vs), 1135 (m), 1113 (s), 1094 (s), 1014 (m), 926 (m), 829 (s), 802 (w), 720 (w), 627 (w),
533 (m), 502 (w) cm™.
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Figure 233: Left: DSC-curve of P14 from 25-200 °C at 30 K/min. Right: TGA-curve from 25-600 °C
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PolyTSC P15

N,N'-(Hexyl-1,6-diyl) bis(hydrazinecarbothioamide) 87 (100 mg, 378 mmol, 1.00 eq.) and
4,4'-(ethyne-1,2-diyl) dibenzaldehyde 93  (88.6 mg, 378 mmol, 1.00eq.) were used in 378uL DMSO
(c(dithiosemicarbazide)=1.0 M) to improve the solubility following the general procedure. The reaction was stirred for
4 hours at room temperature and then at 100 °C and 500 mbar for 17 hours. 1.45 mL of DMSO was added to the reaction
mixture for solubilizing the polymer for precipitation. After work-up, the product was obtained as brown solid (130 mg) in a
yield of 74%.
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Figure 234: SEC-trace of P15. M,=33.7 kDa, M,=76.7 kDa, D=2.27 (crude SEC displayed: M,=32.0 kDa, M,=54.8 kDa,
b=1.71).

1H-NMR (400 MHz, DMSO-ds) 8/ppm = 11.51 (s, 2H, NH, ), 8.61 (t, 3/ = 6.2 Hz, 2H, NH, 2), 8.13-8.03 (s, 2H, CH, 3), 7.86 (d,
3J=8.3 Hz, 4H, aromatic, 4), 7.59 (d, 3/=8.1 Hz, 4H, aromatic, °), 3.57 (q, 3/=7.1Hz, 4H, 9), 1.67-1.57 (m, 4H, CH,, 7),
1.39-1.31 (m, 4H, CH,, 9).
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Figure 235: Proton NMR-spectrum of P15.
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13C-NMR (101 MHz, DMSO-d¢) 6/ppm = 176.88 (C=S), 140.74 (C=N), 134.67 (quaternary-aromatic), 131.65 (aromatic),
127.47 (aromatic), 123.01 (quaternary-aromatic), 91.04(C=C), 43.53 (CH,), 28.91 (CH,), 26.23 (CH,).
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Figure 236: Carbon NMR-spectrum of P15.

IR: v / emt = 3254 (w, br), 3153 (w, br), 2991 (w), 2921 (w), 2849 (w), 1693 (w), 1602 (w), 1526 (vs), 1510 (vs), 1481 (vs),
1407 (s), 1372 (w), 1318 (w), 1294 (m), 1230 (vs), 1191 (s), 1164 (vs), 1111 (s), 1088 (vs), 1012 (m), 952 (w), 924 (m), 825 (s),
720 (w), 634 (vw), 580 (vw), 529 (m) cmL.
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Figure 237: Left: DSC-curve of P15 from 25-200 °C at 30 K/min. Right: TGA-curve from 25-1000 °C.
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6.8.5 Synthesis route for dithiosemicarbazones

pTsCl POCI .
HCO,Et o pyridine or TEA §7H4 Hz0 S
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2 g5°C. N" "H  pewmibmc, rt DCM, N™ N
H . MeOH, rt. H H
rt. 0°Ctort
Scheme 50: Reaction scheme for the synthesis of dithiosemicarbazides.
6.8.6 Decomposition of monomer 90
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Figure 238: Comparison of proton NMR-spectra of obtained product from synthesis of monomer 90. The lower spectrum

shows results from a freshly prepared sample (pink), while the upper one shows the same sample re-measured after several
hours (green).
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6.8.7 Optimization of poly(TSC) synthesis: reaction of monomer 86 and

terephthtaldehyde 91
s s o o j\ j\
HN. L JCNH, NN NS N
86 91 P1 n

Scheme 51: Reaction chosen for optimization of poly(TSC) synthesis.

Concentrations given in the tables below correspond to monomer 86 and dialdehyde 91, respectively. SEC-samples were
taken from the reaction mixture and molecular weights and dispersities were determined by SEC using DMAc+3w% LiBr as
eluent after 2 hours of reaction time, if not noted otherwise. The respective parameter yielding the highest molecular
weight are highlighted in bold, final conditions are colored in green.

Solvent screening

Table 39: Solvent screening of polyTSC synthesis.

entry solvent c/M T/°C M.,/kDa M.,/kDa b

12 EtOH 0.083 100 12.0 2.13 1.73
2 DMF 1.0 90 15.0 32.4 2.16
3 DMAc 1.0 90 15.5 31.1 2.01
4 DMAc+3w%LiBr | 1.0 90 17.1 32.7 1.91
5°) DMSO 1.0 a0 16.5 344 2.08

a) Reaction was performed in a pressure tube. Polymer precipitated already after 15 min of reaction time; b) DMSO was

chosen since it exhibited the best solubility for polyTSC P1.

Concentration screening

Table 40: Concentration screening of polyTSC synthesis

entry solvent c/M T/°C M./kDa My/kDa b
1 DMSO 0.5 90 17.5 36.7 2.10
22 DMSO 1.0 90 16.5 344 2.08
3 DMSO 1.5 90 18.2 41.3 2.27
4 - - 90 2.20 6.00 2.73
a) corresponds to entry 5 in table of solvent screening.
Temperature screening
Table 41: Temperature and pressure screening of polyTSC synthesis
entry solvent c/M T/°C M,/kDa M,,/kDa D
1 DMSO 1.0 120 154 38.8 2.52
29 DMSO 1.5 90 18.2 41.3 2.27
3 DMSO 1.5 50 17.1 26.0 1.52
4 DMSO 1.5 r.t 18.9 29.6 1.56
5P DMSO 15 r.t. 25.9 45.0 1.73

r.t. = room temperature; a) corresponds to entry 3 in table of concentration screening; b) after work-up; c) polymer was not
completely soluble in eluent but was still measured, traces of high molecular species visible in chromatogram, which was

not considered.
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Time screening

Note that all SEC-samples were taken out of the same reaction mixture.

Table 42: Time screening of polyTSC synthesis

entry t/h? M.,/kDa M.,,/kDa )

1 1 13.8 22.0 1.59
20 2 16.2 24.0 1.48
3 3 16.6 25.3 1.52
4 4 17.8 27.3 1.53
5 25 20.2 31.9 1.58

a) reaction was performed in DMSO (c(monomer 86)=1.5 M) at r.t.; b) a further increase of molecular weight could be
observed running the reaction for 25 h (entry 5), but was deemed unimportant for practical reasons of the short reaction
time of 2 h.

Test of non-equimolar ratio of starting materials

TableS43: Excess test of polyTSC synthesis

entry 86:91° M./kDa My/kDa D
1 2:3 2.00 3.20 1.62
2 3:2 2.01 3.20 1.61

a) reaction was performed in DMSO (c(monomer 86)=1.0 M) at 90 °C.
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6.8.8 Comparison of IR-spectra: P3 compared to its starting material

—— monomer 88
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Figure 239: Comparison of ATR-IR-absorbance spectra of monomers 88 and 91 as well as polyTSC P3. The red dashed line
corresponds to the §(NH,) vibration of the thiosemicabrazide functional group, the blue dashed line to the v(C=0) vibration
of the aldehyde functional group.
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6.8.9 Comparison of IR-spectra: Intensities of end-groups of nonsoluble P3 and
P4 compared to P4 and P12.
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Figure 240: Comparison of ATR-IR-absorbance spectra of P2-4 and P12. Intensities of vibrations related to the end groups of
P3 and P4 are of similar intensities than the ones of P2 and P12, indicating a sufficiently high degree of polymerization
(around 1615 cm™ for the 8(NH,) vibration of the thiosemicarbazide (*) and 1685 cmifor the v(C=0) vibration of the
aldehyde (*)).
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6.8.10 Excess test oligomer O1
To obtain a soluble oligomer using monomer 89, the following synthesis procedure was applied:

N,N'-(1,4-Phenylenebis(methylene)) bis(hydrazinecarbothioamide) 89 (75.0 mg, 264 umol, 1.00eq.) and an excess of
terephthaldehyde 91 (53.1 mg, 396 umol, 1.50 eq.) was added to 176 pL of DMSO (c(dithiosemicarbazide) = 1.5 M) and the
reaction was stirred at r.t. for 3 hours. Subsequently, the formed oligomer was precipitated by dropping the oligomer
solution in 30 ml of cold water. The oligomer was obtained after drying at 100 °C and 500 mbar for at least 20 hours as

yellow powder.

Thus, SEC as well as proton and carbon NMR-spectroscopy of 01 could be performed, further evidencing the correct
chemical structure of polyTSC P4.
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Figure 241: SEC-trace of O1. M, = 1.6 kDa, M, = 2.2 kDa, b = 1.33.

1H-NMR (400 MHz, DMSO-dg) 5/ppm = 11.79 (s, NH, 1*), 11.65 (s, NH, 1), 10.14-10.01 (m, CHO), 9.23 (s br, NH, 2*), 9.09 (s br,
NH, 2), 8.15-8.10 (m, CH, 3"3), 8.08 -7.99 (m, aromatic, 4*), 7.94-7.88 (m, aromatic, 4*), 7.82 (s, aromatic, 4), 7.31 (s, aromatic,
5), 4.82 (s, CHy, ).
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Figure 242: Proton NMR-spectrum of 01 in DMSO-ds. Due to the excess of 91, aldehyde end-group are present exclusively
(signals arising du to vicinity of end-group are labeled with *).

13C-NMR (126 MHz, DMSO-dg) 8/ppm = 193.12 (C=0), 192.67 (C=0), 177.74 (C=S), 177.53 (C=S), 140.59 (C=N), 139.86 (C=N),
139.74 (quaternary-aromatic), 137.75 (quaternary-aromatic), 136.47 (quaternary-aromatic), 129.71 (aromatic), 127.74
(aromatic), 127.09 (aromatic), 46.44 (CH,).
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6.8.11 SEC traces of P8-10
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Figure 243: SEC-traces of P8-10. As all SEC-samples were not completely soluble in the eluent, thus the observed distribution
is falsified, and SEC-traces are depicted with the sole purpose to show the formation of a second high molecular polymer
species.
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6.8.12 Purification tests

PolyTSCs could easily be precipitated from DMSO, into either water or methanol as anti-solvent. However, in both cases
residual DMSO was observed. Additional purification methods were thus evaluated and are listed in Table 44.

Table 44: Comparison of purification methods exemplarily shown for polymer P6. Best method is highlighted (bold).

entry purification Residual DMSO/w%2) Other impurities
1 100 °C+500 mbar, 20 h 2.8 yes
2 50 °C+0.05 mbar, 20 h 7.4 -
3 3x Sonification (50 °C, 37 kHz) in 30 mL | 6.4 -
water, 30 min®
4 1x washing in 30 mL water at reflux, | 2.6
45 minb
5 3x washing in 30 mL water at reflux, | 1.9 -
45 minb)
6 3x washing min in 30 mL MeOH at reflux, | 1.8 Traces of MeOH
45 min®

a) determined by proton NMR-spectroscopy, comparing ratio of monomer unit and DMSO-he. b) Subsequently, polymer
was dried at 100 °C and 12 mbar for 20 hours.

Using methanol for washing (entry 6) led to lowest residual of DMSO, however, methanol was found as a second impurity.
Using water instead resulted in similar amount of DMSO (entry 5), while water itself did not remain as an impurity in the
polymer after work-up. This was confirmed by comparing the water content of the polymer NMR-sample and of plain
DMSO-dg, used for NMR-sample preparation, via proton NMR-spectroscopy.

Applying the optimized purification method (see general procedure of polyTSC synthesis in chapter 6.8.4.) polymers in high
purities were obtained in some cases with a residual amount of DMSO.

Table 45: Overview of obtained purity of polymers

polyTSC purity/wt%?)
P1 >99
P2 >99
P3 >99b)
P4 >99b)
P5 >97
P6 >94
P7 >97
P10 >99
P11 >99
P12 >99
P13 >98
P14 >97
P15 >96

a) Determined by proton NMR-spectroscopy; b) determined by IR-Spectroscopy due to insolubility.
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6.8.13 TGA measurements

Table 46: Overview of decomposition temperatures of all (co-) polymers with the respective weight loss as well as the
residual weight.

polymer | 1° weight | 2 weight | 3™ weight | residual
decomp./°C | loss/w% | decomp./°C | loss/w% | decomp./°C | loss/w% | weight/w%
P1 228 19 403 65 - - 15
P2 228 26 382 49 - - 21
P3 224 10 290 66 - - 24
P42 245 17 340 41 - - 36
p52) 237 16 360 44 - - 34
P62 236 18 378 51 - - 21
p72) 238 18 391 61 - - 15
P10 237 26 401 54 - - 20
P11 234 22 399 64 - - 13
P12 219 11 285 17 382 56 24
P13 226 12 290 9 369 46 30
P14 203 5 234 12 396 46 37
P15 224 19 380 47 - - 33

a) degradation of residual amount of DMSO was visible, compare Table 45.
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6.8.14 GC-MS and TGA-IR measurements- extrusion of ammonia
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Scheme 52: Degradation of monoTSC sample in GC-MS measurement up to 300 °C resulting in extrusion of ammonia.
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Figure 244: TGA-IR analysis of P1, depicting extrusion of ammonia. The corresponding IR is shown at 246 °C and 300 °C,
exemplarily.
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Figure 245: TGA-IR analysis of P13, depicting extrusion of ammonia. The corresponding IR is shown at 248 °C and 307 °C,
exemplarily

Besides ammonia, another species was detected in the decomposition of the polyTSCs exhibiting a
very strong vibration at around 1500 cm™ (s. TGA-IR especially at 246 °C for P1 and 248 °C for P13),
which could not be assigned.
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6.8.15 PH stability of polymer P1

Applying a pH of 0 was achieved by adding a 1 M aq. solution of hydrochloric acid to P1. Applying a
pH of 14 was achieved by adding a 1 M agq. solution of sodium hydroxide to P1. In both cases, a
suspension was obtained since the polymer was not soluble in aqueous layers and the mixture was
let stay for 16 hours. In addition, the sample was put in a sonification bath (80 kHz) at 50 °C for
8 hours. Afterwards, the polymer was filtered off and dissolved in DMSO-ds, and a proton-NMR was
taken. When basic conditions were applied and the polymer was dissolved in DMSO-ds, the
remaining of sodium hydroxide on the polymer sample led to a color change from yellow to deep red
by deprotonation of the most acidic proton. This is visible comparing the proton-NMR spectra of P1
with the one having applied basic conditions, in which the signal of N-H at 11.47 ppm is missing while
the second, less acidic, broadened N-H signal is shifted (from 8.53 to 8.45 ppm) as well as the
aromatic signals (from 7.81 to 7.79 ppm). No degradation could be determined in acidic and basic
conditions.
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Figure 246: Proton-NMR spectra of polymer P1 after 24 hours in aqueous acid (pH=0, top, red) and basic (pH=14, middle,
blue) conditions. Reference NMR-spectrum is given in green (bottom). Solvent was DMSO-ds.
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6.9 Application of poly(TSC)s for membrane formation

6.9.1 Membrane formation via NIPS

A polymer solution containing poly(TSC) P1 in the respective weight percentage and DSMO or NMP was prepared.
Dissolution of the polymer was facilitated by stirring the solution in a roller mixer under a heated lamp (in general it took
24 hours to obtain a homogenous solution for higher weight percentage polymer solutions, in some cases heating up to
70 °C for an hour under stirring had to be applied). The NIPS process followed the proceeding shown in Figure 18: The
polymer casting solution was poured on a glass plate and was spread evenly on the support by using a casting knife having a
400 um gap. Subsequently, the polymer film with support was immersed in a coagulation batch containing one liter of
Milli-Q® water for precipitation. In general, precipitation was completed after several seconds or less, for some low weight
percentage polymer solution the precipitation process took several minutes. Afterwards, the membrane was washed at
least three times with roughly one liter of water and was then ready to use.
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6.9.2 Permeation test

Experiments were performed in an Amicon cell in a dead-end configuration:

Figure 247: Set up for the permeability tests with an Amicon cell: 1.) mechanical support was put in the casing. 2.)
membrane with a non-woven paper support at the bottom is placed on the top of the mechanical support. The top layer of
the membrane is facing the feed solution. 3.) A rubber O-ring is placed on top of the membrane for sealing. 4.) A metal
cylinder is placed on top of the rubber ring and the cylinder is closed on the top part with a cap consisting of a fixed stirring
bar, a safety pressure valve and a connection for water tubing. 5.) The cap is screwed tightly on the cylinder. 6.) The Amicon
cell is mounted on a magnetic stirrer and the outlet of the water tubing on the bottom of the cell is placed on top of a beaker
that stands on a balance connected to a computer, see also zoom-in picture below.

The permeability test were conducted at 3 bar of applied water pressure and for every membrane at least two samples
were tested, collecting at least 20 data points. A zoom in on the final set-up is given in Figure 248:
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Figure 248: Overview of the the permeability and retention set-up using an Amicon cell.
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6.9.3 SEM-pictures

w% Pl |7
top

Cross-
section

Figure 249: SEM-pictures of membranes obtained using different weight-percentages of poly(TSC) P1 and NMP as solvent.
The top and cross sections as well as zoom-ins of the cross sections at two different magnifications are depicted. Note that
for 7 and 10wt% the porous substructure is broken due to sample preparation and thus depicting a gap between bottom and
top layer.
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6.9.4 MWCO experiments

An aqueous solution of PEGs with the molecular weights of 0.2, 0.4, 0.6, 1.0, 1.5 and 2.0 kDa (concentration of each PEG
was 1 gL™1) was prepared. Roughly 20 mL of the PEG-solution were poured in the Amicon cell and pumped through the
membrane at 3 bar. The PEG solution inside the Amicon cell was stirred to reduced the effects of concentration
polarization. The first milliliter of permeate was discharged and then at least one milliliter was collected. A SEC-sample was
prepared of the permeate as well as the retentate and analyzed by SEC-measurement.
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Figure 250: MWCO of a PEG-solution for a membrane obtained from a 16wt% polymer solution using DMSO. Two samples of

the membrane were measured and the average is depicted. Note that the MWCO is incomplete, since the rejection
saturated at 80%.

An aqueous solution of BSA (c(BSA)=0.1gL™1) was prepared in 0.1 M phosphate buffer at pH = 4. Roughly 20 mL of the
BSA-solution were put in the Amicon cell and pumped through the membrane at 3 bar. The first milliliter of the permeate

was discharged and then at least one milliliter was collected. The permeate and the BSA-solution were measured using
UV/VIS analysis.
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6.9.5 Water contact angle measurements

"CAleft: 80.5° ‘CAleft: 50.2°
CAright: 81.5° CAright: 50.5°

Figure 251: Examples of water contact measurements of a membrane using a 10wt% polymer solution of P1 in NMP (left)
and a 15wt% polymer solution in DMSO (right).
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6.9.6 Batch removal experiment

The respective area needed for the removal was cut out from the membrane and put in a vial. Subsequently, the respective
amount of a 1.25 mM aqueous solution of the respective metal salt (AgNOs, ZnCl,, CuCl;*2H,0) was added and the vial was
closed. The vial was shaken for the respective amount of time and then a sample for the ion chromatography was taken.
For the monitoring of the kinetic, one vial was used to prepare all samples. The removal of the respective ions was
calculated as follows:

C

R(%) = (1 — —) x 100
CFEED

where R is the removal of the respective ion in percentage, C: and Ceeep are the integral values of the ion obtained from the
ion chromatography curves of the respective sample after a certain time and the feed solution, respectively.
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6.9.7 Complexation reaction of polsy(TSC) P1 with transition metals

Complexation with AgNO;

Poly(TSC) P1 (50 mg, corresponds to 224 umol TSC groups) was dissolved in 1.12 mL DMSO. Then AgNOs (19.0 ug,
112 umol) was added and the mixture was stirred at 80 C for 80 minutes. Subsequently, 1.12 mL DMSO was added to the
suspension and further stirred at 80 °C for 2 hours. Then, 2.24 mL DMSO was added and the reaction was again stirred at
80 °C for 19 hours. The reaction mixture was cooled to room temperature and the formed precipitate was filtered off. The
obtained brown solid was washed with water and dried at 80 °C overnight.

IR (ATR platinum diamond): v/cm™=3200 (br, vw), 2921 (s), 2851 (m), 1693 (vw), 1537 (s), 1460 (s), 1407 (m), 1353 (m),
1265 (s), 1039 (vs), 983 (m), 841 (m), 766 (m), 720 (m), 65 (w), 598 (m), 532(m).

IR-Comparison with pure poly(TSC) P1 depicted formation of the Ag-TSC-complex:

—— Ag-poly(TSC) P1-complex
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Figure 252: IR-spectrum of poly(TSC) P1 (bottom, black) and the obtained Ag-complex (top, blue). Shift of the three
vibrational bonds of the C=S group of the TSC group is depicted (red dashed lines). In addition, the intensity of the v(C=N)
vibration) is strongly reduced (purple dashed line) accompanied by an emerging signal at 1504 cm (top). The signal of the
8(NH;) vibration of the hydrazide end group is gone (green dashed line) and probably shifted into other signals at lower
wavenumber. According to literature anionic metal-TSC complexes bear a lower C=S vibrational bond at 790-820 cm™ and
are missing one v(N-H) vibrational bond at 3260-3500 cm™ compared to neutral complexes exhibiting a C=S vibrational bond
at 800-850 cm™ that is usually insignificantly shifted compared to the non-complexed TSC compound.>®* For the obtained
complex no clear difference in the N-H region could be determined while the C=S vibrational bond was slightly shifted from
831 to 840 cm™ indicating neutral bonding. Furthermore, a bond emerged at 766 cm™ that could be related to the C=S
vibrational bond of an anionic TSC-metal complex, even though it depicts lower wavenumber than usual.
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Complexation with CuCl,*2H,0

Poly(TSC) P1 (50 mg, corresponds to 224 umol TSC groups) was dissolved in 1.12 mL DMSO. Then CuCl,*2H,0 (19.1 ug,
112 umol) was added and the mixture was stirred at 80 C for 80 minutes. Subsequently, 1.12 mL DMSO was added to the
suspension and further stirred at 80 °C for 2 hours. Then, 2.24 mL DMSO was added and the reaction was again stirred at
80 °C for 19 hours. The reaction mixture was cooled to room temperature and the formed precipitate was filtered off. The
obtained brown solid was washed with water and dried at 80 °C overnight.

IR (ATR platinum diamond): v/cm™ = 3255 (br, vw), 2923 (s), 2851 (m), 1695 (vw), 1668(vw), 1602 (vw), 1521 (s), 1455 (m),
1435 (m), 1406 (w), 1355 (w), 1309 (vw), 1264 (w), 1209 (w), 1162 (w), 979 (s), 834 (m), 764 (vw), 586 (m).

IR-Comparison with pure poly(TSC) P1 depicted formation of the Cu-TSC-complex:
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Figure 253: IR-spectrum of poly(TSC) P1 (bottom, black) and the obtained Cu-complex (top, green). Shift of the two
vibrational bonds of the C=S group of the TSC group is depicted while one signal at 1226 cm! vanished completely (red
dashed lines). In addition, the v(C=N) vibration) is slightly shifted (purple dashed line). The signal of the &§(NH;) vibration of
the hydrazide end group is gone (yellow dashed line) and probably shifted into other signals at lower wavenumber.
According to literature anionic metal-TSC complexes bear a lower C=S vibrational bond at 790-820 cm™ and are missing one
V(N-H) vibrational bond at 3260-3500 cm™* compared to neutral complexes exhibiting a C=S vibrational bond at 800-850 cm™!
that is usually insignificantly shifted compared to the non-complexed TSC compound.5®* For the obtained complex no clear
difference in the N-H region could be determined while the C=S vibrational bond was slightly shifted from 831 to 834 cm!
indicating neutral bonding. Furthermore, a bond emerged at 767 cm that could be related to the C=S vibrational bond of an
anionic TSC-metal complex, even though it depicts lower wavenumber than usual.
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6.9.8 Pictures of AgNOsz complexation on membrane

Successful removal of AgNO; using a flow experiment was visible with the naked eye:

A B C

Figure 254: Pictures of membrane samples: A: poly(TSC) P1 membrane obtained by using 15wt%polymer solution in DMSO
without further treatment. B: Sample from the same membrane depicted in A but after the dynamic removal of a 1.25 mM
aqueous AgNOs solution in an Amicon cell. On the top side a darker coloration is visible (the lighter coloration on the outside
of the membrane is because this part of the membrane was covered by a rubber ring). C: Sample from a poly(TSC)
membrane obtained from a 16wt% polymer solution in DMSO, which was then immersed in a liter of a 17.9 mM aqueous
AgNOs solution for one day. Brown coloration of the membrane is visible on the top and bottom side, since it was completely
immersed in the solution.

Complexation of AgNOs; during the NIPS process was also visible by naked eye:

A B C

Figure 255: pictures of membranes and their samples: top: A: Top side of a poly(TSC) membrane obtained by using
15wt%polymer solution in DMSO without further treatment. B and C: Poly(TSC) membrane obtained by using a 16wt%
polymer solution in DMSO and a 17.9 mM AgNQO3s aqueous solution as non-solvent in the NIPS process. Depicted is the
bottom (B) and top side (C). center: Respective membrane of the sample shown in top A. bottom: respective membrane of
the sample of top B and C.
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6.9.9 EDX measurements
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Figure 256: EDX analysis (left) and respective SEM-picture (right) of a poly(TSC) P1 membrane obtained by using a 16wt%
casting solution in DMSO. The top layer layer (top) and the CS (bottom) are depicted.
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Figure 257: EDX analysis (left) and respective SEM-picture (right) of a poly(TSC) P1 membrane obtained by using a 16wt%
casting solution in DMSO. The membrane was then used in a dead-end Amicon cell set-up for the removal of siler ions. Thus,

20 mL of a 1.25 mM aqueous AgNOjs solution was pumped through the membrane. The top layer layer (top) and the CS
(bottom) are depicted.
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Figure 258: EDX analysis (left) and respective SEM-picture (right) of a poly(TSC) P1 membrane obtained by using a 16wt%
casting solution in DMSO. The membrane was then immersed in 1 L of a 17.9 mM aqueous AgNOjs solution for two days. The
top layer layer (top) and the CS (bottom) are depicted.
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Figure 259: EDX analysis (left) and respective SEM-picture (right) of a poly(TSC) P1 membrane obtained by using a 16wt%
casting solution in DMSO. The membrane was then used in a dead-end Amicon cell set-up for the removal of siler ions. Thus,
20 mL of a 1.25 mM aqueous AgNO;s solution was pumped through the membrane. Subsequently, the membrane was
immersed in ca. 5 mL of water over seven days. The water was exchanged three times over this time. The top layer layer
(top) and the CS (bottom) are depicted.
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7 Appendix

7.1 Abbreviations

AAE Actual Atom Economy

AE Atom efficiency

AES Auger electron spectroscopy

AM-3CR Al-Mourabit-three component polymerization reaction
AM-3CR Al-Mourabit-three component reaction
BINOL 1,1°-Bi-2-naphtol

BSA Bovine Serum Albumin

CALB Candida Antarctica lipase B

cEF complete E-factor

CS Cross-section

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene

DCM dichlormethane

DMT dimercaptotriazine

DP degree of polymerization

EATOS environmental assessment tool for organic syntheses
EWG electron-withdrawing group

GC gas chromatography

HB hydrogen bondingHB

IC isocyanide

IMCR isocyanide-based multicomponent reaction
IS internal standard

ITC isothiocyanate

LCA life cycle assessment

MCR Multi component reaction

MF microfiltration
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MOM methoxy methyl

MWCO molecular weight cut off

NF nanofiltation

NIPS non-solvent induced phase separation
NMM N-Methyl morpholine

P-3CPR Passerini-three-component polymerization reaction
PMI process mass intensity

RMEgiobal reaction mass efficiency

RO reverse osmosis

ROMP ring-opening metathesis polymerization
SEF simple E-factor

SIMS secondary ion mass spectrometry
SMCR sulfur-based multicomponent reaction
TBD 1,5,7-triazabycyclo[4.4.0]dec-5-ene
TEM transmission electron microscopy

TON turnover number

TU thiourea

U-4CR Ugi-four component reaction

UF ultrafiltration

VOoC volatile organic compound

WDS wavelength-dispersive X-ray spectroscopy
XRD X-ray diffractometry
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7.2 List of Publications

Publikationen in Fachzeitschriften als Hauptauthor

R. Nickisch, P. Conen, M. A. R. Meier* Macromolecules, 2022, 55, 3267.
R. Nickisch, P. Conen, S. M. Gabrielsen, M. A. R. Meier* RSC Adv., 2021, 11, 3134.
R. Nickisch, S. M. Gabrielsen, M. A. R. Meier* ChemistrySelect, 2020, 5, 11915.

K. Waibel, R. Nickisch, N. Mohl, R. Seim, M. A. R. Meier* Green Chem., 2020, 22, 933. (geteilte
Erstauthorenschaft)

Publikationen in Fachzeitschriften als Nebenauthor

J. Wolfs, R. Nickisch, L. Wanner, M. A. R. Meier* J. Am. Chem. Soc. 2021, 143, 44, 18693.
S. T. Jung, R. Nickisch, T. Reinsperger, B. Luy, J. Podlech* J Phys Org Chem. 2021,34, e4165.

K. S. Wetzel, M. Frolich, S. C. Solleder, R. Nickisch, P. Treu, Commun Chem 2020, 3, 63.
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